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Preface

This Reprint presents published papers from the Special Issue “Innovative Research and
Applications in Hydrodynamics and Flow Control” in Inventions (MDPI). Hydrodynamics and
flow control lie at the core of critical engineering fields, including marine vehicles, underwater
systems, energy equipment, aerospace propulsion, and environmental engineering. In recent years,
rapid developments in computational methods, experimental fluid mechanics, intelligent algorithms,
and multiphase dynamics have driven continuous breakthroughs in flow control efficiency, drag
reduction, flow stability, and hydrodynamic performance optimization.

This Special Issue aimed to gather frontier research that bridges fundamental fluid mechanics
and industrial applications. It welcomed original research articles, numerical studies, experimental
investigations, and review papers covering ship and underwater vehicle design, shape optimization,
CFD methods, active and passive flow control, multiphase and bubble dynamics, fluid-structure
interaction, and machine learning for fluid systems.

Following rigorous peer review, a series of high-quality papers were selected and included in this
Reprint. These works demonstrate diverse methodologies and valuable engineering insights: from
two-phase flow identification and turbulent jet characterization to microbubble drag reduction, flow
instability control, hydrodynamic optimization of smart structures, ejector design, bubble dynamics
modeling, and low-frequency vibration—-acoustic characteristics of coupled systems. Together, they
represent the current state of the art in hydrodynamics and flow control innovation.

We sincerely thank all authors for their high-quality contributions, the reviewers for their
professional and rigorous comments, and the editorial office of Inventions for efficient support.
We hope this Reprint will promote academic exchange, inspire further research, and support

technological advances in hydrodynamics and flow control worldwide.

Peng Du, Haibao Hu, and Xiaopeng Chen
Guest Editors
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Editorial

Innovative Research and Applications in Hydrodynamics and
Flow Control

Peng Du *, Haibao Hu and Xiaopeng Chen

School of Marine Science and Technology, Northwestern Polytechnical University, Xi’an 710072, China
* Correspondence: dupeng@nwpu.edu.cn

This work aims to collect cutting-edge developments in the area of hydrodynamics
and flow control, including both fundamental and engineering research. Hydrodynamics
is of great importance in many fields including ships, marine engineering, energy, etc. It
influences the kinetics and kinematics of ships, underwater vehicles, and marine structures.
Flow control techniques can manipulate hydrodynamics and lead to benefits such as energy-
saving capabilities, high performance, etc. The following topics are covered: the design of
ships, underwater vehicles, and marine structuresf3; shape optimization of marine vehicles;
experimental fluid mechanics of marine structures; computational methods for fluids;
applications of CFD (Computational Fluid Dynamics) methods; flow control techniques;
fluid mechanics; and machine learning methods for fluids. Thirteen works have been
collected, comprising one review article and twelve research articles.

The review article focuses on chemical reactions (contribution 1), which comprise an
important area in flow chemistry. This work aims to solve the problem of mixer design in
order to realize the purpose of reaction controls, especially for those experiments that are
difficult to explain. These data were identified and rational explanations were proposed,
based on a supramer approach.

The jet phenomenon is commonly seen when a stream of fluid is projected into a
surrounding medium. A computer vision algorithm for the parameter determination
of a two-phase jet flow was proposed (contribution 2). The mass exchange can thus be
evaluated in real time. This approach is useful for the real-time control of a multi-phase
jet. Central jet injection was utilized as a flow control strategy in a model swirl-stabilized
combustor (contribution 3). It was found that the asymmetric hydrodynamics mode is
suppressed, while the symmetrical one becomes dominant.

A pump can convert electrical energy into hydraulic energy by moving fluids using
mechanical action. A mathematical model to predict the working processes of the piston
pump cap was established (contribution 4), taking into account the phase transition process
and gas solubility. It was found that increasing the pipeline length and the revolution of
the crankshaft were necessary to decrease the feed irregularity. A study of a multistorey
hydro-pump was presented (contribution 5), which promoted further understanding of
its physical properties in order to strengthen its performance. It was found that a small
chamber diameter and a high supply head resulted in high pressure.

Several fundamental fluid mechanics problems were also investigated in several of
the collected works. A modified phase-transition model was proposed (contribution 6) for
the study of the multi-oscillation of bubbles. The transition of the phase exhibited a strong
influence on bubbles during this process. An approximation of the thermal boundary
layer was implemented into the Rayleigh—Plesset equation and rigorous validation was
conducted, using experimental data. Finally, the condensation rate and its dependence on
phase transition and the air were investigated. The adverse effect of backward step on airfoil
was studied to evaluate the performance of the airfoil (contribution 7). A three-dimensional
low-profile serrated pattern was used to weaken the adverse effect.

Inventions 2024, 9, 99. https:/ /doi.org/10.3390/inventions9050099 1
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The machine learning approach is currently a popular approach in the field of fluid me-
chanics, and an emerging approach in intelligent fluid mechanics. A transformer neural net-
work was used for two-phase flow pattern identification in vertical pipes (contribution 8).
Various configurations were proposed and tested to discern the one with the most accu-
rate predictions. Order reduction optimization was used for smart structures’ vibration
suppression (contribution 9). A directive of the controller was set, with the allowance of a
lower order.

Several other works with various engineering backgrounds were also included. Echo-
PV (particle velocimetry) methods and computer simulation were conducted to obtain
information about vortex formation in blood flow (contribution 10). Microbubble injection
was utilized to investigate the effect of gas on the drag reduction effect (contribution 11).
The influence of support stiffness nonlinearity on vibro-acoustic properties was studied
(contribution 12). Finally, a part-nested four-nozzle ejector was presented (contribution 13),
which aimed to strengthen hydrogen recycling efficiency by limiting the flow in the nozzle.

In conclusion, this Special Issue collects 13 works, comprising innovative research and
applications in hydrodynamics and flow control. These works are promising for relevant
fundamental research and engineering purposes.

Author Contributions: Conceptualization, P.D.; resources, P.D., H.H. and X.C.; writing—original
draft preparation, P.D.; writing—review and editing, P.D.; supervision, P.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(Grant Nos. 52201380, 52471344), the Fundamental Research Funds for the Central Universities
(D5000230080), and the Innovation Capability Support Program of Shaanxi (Program No. 2024RS-
CXTD-15).
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Article
Two-Phase Flow Pattern Identification in Vertical Pipes Using

Transformer Neural Networks

Carlos Mauricio Ruiz-Diaz !, Erwing Eduardo Perilla-Plata 2 and Octavio Andrés Gonzalez-Estrada 2*

1 Industrial Multiphase Flow Laboratory (LEMI), Sao Carlos School of Engineering, University of Sao Paulo,
Sao Carlos 13563-120, Brazil; carlosruiz978@usp.br

2 Research Group in Energy and Environment (GIEMA), Universidad Industrial de Santander, Santander,

Bucaramanga 680002, Colombia; plataperillaodraude@gmail.com

Correspondence: agonzale@uis.edu.co

Abstract: The oil and gas industry consistently embraces innovative technologies due to the sig-
nificant expenses associated with hydrocarbon transportation, pipeline corrosion issues, and the
necessity to gain a deeper understanding of two-phase flow characteristics. These solutions involve
the implementation of predictive models utilizing neural networks. In this research paper, a compre-
hensive database comprising 4864 data points, encompassing information pertaining to oil-water
two-phase flow properties within vertical pipelines, was meticulously curated. Subsequently, an
encoder-only type transformer neural network (TNN) was employed to identify two-phase flow
patterns. Various configurations for the TNN model were proposed, involving parameter adjustments
such as the number of attention heads, activation function, dropout rate, and learning rate, with the
aim of selecting the configuration yielding optimal outcomes. Following the training of the network,
predictions were generated using a reserved dataset, thus facilitating the creation of flow maps
depicting the patterns anticipated by the model. The developed TNN model successfully predicted 9
out of the 10 flow patterns present in the database, achieving a peak accuracy of 53.07%. Furthermore,
the various predicted flow patterns exhibited an average precision of 63.21% and an average accuracy
of 86.51%.

Keywords: transformer neural network; two-phase flow; flow pattern identification; machine
learning; fluid transport

1. Introduction

The transportation of multiphase flows is a commonplace practice in today’s indus-
trial landscape. These flows typically consist of two or more phases and may include
various physical states, such as liquid, solid, or gaseous components. Multiphase flows
find applications across diverse industrial sectors, including agriculture, food produc-
tion, pharmaceuticals, and oil extraction, among others. To categorize multiphase flows
effectively, they are classified based on the specific phases involved. Three-phase flows,
for instance, encompass gas, oil, and solid substances. However, the primary focus of
study within multiphase flows often centers on two-phase flows, which can manifest as
gas-liquid, gas—solid, liquid—solid, or liquid-liquid configurations [1,2]. The subcategory
of two-phase liquid-liquid flows is particularly relevant in the oil and gas industry. It
pertains to the production of crude oil from water and oil mixtures within pipelines. These
mixtures are then transported to processing facilities or refineries for further treatment and
refinement [3-5].

An essential aspect of multiphase flows is their internal geometric configuration
or flow pattern. This configuration arises from the interactions between the different
substances involved and is contingent on various factors, including the flow rates of these
substances, the diameter of the pipe, and the transport properties unique to each of the
flows [1]. A crucial variable in determining the type of flow pattern within a pipe is its

Inventions 2024, 9, 15. https:/ /doi.org/10.3390/inventions9010015 4 https://www.mdpi.com/journal /inventions
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inclination. This is due to the fact that the flow patterns observed in horizontal pipes differ
from those encountered in vertical pipes [6]. Investigating the behavior of two-phase flow
patterns in pipelines is of utmost importance, particularly in addressing challenges like the
reduction of pumping costs associated with the extraction of heavy crude oils, which often
possess viscosities exceeding 10,000 cP [7], given that these make up a third of the world’s
hydrocarbon reserves [8]. Furthermore, the oil industry faces a significant challenge related
to pipeline corrosion, both internally and externally. Studies have estimated that around
80% of pipeline failures in the oil transportation sector are attributed to internal corrosion.
These corrosion-related failures result in substantial maintenance costs. Therefore, it
becomes imperative to accurately determine the flow pattern within the pipeline as a
means to mitigate these corrosion-related failures and reduce maintenance expenses [9].

Furthermore, in reference [10], predictive models are explored for calculating the
volumetric fraction of a horizontal two-phase water—oil flow using an artificial neural
network. The results indicate a mean absolute percentage error (MAPE) of 3.01% and
a coefficient of determination of 0. Additionally, in reference [11], it is mentioned that
utilizing Computational Fluid Dynamics (CFD) predictions of a two-phase flow with STAR-
CCM+ software (Version 8.06) enables precise control of the corrosion risk in pipelines.
Moreover, simulation has yielded significant contributions to gas lift processes based on
the two-fluid model [12], as well as the capture and recovery of CO, with the formation
of gas combustion hydrates in both frozen and unfrozen sediments [13]. Furthermore, it
enables the development of two-dimensional models to simulate asphaltene deposition
in wells and pipelines [14] and optimization in determining the minimum miscibility
pressure between CO, and petroleum using hybrid methods [15]. Additionally, thanks
to the progress brought about by the fourth industrial revolution (Industry 4.0), benefits
have been implemented in various fields with the assistance of artificial intelligence (Al),
which has the potential to process vast amounts of data [16]. The scope of application of
this learning technique extends to various industrial sectors, as is the case with the oil
and gas sector. Therefore, innovative methods are required to replace the old monitoring
methods in hydrocarbon transport, where the presence of multiphase flows in different
combinations of liquids, gases, and solids is recorded. Consequently, the simulation of
processes involving multiphase flows has allowed for the generation of solutions to various
engineering problems through modeling. This extends to a wide range of applications that
ensure the proper flow of hydrocarbons inside pipelines [17-20].

The extensive domain of machine learning has generated various alternatives to ad-
dress complex problems associated with data recognition and classification [20]. Among
the implemented techniques is the Transformer Neural Network (TNN), a neural network
originally created for translating long strings of text [21]. It has also demonstrated high
performance in multilingual models [22]. Additionally, leveraging the BERT architecture,
derived from the original TNN, it has been applied in a variety of applications, such as
text analysis for text classification [23] or emotion classification [24]. Tasks traditionally
handled by convolutional neural networks, such as image detection and classification,
have been adapted to TNN in a model known as the Visual Transformer [25]. More-
over, in DNA research, TNN-based models have been developed for genome sequence
identification [26,27], as well as protein sequence profile prediction [28]. Furthermore, this
technique has been implemented in engineering for wind energy prediction [29,30]. Ad-
ditionally, a fundamental aspect of using neural networks is the allocation of 80% of the
database for model training, 10% for testing, and 10% for validation [31].

Given the increasing implementation of Al in the petrochemical industry for control-
ling multiphase fluid-related processes, this study develops an intelligent model based
on a TNN capable of predicting flow patterns within vertical pipelines with liquid-liquid
two-phase flow of oil and water. First, the most suitable transformer-type neural network
for the desired application is selected. Then, the data structure related to the water/oil two-
phase flow is developed using available information from various sources. The database is
filtered and divided, ensuring that the training dataset contains the minimum and max-
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imum values of each parameter used in the model’s inputs. Different configurations of
the Transformer Neural Network are implemented to select the most suitable one based
on the error and accuracy of each trained model. Finally, the most relevant conclusions
are presented.

2. Materials and Methods

The architecture of the original TNN is based on the encoder-decoder, as depicted in
Figure 1. This architecture is widely used for tasks such as machine translation, where a
sequence of words is translated from one language to another. This architecture consists of
two components: the encoder, which converts a sequence of input tokens into a sequence of
embedding vectors, and the decoder, which iteratively uses the hidden state of the encoder
to generate an output sequence of tokens, one token at a time.

Output
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Figure 1. A comprehensive overview of the neural network structure for two-phase flow pattern
identification in vertical pipelines using a transformer encoder—decoder architecture.

2.1. Types of Transformers

The architecture of the transformer was initially designed for sequence-to-sequence
tasks like machine translation, but it was soon adapted with independent encoders and
decoders, resulting in three different types of transformers [32]:

- Encoder-only: This model can convert an input sequence of text into a numerical
representation suitable for tasks such as text classification or named entity recogni-
tion. The representation calculated for a given token in this architecture depends on
bidirectional attention, meaning it relies on both the left and right context of the token.

- Decoder-only: This type of model is capable of automatically completing a sequence
by iteratively predicting the most probable next word. In this case, the model relies on
causal or autoregressive attention, meaning that the representation calculated for a
token in this architecture depends solely on the left context.

- Encoder-decoder: these are used to model complex mappings from one sequence of text to
another, making them suitable for tasks such as machine translation and summarization.

For this work, the encoder-only model is used. Therefore, the structure of the encoder
block is explained in detail below. The structure of the encoder block is shown in Figure 2.
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A sequence of embeddings enters this block and is processed through the following layers:
a multi-head self-attention layer and a feed-forward layer.

Outputs

ik

Add and Normalize ]

Add and Normalize ]

P

Inputs

Figure 2. Structural components and workflow of the neural network encoder.

Self-attention is a mechanism that allows neural networks to assign a different amount
of attention, meaning a different weight value, to each element of a sequence. Therefore,
the main idea of self-attention is to use the entire sequence to calculate a weighted average
for each embedding. One way to formulate this is that given a sequence of tokens X3, ..., Xj;,
self-attention produces a sequence of new embeddings X;/, ..., X,,/, where each X/ is a
linear combination of all the X;, as shown in Equation (1):

n
X' =) wjx; 1)
=1

where the coefficient w; is the attention weight and is normalized in such a way that
Z]'w]'i =1

The self-attention process involves three vectors: Q, queries, K, keys y, and V, values,
which are derived by multiplying each input entry by weight matrices W (trained during
training). A dot product is computed between the vector Q and the vector K. The result
is then divided by the square root of the dimension size of the original input vectors (dy),
normalized using the SoftMax operation, and multiplied by the vector V. For computa-
tional efficiency, the information is treated in the matrix form. Equation (2) represents the
attention process.

T
Attention(Q,K, V) = Z = SoftMax < Q\;dii ) <V 2)

2.2. Data Structure

A database was structured based on experimental data already available in the litera-
ture related to two-phase flow consisting of water and oil in vertical pipelines. A total of
4864 data points were collected from 18 different authors, as detailed in Table 1, which pro-
vides comprehensive information regarding the data from each author. The table indicates
the pipe diameter (D) used in the experiments, the viscosity (u,) and density (p,,) of the
oil used, the number of flow patterns identified, and the quantity of extracted data.
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Table 1. General information of the database for two-phase water and oil flow in vertical pipes: a
comprehensive overview of key data parameters and characteristics.

Reference D [m] U, [Pa-s] Po [kgl/m®  Number of Flow Patterns Data
[33] 0.0284 0.488 925 3 392
[34] 0.1064 0.00188 800 6 49
[35] 0.02 0.011 856 3 101
[36] 0.05 0.02 850 5 126
[37] 0.04 0.035 860 4 92
[38] 0.0263 0.0201 851 2 15
[39] 0.02 0.125 801 4 175
[40] 0.127 0.001 801 2 9
[41] 0.027 0.02 801 4 109
[42] 0.0254 0.001 792 4 55
[43] 0.0254 0.001 792 5 32
[44] 0.01 0.287 1823 3 1421
[45] 0.026 0.0011 793 5 90
[46] 0.03 0.03 856 4 252
[47] 0.0284 0.5 930 1 92
[48] 0.03 0.044 860 4 98
[49] 0.02 0.09732 857 7 1699
[50] 0.04 0.0041 824 1 57

Based on the schemes developed in each study, a total of 9 distinct flow patterns
were identified, characterized by variations in the continuous phase, either aqueous (w) or
oily (0). These patterns include very fine dispersed droplets (VFDs) o/w (265 cases) and
w /0 (204 cases), drops (D) o/w (947 cases) and w/o (1292 cases), slug (S) o/w (459 cases)
and w/o (656 cases), churn (21 cases) o/w and (126 cases) w/o, annular (Core flow) with
480 cases, and the transition region (TF) with 314 cases. Figure 3 provides a graphical
representation illustrating the behavior of the most prominent flow patterns.

o (@ (@ (@ (@

e & & e e_

VFD D S Churn Coreflow

Figure 3. Two-phase flow patterns in vertical pipes: a comprehensive visualization of fluid dynamics
and transition phenomena.

In general, when the presence of variation from one flow pattern to another is evident,
it can be defined as a transition intermediate flow (TF). On the other hand, the studied
database has information related to the surface velocities of the fluids involved and their
mixture, the volume fraction of water and oil, the diameter of the implemented pipe, the
viscosity of the oil, and the type of flow patterns developed.
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2.3. Transformer Neural Network Model

The structure of the implemented model consists of the encoder implemented in
TNN and a SoftMax layer at the model’s output. The input vector X is composed of the
superficial velocities of the fluids (oil and water), their sum, the in situ volumetric fraction
(holdup) of both fluids, the viscosity of the oil, and the diameter of the circular cross-section
pipe, as shown in Equation (3).

Jo
Jw
] ot+w
X = €o ®3)
€w
D
Ho

The selected optimizer for training is Adam, as it integrates the characteristics of two
methodologies: one is the gradient descent algorithm with momentum, and the other is
the RMSP (Root Mean Square Propagation) algorithm. Gradient descent with momentum
is used to accelerate the gradient descent algorithm by considering the exponentially
weighted average of gradients, meaning that using averages makes the algorithm converge
towards minima at a faster rate. This method is defined in Equations (4) and (5).

Wy = Wp — amy 4)

where

©)

dwy

=i+ (1)

were m1; is the aggregated gradients at the current time step ¢, initially set to 0. Additionally,
m;_1 represents the aggregated gradients at time step t — 1, wy is the weight at time step
t, wiyq is the weight at time step t + 1, & is the learning rate at time step t. Furthermore,
6L is the derivative of the loss function, dwy is the derivative of weights at time step ¢, and
B = 0.9 is the moving average parameter.

The Root Mean Square Propagation (RMSP), instead of accumulating squared gradi-
ents, uses exponential moving averages. It is defined as follows in Equation (6).

o 6L
Wi =Wt — ————— [5] (6)
(v +€)2 LowWt

=

where )
o= o+ (1-5) o | %

zSaJt

where v; is the sum of past squared gradients, i.e.,, sum(6L/dw;_1). Initially, v; = 0.
€ = 1078 is a small positive constant to prevent division by zero when v; — 0, and
« = 0.001 is the learning rate parameter.

Therefore, Adam controls the gradient descent speed, making it possible to reach the
global minimum with small steps and steps large enough to overcome local minima along
the way, thus achieving efficiency. In this case, Equation (8) is used.

2
my = Bimy_1+ (1 —p1) {;QL)J, v = Bovy—1 + (1 — B2) {&} (8)

(5wt
where 1 = 0.9 and, B, = 0.999 are the decay rates for the gradient averages in the two
previous methods.
Given that m; and v; are initialized as 0 according to the previous methods, they tend
to be biased towards 0 because ;1 and 3, ~ 1. Adam solves this problem by computing
bias-corrected m; and vy. This is carried out to have control over the weights while reaching
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the global minimum and to avoid high oscillations when approaching it, meaning it adapts
to gradient descent with each iteration. The equations used are (9) and (10):
— mg ~ Ut

my = ; 0t = —% (9)
1- B 1- B!

therefore

Wi = Wt — (10)

- «
m —
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The loss function implemented in the training of the developed model is the Binary
Cross entropy function, which is typically used in binary classification problems but can
also be applied to problems where the variables to predict take values between 0 and 1.
This function is defined in Equation (11):

:\H

Lpce = Z Y lyilog i + (1 — y;)log(1 — 7;)] (11)
: i=1

where y; is the actual class to be predicted, j; is the predicted probability for the class, c is
the number of classes, and 7 is the number of examples.

Variations were performed using 4 different activation functions, among which we
have the ReLU function, which transforms input values by zeroing out the negative values
and leaving the positive ones unchanged. It is defined as Equation (12).

Oforx <0

ReLu(x) = max(0,x) = {x for x> 0

(12)

The second activation function is the sigmoid function, which is used in models where
it is necessary to predict probabilities as an outcome, as it takes a range of values between 0
and 1. Its definition is shown in Equation (13).

1

Sigmoid(x) = T o=

(13)

Also, the hyperbolic tangent function was implemented, which is similar in continuity
to the sigmoid function but has outputs in a range from —1 to 1, and it is defined in
Equation (14):

hax) = 14
Ti =—
anh(x) = S (1)

Finally, the GeLU activation function was used, as defined in Equation (15), which

adds nonlinearity by multiplying a stochastic sigmoid function by the input, resembling

the ReLU function. .
X
GeLU(x) = = x|1+erf( — 15
= g[rren(75)] )

Firstly, the learning rate (LR) was varied with the following values: 0.005, 0.001, and
0.0005. The dropout layer was considered with values of 0.1, 0.3, and 0.5. The attention
heads in the multi-head-attention layer were set to 1, 2, and 4, and a single encoder was
implemented. The embedding dimension was 32, and the feed-forward layer dimension
was 32 as well. For each particular simulation, 55 epochs were considered during the neural
network training process, and a batch size of 2800 was used. To compare the performance
of different configurations, accuracy was evaluated as the number of correct predictions
divided by the total number of data points for each phase.

Furthermore, a confusion matrix was generated for the models selected based on
their performance, from which precision and accuracy were extracted for each of the flow
patterns. It is necessary to calculate the values of true positives (TP), true negatives (TN),

10
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false positives (FP), and false negatives (FN) first. Precision is defined in Equation (16), and
accuracy is defined in Equation (17).

.. VP
Precision = VD TP (16)
VP + VN
Accuracy = VP L FN + FP + VN (17)

3. Results

Tests were conducted with 110 different parameter configurations, from which eight
models were selected based on configurations that exhibited minimal overfitting during the

training phase while identifying the highest number of flow patterns in the validation phase.

Table 2 presents the results obtained during the TNN training with various parameter
variations. The table displays the precisions achieved by each model in different phases
(training, testing, and validation).

Table 2. Precision results for the training, testing, and validation phases for different models.

Parameters Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
Activation function sigmoid ReLU sigmoid ReLU sigmoid Tanh Gelu ReLU
N° attention heads 2 4 4 4 1 2 2 2

Dropout 0.3 0.5 0.5 0.1 0.1 0.3 0.3 0.1
Learning rate 0.001 0.001 0.001 0.0005 0.001 0.001 0.001 0.001
Training accuracy (%) 99.92 99.54 99.49 99.38 99.97 99.61 99.72 99.97
Test accuracy (%) 52.25 51.23 51.43 51.64 55.53 52.87 49.80 54.10
Validation accuracy (%) 51.04 48.98 49.18 52.87 52.25 50.00 48.98 53.07

Conducting a detailed analysis of the accuracy achieved by the models developed
using the Transformer Neural Network, it was possible to identify the best results during
the training and testing phases, which correspond to models 1, 5, and 8. These models were
selected because their accuracy exceeds 99.9% during the training phase and 52% during
the testing phase.

Figure 4 displays the precision curves generated during the training phase for the
three selected models. It can be observed that models 5 and 8 tend to reach their maximum
value close to one in the epoch range between epochs 46 and 55.

1.2

1 ——_—

©
o

Accuracy
o
[0)}

=== Model 1

0.4 = \|odel 5
Model
0.2 odel 8
0

1 4 7 101316 19 22 25 28 31 34 37 40 43 46 49 52 55
Epochs

Figure 4. Precision behavior during the training phase.

Additionally, it is possible to identify that the curve generated by model 8 shows a
growing trend when iterated with a smaller number of epochs compared to model 5. This
is because its values, until reaching maximum precision, always remain lower than the

11
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curve of model 8. This behavior is generated by the optimized structure created for model
8. In this case, the internal mathematical process of the TNN accelerates by implementing
the ReLU activation function, which does not activate all layers simultaneously, combined
with a dropout of 0.1 and two attention heads.

On the other hand, the precision curve generated by model 1 shows a slower increasing
trend, which required a greater number of epochs beyond 55 to reach values close to unity.
This demonstrates that despite achieving a precision of 99.92%, it is not the most efficient
model. This is because the sigmoid function exhibits slow growth when the gradient
descent approaches zero, delaying the learning of the model in question.

In Figure 5, the precision curves generated during the testing phase are presented. It is
observed that model 5 achieves higher precision from epoch number 40 onwards, which is
the same epoch when the precision curves of models 1 and 8 have already stabilized at their
maximum values of 52.25% and 54.10%, respectively. Additionally, the curve generated
by model 5 exhibits gradual growth, lower than the curves presented by models 1 and 8.
Despite having better precision in the testing phase, model 1 consumes more computational
resources as it requires a greater number of epochs to stabilize at its maximum value, which
is not efficient when considering that models 1 and 8 only require 31 epochs to reach
this point.

0.6
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0.2
0.1 /
-~/
0

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55
Epochs

Figure 5. Accuracy behavior during the testing phase.

For the selected models, confusion matrices were constructed to analyze the behavior
of predictions for each of the flow patterns. In the confusion matrix, the true positives (TPs)
for each category are observed, meaning the number of data points that were correctly
predicted for a specific flow pattern. Likewise, other correctly predicted patterns will be
true negatives (TNs), i.e., the other values on the main diagonal. False positives (FPs)
are those that the model believes it is predicting correctly; these values correspond to the
column of the predicted flow pattern. False negatives (FNs) are values corresponding to
the row of the true flow pattern. These confusion matrices can be seen in Figure 6a—c.
For example, for model 1, taking the D w/o pattern as a reference, TP = 99, adding the
other values on the main diagonal results in TN = 150, summing the other values in the D
w /o column gives FP = 104, and summing the other values in the D o/w row results in
FN =31.

12
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Figure 6. Confusion matrix for: (a) model 1, (b) model 5, and (c) model 8.

Table 3 displays the precision and accuracy values by flow type for the three selected
models, obtained by applying Equations (16) and (17). According to Table 3, it can be
observed that the best performance corresponds to model 8, with an average precision of
63.21% and an accuracy of 86.51%.

Table 3. Precision and accuracy results by flow type according to the predictions made by the models.

Model 1 Model 5 Model 8
Precision Accuracy Precision  Accuracy  Precision  Accuracy
[%] [%] [%] [%] [%] [%]
Churn o/w 0.00 98.81 0.00 98.84 0.00 98.85
Churn w/o 100.00 96.14 100.00 96.59 100.00 95.93
Core flow 95.83 98.81 100.00 98.84 100.00 99.62
Do/w 56.00 74.33 51.26 73.49 44.79 70.00
Dw/o 48.77 64.84 49.48 65.89 53.18 68.52
So/w 22.45 77.33 83.33 85.86 80.00 85.76
Sw/o 41.43 76.15 34.29 74.34 33.33 74.64
TF 43.75 88.30 35.00 87.33 62.50 89.93
VFD o/w 52.38 87.37 50.00 87.33 58.33 88.70
VEDw/o 33.33 92.25 20.00 91.76 100.00 93.17
Average 49.39 85.43 52.34 86.03 63.21 86.51
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Figure 7 presents the flow map structured from the gathered information, using the
superficial velocities of oil and water as references. In this map, you can identify the
different regions where the 10 flow patterns listed initially appear.
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Figure 7. Flow map structured with the information collected from the literature for all authors.

In Figure 8, the predicted flow map by model 8 is presented. It is possible to observe
that the selected model can predict 9 out of the 10 types of flow patterns shown in Figure 7.
However, model 8 fails to predict the churn o/w flow pattern correctly. This is because in
the used database, it is the flow pattern with the fewest occurrences (21), and only 15 of
these are used for training when considering the defined percentage segmentation. This
generates a significant data imbalance when compared to the D o/w pattern with 1196
data points, for example. The map in Figure 8 shows clusterization similar to the reference
data, with some overlap in certain areas, except for the churn o/w flow pattern, which is
absent in the predictions of model 8.
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Figure 8. Flow map structured from the results obtained by model 8.
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4. Conclusions

A database of two-phase flow patterns was structured based on information reported
in the literature by various authors, comprising a total of 4864 experiments. This database
includes seven parameters related to multiphase flows and identifies 10 different flow patterns.

A Transformer Neural Network was developed using Python to predict two-phase
flow patterns, achieving a training accuracy of 99.97% and a validation accuracy of 53.07%
for model 8. This model successfully predicted 9 out of the 10 flow patterns used in the
training phase with an average precision of 63.21% and an average accuracy of 86.51%.
This indicates that the Transformer Neural Network can predict different flow patterns
with high accuracy and reasonable precision. It is worth noting that the TNN does not
require excessive computational resources for training, as it achieves near-perfect accuracy
during this phase with a substantial batch size and a small number of epochs, making it an
efficient neural network.

Flow maps were constructed using both reference data and the predictive model,
revealing a striking resemblance between the map generated from predicted data and the
one generated from experimental data. Additionally, data clustering and transition zones
between flow patterns were clearly evident.

The best prediction results from the models were achieved with sigmoid and ReLU
activation functions, using a learning rate of 0.001. Regarding the number of attention
heads, good results were observed with either one or two heads. Additionally, it is worth
mentioning that a dropout rate of 0.1 or 0.3 is sufficient.

The study underscores the effectiveness of the Transformer Neural Network (TNN)
model in identifying two-phase flow patterns in vertical pipelines, not reported before,
and highlights its potential applications in the oil and gas industry. The TNN model’s
precision in recognizing flow patterns suggests opportunities for optimizing hydrocarbon
transportation processes, leading to increased operational efficiency and reduced costs.
Moreover, its implementation in monitoring systems could aid in the early detection of flow
patterns contributing to pipeline corrosion, enhancing facility integrity management. In oil
and gas production, understanding flow patterns using the TNN model could improve
production efficiency by allowing real-time adjustments in extraction and processing.
Furthermore, the TNN model could be incorporated into ongoing monitoring systems
to formulate predictive maintenance strategies, anticipating possible concerns related to
equipment wear.

As further work, it is recommended to create a database with a larger amount of data,
ensuring a balanced representation of data points for each flow pattern implemented. This
will improve the TNN model, mitigating the risk of biasing predictions toward the flow
pattern with the highest data volume during the training phase.
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Abstract: A computer vision algorithm to determine the parameters of a two-phase turbulent jet
of a water-gas mixture traveling at a velocity in the range of 5-10 m/s was developed in order
to evaluate the hydrodynamic efficiency of mass exchange apparatuses in real time, as well as to
predict the gas exchange rate. The algorithm is based on threshold segmentation, the active contours
method, the regression of principal components method, and the comparison of feature overlays,
which allows the stable determination of jet boundaries and is a more efficient method when working
with low-quality data than traditional implementations of the Canny method. Based on high-speed
video recordings of jets, the proposed algorithm allows the calculation of key characteristics of jets:
the velocity, angle of incidence, structural density, etc. Both the algorithm’s description and a test
application based on video recordings of a real jet created on an experimental prototype of a jet
bioreactor are discussed. The results are compared with computational fluid dynamics modeling
and theoretical predictions, and good agreement is demonstrated. The presented algorithm itself
represents the basis for a real-time control system for aerator operation in jet bioreactors, as well as
being used in laboratory jet stream installations for the accumulation of big data on the structure and
dynamic properties of jets.

Keywords: gas-liquid flows; jet stream; computer vision; edge detection; algorithms; image processing

1. Introduction

Intense fluid jetting is a key technical element in a number of industrial devices, e.g.,
grinding [1-3], cutting [4,5], etc. The detailed characterization of multiphase gas-liquid
flows is critical in metallurgical processes, the design of efficient air and ground devices,
combustion devices in aircraft and aerospace systems, and engines in transportation and
marine engines, as well as when developing new technologies leading to technological
advances [6-9]. The system’s jet parameters determine the characteristics of the device and
its efficiency and also provide relevant information for industrial biotechnology due to the
increased demand for efficient technological solutions in the field. Devices and apparatuses
are important components when jets play the role of a kinetic mixer [10,11], providing
intensive mass exchange in the volume of the liquid.

Jet stream bioreactors [12,13] represent a type of machine with the recirculation of the
liquid and gas phases caused by generated multiscale gas-liquid jets with a high volume
content of gas bubbles. The behavior of the jet can be characterized as a high-turbulence
physical process, frequently leading to technical problems related to flow control, analyzing
its parameters, and further optimizing design elements such as the nozzle and jet pump.
There is a liquid core region, the structure of which is affected by interaction with the gas
phase, which leads to its significant change, i.e., deformation of the continuous flow.
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The interaction of the liquid and gas phases generates a number of physical phe-
nomena, such as the exchange of momentum and energy between the flow phases, a
unique structure of flow pulsations, phase transitions, bubble effects, and dissolution
processes in the gas phase, which significantly change the characteristics of the heat and
mass transfer [14-16]. External forces acting on the jet surface can lead to oscillations and
perturbations of the jet boundaries. This oscillation can intensify and eventually lead to the
disintegration of the flow into small droplets, or even the flow’s complete destruction.

The peculiarity of these devices is that they can combine high jet flow energies and
considerable apparatus sizes. The kinetic energy of a jet represents the main source of
turbulence and drives the microscale mixing of the liquid and gas phases by turbulent
diffusion. This means that high specific costs are associated with the formation of the jet
stream. In the case of such a jet having low efficiency, i.e., its significant destruction, the
costs become significant.

Therefore, a fundamental physical understanding of jet formation and behavior is an
important research and operational challenge.

A number of techniques are known to be applicable to the study of gas-liquid jets
due to their wide application in technical and biotechnical problems [17]. Recently, various
studies have relied on the computational fluid dynamics (CFD) modeling of hydrodynamic
processes in bioreactors [13,18-24]. The mathematical description of multiphase flows is
complicated in many aspects due to the peculiarities associated with the mutual influence of
continuous and dispersed phases. Therefore, the bubble flow [13,25-27], annular flow [28],
and more complex flows [21,23,29] have received a new wave of study. Important mass
transfer characteristics of the process are studied in [12,19,23,30]. In addition to character-
izing multiphase flows, CFD methods have found application in solving the problem of
achieving optimal performance in bioreactors [22]. However, the problem is always associ-
ated with the description of multiphase multicomponent flows with developed turbulence,
which makes the task of computer simulation computationally complex. Meanwhile, the
list of factors affecting the formation of jets is quite significant, and experimental studies
and objective monitoring remain valid sources of data on jets’ properties.

It has now been shown that, in a number of areas, new deep and machine learning
methods, particularly computer vision (CV) methods, outperform previous, state-of-the-art
methods [31-33]. These papers often represent general information on new methods or
compare them. With recent advances in digitization and big data analytics, digital tools are
gradually beginning to be adopted in biotechnology research. Biological, hydrodynamic,
and heat and mass transfer processes in bioreactor (fermenter) circuits are key targets for
such digital approaches, as these processes are often complicated to analyze [34-37]. The
maximum bioreactor efficiency is primarily determined by gas phase transfer through
the gas-liquid interface. Therefore, hydrodynamic parameters such as the bubble sizes in
the gas-liquid stream significantly influence the flow behavior and determine the overall
performance of the fermenter. Machine learning algorithms show advantages in terms of
accuracy with respect to bubble sizing [38—40]. Used to capture real-time parameters and
support decision making to control and optimize key performance and safety indicators
of the biosynthesis process, success stories are increasingly appearing in the scientific and
technical literature and reports, where computer vision is proving to be not only one of
the most efficient but also one of the most affordable non-destructive methods compared
to expensive, invasive methods that require additional, sometimes redundant, equipment
with sets of sensors, transducers, detectors, and neural networks, which, in turn, are also
attractive tools for a number of their characteristics, such as accuracy and the ability to
handle small objects.

Experiments show that the best mixing in jet bioreactors is provided by a coherent jet
with the lowest mass loss in the form of detached droplets and the highest vertical velocity.
Visually, such a jet is characterized by the smallest opening angle and the absence of edge
fluctuations. However, unlike other technical devices, in jet bioreactors, the water jet at the
nozzle outlet contains a large amount of gas phase (up to a volume proportion of 1:1 [41]).
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Depending on the liquid delivery mode determined by the pump operation, such a flow
can be a bubble flow, an annular flow, or a set of many individual jets and droplets. Thus,
the CV observation of the shape, structure, and velocity of the jet becomes one of the ways
to select the optimal mode of operation of the bioreactor.

The following sections will propose a computer vision algorithm that allows the stable
processing of a gas-liquid video obtained from a high-speed camera.

2. Materials and Methods

Various parameters, such as the jet opening angle, contour deviations, and jet velocity,
are known to have a significant impact on the breakup length and pattern of liquid jets [42]
(see Figure 1).

”

Breakup length

<

Jet velocity

Figure 1. Schematic representation of jet breakup length and its dependence on velocity [42]. The
diagram shows jet regimes: I—dripping flow. II—laminar flow. Ill—transition region. IV—turbulent
flow. V—fully developed spray.

The angle and deviations from the line of a liquid jet’s contour determine its shape. A
jet with a narrow angle and few deviations will have a more streamlined shape, resulting
in a longer breakup length. On the other hand, a wider angle and more deviations in the
contour can lead to an irregular shape, causing the jet to break up sooner.

The velocity of the liquid jet plays a crucial role in its breakup length and pattern.
Higher velocities tend to create thinner, more elongated jets that experience greater aerody-
namic instability. This instability might cause the jet to break up earlier and result in a more
chaotic breakup pattern. Conversely, lower velocities lead to thicker jets that are relatively
more stable and have a longer breakup length. However, as the jet speed increases, both
an increase and a decrease in breakup length can occur, depending on the speed range in
which the experiments are carried out. In the case of a low speed of turbulent flow, an
increase will be observed, and when a certain critical point is reached, the increase will
be replaced by a decrease. The conditions at the jet boundary, such as the presence of
surrounding gas or a solid surface, can significantly influence the breakup of the liquid jet.
For instance, if the jet is fully surrounded by a gas medium, it experiences less resistance
and can travel for a longer distance before breaking up. Alternatively, if the jet comes into
contact with a solid surface, it may undergo secondary breakup or atomization, leading to
a shorter breakup length and a more dispersed pattern.

2.1. Data Parameters and a General Description of the Order of Operations for Algorithms

In order to evaluate the characteristics of the jet and subsequently relate them to the
parameters of the apparatus for its production, we have developed algorithms based on
computer vision methods. High-speed camera records provide initial data.

Each video after loading is converted into a three-dimensional array of scalars and
pixel intensities. Here, indices along one of the axes allow us to work with individual
frames. We use the grayscale color model so that the algorithms that we implement do
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not depend on the color features of the lighting equipment or the environment. It also
allows a reduction in the weight of the data in the array itself, which is very important
for the fast execution of algorithms. Next, we normalize the data so that, regardless of the
format of the source data, the minimum intensity is 0 and the maximum is 255. After this,
to determine the parameters of a gas-liquid jet, we propose the following set of steps:

1. detection of the edge of the jet (gas-liquid boundary) in the form of a set of coordinates
of points on this boundary for each frame of the video sequence;

2. determination of the straight line of the best approximation to points on the jet boundary;

3. calculation of the root-mean-square deviation of points on the jet boundary from the
straight line of best approximation;

4. calculation of the angle of deviation of the line of the best approximation from the
vertical for both the right and left edge of the jet; the difference between these angles
is equal to the angular expansion of the jet.

Using computer vision algorithms, it is necessary to take into account the features
of specific data sets. In our case, there is heterogeneity in the images, i.e., areas of high
and low pixel intensity. The image regions between these irregularities can be used to
detect jet boundaries. However, the original image does not have high contrast, and it also
contains noise, i.e., the visible boundaries are blurred. This is due to the fact that the flows
and environments studied impose physical limitations on the image quality. The selected
computer vision methods should be sufficiently resistant to noise and blurring.

The study of the data by plotting pixel intensity distributions (Figure 2) is an important
step in choosing the parameters of filters for image processing, as well as the parameters of
methods for the detection of jet boundaries.
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Figure 2. An example of the distribution of intensities in one of the experimental frames. Left
panel: distribution of pixel intensities in a frame. The presence of clearly defined peaks indicates the
presence of areas of increased and decreased intensity (heterogeneity). Right panel: the cumulative
distribution function of the intensity of pixels on the frame. Here, we can see that gray dominates in
the frame and starts from a certain threshold value. The corresponding intensities belong to a few
bright highlights.

However, the mere presence of heterogeneity is not enough. Of great importance is
the relative position of such pixels. In this vein, it is necessary to take into account the
characteristic pixel intensity gradients that the images have, since it is the magnitude of
this gradient that makes it possible to clearly detect the border. Accordingly, the algorithm
used for border detection must be able to work with exactly the range of gradients that
we observe. In our case, the boundaries are very blurred; the gradients are small, and,
accordingly, purely gradient methods are less preferred. Another limitation is the physical
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continuity of the boundary of the gas-liquid jet. The algorithm must be able to construct a
continuous boundary, even if the jet boundaries appear steep in the image.

Another feature of our data is the dynamic changes over time (Figure 3). The average
brightness intensity of the pixels and their distribution in the frame can vary very signifi-
cantly as we move from frame to frame. Accordingly, methods applied to such data must
be robust to such dynamic changes.
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Figure 3. Changing the relative average pixel intensity for each frame of the video. The real physical
time is 1 s. Oscillations around some average value with an amplitude of about 30% can be observed.
The procedure for the ordinate values’ calculation is the division of the total intensity sum by all
pixels at a single frame by the maximum intensity and by the horizontal and vertical length of the
image in pixels.

The dynamic nature of the data variability (Figure 3) corresponds to the physical
causes and hydrodynamic features of the studied gas-liquid system. This must also be
taken into account since such variability is also observed in the form of boundary deviations.
As the jet stream angle increases, the size of the area corresponding to the jet will increase,
which means that the average pixel intensity in the frames will also change.

2.2. Active Contours Method for Jet Edge Detection

A number of publications describe several approaches to determining the jet edge, i.e.,
the gas-liquid interface [43—46]. All methods are based on gradient methods, primarily
on the Canny edge method [47]. However, to find the edges of the jet on our data, these
methods produce a lot of side contours. Therefore, it was decided to use the active contour
model (ACM) method [48,49] to determine the boundaries of objects on 2D images. In ACM,
the object boundary is considered as an elastic line (spline) specified by the coordinates
(x, y) of the points on it, and the functional E is minimized [50]:

1
E= [ [Eint (v(5)) + Eimage (v(s))]ds M)
0

where v(s) = (x(s), y(s)) is the parametric representation of the contour, and s € [0;1] is
the contour parameter.

Eint (v(s)) =a|vs|*+p|vss|? is the internal energy of the spline; v and vgs are the first
derivative and the second derivative of v with respect to s, respectively.

Eimage = —7|VI(x,y)|? is the so-called image energy; &, B, and 1 are the parameters
of the ACM method. Thus, by minimizing the functional E, it is possible to “pull” the
contour to the boundaries with a sharp difference in brightness while, at the same time,
avoiding excessively long and crimped contours. If there is a noticeable level of noise
and interfering artifacts (for example, splashes) in the image, Gaussian smoothing is first
applied to the intensity function I(x, y) before calculating Eimage. On the first frame of the
video sequence, the points of the beginning and end of the lines of the initial approximation

23



Inventions 2024, 9, 9

of the jet boundaries are placed, which are then used as initial conditions on all analyzed
frames. Moreover, the distance between the upper points of the initial approximation lines
is used to obtain the length scale factor (the diameter of the pipe outlet nozzle is known).

Figure 4 shows an example of the application of the ACM method to determine the
boundaries of the jet.

Before the analysis of data, it is necessary to align (rotate) the image so that the normal
to the plane of the nozzle runs strictly vertically. For a quantitative assessment of such jet
parameters as the angle of divergence and fluctuations in the boundary contour, a straight
line of best approximation is determined for both edges of the jet. Since the position of the
jet in the initial data is close to vertical, the best results for determining the approximating
straight line are given by the principal component method (PCA) [50] compared to the
least squares method. In the approach that we used, an approximating line was obtained
in the form of a sequence of coordinates of its points (x;,yi), i = 1...n, where the number
of points n was equal to their number on the original contour.

The angle of deviation of the line of best approximation of the edge of the jet from the
vertical position aeqge Was calculated as

Xn — X
o —tan ! 2L ) 2
edge <Yr1 _— 2)

X1,Xm, V1, Yn are, respectively, the x and y coordinates of the first and last points on the line
of best approximation of the given edge of the jet (see Figure 4).

The difference between the angles aegge 0f both the right and left edges of the jet is
equal to the angular opening (expansion) of the jet. Further, in this article, this value is
called the jet angle.

Next, the root-mean-square deviation of the contour points of the jet edges from the
corresponding approximating straight lines is calculated. This parameter characterizes
numerically the oscillatory behavior of the jet edges (boundaries).

2.3. Method for Determination of the Flow Velocity in a Jet

An important characteristic of the processes occurring in the bioreactor is the rate of
liquid supply to it. Measuring the solution pumping rate with a flow meter is not always
possible. Therefore, we have developed an approach to estimate the linear jet flow velocity
using computer vision methods. When analyzing the original video recordings, it can
be seen that there are structures on the surface of the jet that move, as we assume, at the
speed of the jet itself. The “lifetime” of such structures is mainly from 2 to 5 frames of
video recording produced at a speed of 1000 frames per second. It is possible to trace the
interframe movement of such structures throughout their existence interval and estimate
the average displacement during the interframe interval.

Figure 5c in a later section shows an example of two adjacent frames with an estimated
offset of a given structure. The flow velocity estimate is calculated according to

Vilow = %r ®3)
where dy is the interframe shift of the selected structure, dt is the time interval between
adjacent video frames. This approach will give a suitable estimate of the flow velocity
only at high shooting speeds, since the lifetime of isolated structures on the flow surface
is, according to our estimates, no more than 5-8 ms (5-8 frames at a shooting rate of
1000 frames per second).
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Figure 4. Principal scheme of the jet stream angle calculation method. Blue labels are used for image
scaling and calculations in millimeters (the pipe diameter is known). Green labels are used to set the
vertical. Orange (for the left border) and red (for the right border) labels define the margin points
of the segments, which are further used as an initial approximation for the active contour method.
Using the highlighted edge contours, the jet angle is calculated (¢ from Equation (2)—the angle
between the vertical direction and the linear approximation of the edge—black line).
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(0)

Figure 5. Stages of application of algorithms and results: (a) Arrangement of scaling points, vertical,

and initial approximation for the left and right borders in accordance with (Figure 4). (b) The result of
applying the method of active contours in the “jet” color scheme (pixels with low intensity correspond
to cold colors; those with high intensity correspond to warm colors). The dark blue continuous curves
are those found by the active contours method. The red dotted line is the initial approximation. (c) A
scheme for calculation of the speed of two adjacent frames. The red labels indicate the distance
traveled by the drop.

To improve the accuracy of stream velocity estimation, we propose, firstly, to place at
least 10 points on each frame—the centers of the structures, the interframe shift of which
will be measured. Secondly, such measurements are made on a relatively large number of
frames. The obtained values of the flow rate estimates are subjected to statistical processing.
The mean value v and the root-mean-square spread oy are calculated. Values that do not
fall within the interval v & 20y are excluded from further analysis. The average value of
the remaining values is the estimate of the flow velocity.

To automatically select the centers of the structures whose interframe shift will be
evaluated, the following approach is proposed. Preliminarily, Gaussian smoothing of the
processed frame of the video sequence is performed in order to reduce the influence of
random fluctuations. Next, the image is binarized with a threshold, which is currently set
manually. It is necessary to adjust the threshold so that only a few (about 10) individual
small areas remain. All the indicated transformations of the image are performed only
between the boundaries of the flow found earlier. Figure 6 shows an example of the original
frame and that after binarization. To reduce the size of the areas that will be followed
further, the erosion procedure was applied to them [47].
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Figure 6. Source frame with recognized jet edges (left panel) and binarization after thresholding
(right panel).

The centers of the found areas are taken as the centers of the structures, the interframe
shift of which will be measured to estimate the flow rate. To find the coordinates of the
selected structure on the next frame, the method of maximum mutual spatial correlation is
used [51,52].

We carried out a visual comparison of the results of manual marking with the results
of the algorithm (Figure 7). The resulting differences are practically insoluble visually.
Calculating the errors for such algorithms is quite complicated since the boundaries of
the jet are not known in advance and the data are obtained experimentally. However,
by performing a similar assessment for a synthetic image of a jet, we can estimate the
root-mean-square error as 0.07 pixels.

Figure 7. An example of detecting liquid—gas boundaries using the active contour method (blue
curve) and manual tracing (red curve).
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The algorithm was also compared with a well-known method of determining edges in
images, i.e., the Canny edge method [47]. Figure 8 shows an example of the application
of the Canny method to a jet image, both synthetic and experimentally obtained. On the
synthetic image, the Canny method showed a good result, in contrast to the image obtained
experimentally. It can be seen that due to the presence in the real image of a large number
of objects and structures with complex boundaries, the Canny edge method, on the one
hand, allowed many false detections of edges; on the other hand, there are discontinuities
at the detected liquid—gas interface. Finally, it can be concluded that, with no special
preprocessing, the algorithms based on the Canny method with respect to image series
are unstable.

Figure 8. Examples of applying the Canny edge method to synthesized (left panel) and experimen-
tally obtained (right panel) images of the liquid-gas interface.

Thus, the proposed algorithm for the detection of the liquid—gas interface on experi-
mentally obtained images, being almost completely automatic, is practically not inferior in
accuracy to manual tracing.

2.4. Jet Properties at Different Flows: Algorithm Usage

The developed algorithms were tested on the example of data obtained with the
experimental setup, which is represented by a jet-stream-type mass exchange apparatus;
see Figure 9. Previously, such a setup was used in the study of bubble generation by
computer vision methods [38].

The mass exchange apparatus in Figure 9 is a closed hydrodynamic circuit. The mixing
and circulation of the liquid are carried out using the circulation pump. Along the flow
of the liquid, the pipeline and heat exchanger are located. The aerator mixes the sucked
gas and liquid phases and then accelerates the gas-liquid jet and penetrates into the liquid
inside the machine body, where the video is taken through the viewing window.

The operating mode of this setup is regulated by the rotation speed of the pump,
which in turn depends on the value of the frequency converter. The pump creates a flow of
liquid, which is saturated with gas by passing through the aerator and descends through
the pipe into the tank, forming a high-turbulence gas-liquid jet. Due to the complex flow
kinetics, the characteristics of the jet will be determined by many factors, such as the nozzle
shape, gas phase fraction, medium structure, pressure, turbulent energy, etc.
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Figure 9. Scheme of the experimental setup.

Thus, it is difficult to consider all the physical factors and predict the jet characteristics
that affect the convection and, ultimately, mass transfer in the setup machine body (the
tank). One solution is to create advanced CFD models, but this method is computationally
intensive and needs experimental verification. Therefore, we investigated the task of
processing a set of experimental video recordings of a jet flow in the setup at different pump
operation modes. Note that the video records were made in a foggy environment inside
the tank, caused by the peculiarities of the fluid dynamic currents inside the apparatus.
Thus, such data are a good test for the proposed computer vision algorithms.

Table 1 shows the investigated operating modes of the unit and the visually observed
structural features of the jet.

Figure 10 shows three types of gas-liquid jet flow structures. The images are presented
without processing; the blurring is due to the highly foggy environment inside the tank. All
structures are united by the presence of sharp jet boundaries, which form the divergence of
the jet. By total jet divergence, we refer to an angle 2a where a is calculated for each edge
of the jet, as shown in Figure 4.

Table 1. The description of the observed jet structures on the video data for different setup regimes.
By the regime, we consider the value on the frequency converter that controls the pump performance.

Setup Regime, Hz Jet Structure Comment
. The water flow is insufficient to fill the entire nozzle volume. The jet is
20 Split . . .
discontinuous and represented by split streams.
25 Split Similar to the regime of 20 Hz.
30 Ring (annular) The fluid flow is uninterrupted along the nozzle walls, but there is not enough
& fluid to fill the entire nozzle cross-section. A ring current is observed.
35 Uniform The liquid flow fills the nozzle completely, and the jet appears to be
continuous, in which the liquid and gas fractions are uniformly distributed.
40 Uniform Similar to the regime of 35 Hz.
45 Uniform Similar to the regime of 35 Hz.
50 Uniform Similar to the regime of 35 Hz.
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(a) (b) | ©

Figure 10. Examples of the different jet structures observed on various regimes (see Table 1). (a) Split,
(b) Ring, (c) Uniform.

Figure 5 shows the steps of applying the algorithm to calculate the characteristic
velocity of a gas-liquid jet. Figure 5a schematically represents the necessary labels that will
be used in constructing the contours in the active contours method. Figure 5b shows the
continuous curves for one gas-liquid jet flow structure, which characterizes the contours
from which the jet angle will be calculated. Figure 5c shows schematically the velocity
calculation for two consecutive frames using the threshold segmentation method. The
threshold segmentation method identifies specific areas corresponding to highlights in two
adjacent frames. Next, the vertical shift in pixels is calculated for each selected segment.
Then, the displacement value is converted into a physical distance by scaling at the extreme
points of the pipe (fixed diameter). In order to calculate the segment speeds, the resulting
distance in millimeters is divided by the time between two successive frames. Averaging
the obtained velocities makes it possible to calculate the characteristic velocity of the gas—
liquid jet under the assumption that the velocity of the glare along the vertical axis is
approximately equal to the velocity of the flow.

All videos discussed in this paper were captured by a Sony ZV-1 (Sony Corp., Beijing,
China) high-speed (1000 frames per second) video recorder. The deviation of the jet
contours illustrates the pulsation of internal flows and their properties. For the best
possible convection of the medium in the tank, the jet must be continuous, forming a single
mass body, and have downward directed velocities at all points in the volume. This means
that the effective jet must have the lowest edge deviation. At the same time, to increase
convection, the jet must have the maximum momentum, which refers to the largest vertical
velocity component. For the 20-50 Hz regimes (see Table 1) of the investigated jet stream
setup, the liquid and gas phase fluxes were measured in experiments earlier. The measured
curves are presented in Figure 11.

The volumetric fluid flow rate was measured as a function of the pump capacity and
is a smooth curve. The gas volume flow rate provided by the free suction of the aerator was
measured by anemometry and represents a significantly non-linear curve. An important
characteristic of the aerator is the ejection coefficient, which is the ratio of the volumetric gas
flow rate to the liquid flow rate. In Figure 11, one can see that the ejection coefficient of the
aerator of the experimental setup varies non-monotonically, which indicates a change in the
gas content and in the structure of the gas-liquid flow in the jet. Thus, the jet characteristics
are difficult to predict due to the complex nonlinear relationship between the ejection
process and pump performance and cannot be reliably interpolated or extrapolated.
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Figure 11. Experimentally measured liquid and gas phase flow rates for 20-50 Hz regimes of the
investigated jet stream setup.

3. Results and Discussion

In this section, we analyze the results of applying the presented algorithm to the
jet videos obtained using the experimental setup considering different modes of pump
operation (which is equivalent to changing the input mechanical energy, since all the
energy in the setup is inputted only by the rotating pump blades). For simplicity, we will
denote the pump modes by the frequency of the electric current due to its linearly related
quantities.

For each mode of the setup (20 Hz, 25 Hz, 30 Hz, 35 Hz, 40 Hz, 45 Hz, 50 Hz), frame-
by-frame measurements of the jet angle, edge divergence, and flow rate parameters were
performed. For this purpose, video recordings with a length of 1000 frames (1 s of physical
time) were selected. Figures 12-15 represent the results of these studies. Table 1 summarizes
the qualitative characteristics of the jet structure observed visually.

25 T T T T

N
=
T
1

N
w
T
|

Angle, grad
NR
g
1

N
o
o

-
[9)]

-
o
T

Deviation, mm
(6,
T
1

0 1 1 1 1
0 200 400 600 800 1000

Frames

Figure 12. Results of video frame-by-frame processing for the setup regime 20 Hz: the jet angle
(upper panel) and mean deviation of the jet edges (lower panel).

Note that in the 20 Hz mode, the jet with a discontinuous split flow structure (Figure 10a)
has a large angle (up to 23 degrees) and average deviation (about 9 mm). From the physical
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point of view, this is explained by the low energy and flow density (because the pump
fluid supply is minimal compared to other modes), as well as the fact that the fluid is
not sufficient, not only to fill the entire nozzle but also to form a film flow. As a result,
individual jets fly out of the nozzle and then disintegrate into droplets and fly in different
directions. Such a jet does not provide the penetration of the water column in the bioreactor
tank, which means that mixing and mass transfer are at a very low level.
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Figure 13. Results of video frame-by-frame processing for the setup regime 30 Hz: the jet angle
(upper panel) and mean deviation of the jet edges (lower panel).

In the 30 Hz mode, a jet with continuous boundaries is formed at the nozzle outlet.
Visually, it can be seen that the boundaries of the jet are quite thin, and, in the center of
the flow, there is a solid gas phase. This type of flow is usually called a ring flow. In this
case, the angle is decreased by almost five times compared to the 20 Hz mode, to about
5 degrees, while the mean edges’ deviation is decreased by about two times to 4-5 mm.
These observations are attributed to an increase in the fluid flow, which is sufficient to form
a continuous ring. The fluid ceases to disintegrate into droplets and is no longer dispersed,
as was observed in the case of the 20 Hz mode.

The bulk of the gas moves in the center of the jet separately from the liquid boundary
layer, in the structure of which there are few bubbles, and therefore the structure is almost
homogeneous. This reduces the deviation of the jet boundaries. In terms of efficiency, such
ajet has a good penetration capacity at relatively low pump speeds, but the low gas content
makes the jet inefficient in terms of mass transfer: gas does not enter the unit tank in bubble
form, and the contact area of the liquid and gas phases as a result is low.

In the 40 Hz setup mode, a continuous gas-liquid jet is observed. The pulsations of
the bubble phase cause local turbulence and oscillations of the jet, which can be seen by
the increase in the boundary deviation up to 15 mm. At the same time, the jet has a small
angle (about 5 degrees), which means that the velocities in the flow have a predominantly
vertical direction. Such a jet has a large penetration force while providing not only mixing
but also high mass transfer rates.
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Figure 14. Results of video frame-by-frame processing for the setup regime 40 Hz: the jet angle
(upper panel) and mean deviation of the jet edges (lower panel).

Increasing the pump rpm after the 40 Hz mode led to the formation of a column of
bubbly medium above the nozzle (see Figure 15). Thus, a pressure gradient was formed
at the nozzle outlet: the compressed mixture of gas and liquid flies out of the nozzle and
sharply decompresses, which leads to an increase in the jet angle up to 12 degrees and
the growth of the boundary deviation up to 15 mm. Such a jet has a high momentum and
penetration force, but, because of the large angle, the vertical velocity component may be
equivalent to a jet in the 40 Hz mode, which would reduce the specific mixing efficiency
per unit of energy expended.
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Figure 15. Results of video frame-by-frame processing for the setup regime 50 Hz: the jet angle
(upper panel) and mean deviation of the jet edges (lower panel).
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In Figure 16, the average angle and edge deviation for different setup regimes are
presented. Note the tendency of a decreasing angle and deviation when passing from
low-intensity and fluid flow modes, for which split jet flows are observed, to modes
corresponding to continuous flows (from 30 Hz). Further, there is a build-up of gas content
in the liquid flow, which leads to pulsations and a growth in deviation. When a certain
critical mode is reached (in our case, it is 40 Hz), a significant pressure gradient appears
at the nozzle outlet, as a result of which the jet is decompressed and its angle increases
rapidly along with the deviation.
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Figure 16. (a) Average jet angle and (b) average edge deviation for different setup operation regimes.

In Figure 17a, the average jet velocities measured with the proposed CV algorithm
for each of the installation modes are presented (blue line). Note that for the 20-25 Hz
modes with a split jet, the velocity values will be affected by the resistance of the gas phase
to individual droplets. Therefore, it is expected that despite the growth in the liquid flow
rate, the jet velocity grows slowly. As soon as the jet flow passes to the ring or continuous
state (from 30 Hz), the velocity begins to grow almost linearly with the increase in liquid
flow as the carrying phase. In the 40-50 Hz regimes, there is a decrease in the aerator
ejection coefficient (Figure 11), which is an indication of insufficient gas phase inflow due
to the design limitations of the aerator. At the same time, significant pressure and velocity
pulsations may occur in the jet, which lead to an increase in the jet angle and deviation of
the edge contour. In general, the jet velocity can be predicted from the balance of the liquid
Qiig and gas Qgas flow rates. Since these flow rates are measured directly (see Figure 11),

+
the velocity can be approximated as ans ?’1‘7 where A,,y,.1, is the nozzle cross-sectional
zle

area. This estimation is averaged over tlme and space and does not take into account the
local influence of the wall roughness, bubble size, and structure on the hydraulic resistance
of the flow. It also does not take into account the slip velocities between the bubbles and
the fluid. Earlier, in work [13], it was shown that in a relevant bubble descent flow, the slip
velocity can reach 10% of the liquid phase velocity. However, this is a good, physically
reasonable approach for the verification of the computer vision method. Comparing the
jet velocity from CV measurements and the predicted velocity based on the conservation
principle (blue and orange curves in Figure 11), one can see a difference not exceeding 15%.
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Figure 17. (a) Average jet velocity for different setup operation regimes, by CV measurement and
predicted from flow rate balance, versus (b) results of CFD simulation of the velocity field in the
lengthwise cross-section of the jet at the setup regime of 50 Hz.

Earlier, CFD simulations using the Flow Vision software [53] of the jet flow in the unit
were performed for the 50 Hz mode and showed liquid flow velocities from 8.5 m/s at
the edges of the jet to 11 m/s in the center of the jet (see Figure 17b). Taking into account
such a convex velocity profile, and the fact that the proposed computer vision method
works only with the jet surface, we note the good correspondence of the obtained velocity
measurement results with the results of CFD simulations.

These conclusions can be considered as verification of the developed algorithm.

Using the represented methodology, we were able to determine the optimal operating
mode of the experimental setup in terms of maximizing the specific impulse per unit
volume of the gas-liquid jet. This mode corresponds to the minimum jet angle and edge
deviation and maximum flow velocity. In the case of industrial fermenters, the comparison
of CV measurements and averaged predictions of gas and liquid flow rates at the aerator
inlet allows the localization of anomalous modes of jet formation (e.g., due to design defects
in the aerator or equipment wear during operation). The flexibility of the methodology that
we propose is limited by the possibilities of verification. For each new jet stream apparatus,
it is necessary to calibrate the computer vision method in order to obtain adequate results.

4. Conclusions

The methods of threshold segmentation, active contours, the regression of principal
components, and the comparison of feature overlays made it possible to implement a
scheme for the calculation of the jet stream angles, edge deviations, and velocities of
gas-liquid jets for various video data and operating modes of the experimental setup.

The comparison of experimental data and modeling with computer vision calculations
showed that the velocity estimates were close and the differences did not exceed 15%.
Moreover, the CV measurements were consistent with third-party CFD calculations. At
the same time, edge detection was found to be quite accurate and stable even with noisy
data and a rough initial approximation in the form of a segment for all frames of one
video recording. The comparison of the proposed algorithm with the results of partitioning
using the classical Canny method yielded an RMS error of no more than 0.07 pixels. At
the same time, the Canny method loses robustness when jet droplets break away and
therefore requires resource-intensive image preprocessing. The proposed algorithm does
not demonstrate this problem.

Test CV measurements have shown that the real jet in the apparatus may have asym-
metric angles for the left and right boundaries. In addition, the environment inside the
apparatus (foggy with high light scattering) leads to noise in the original data images. The
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robustness of the proposed algorithm allows us to handle such data while maintaining
sufficient accuracy.

The presented algorithms for the evaluation of jet characteristics by computer vision
methods based on high-speed video records currently have a number of limitations. First,
the efficiency of the algorithms (in terms of accuracy and stability) depends on the quality
of the original image. The presence of splashes, blur, low or uneven image contrast, and
the excessive illumination of certain areas affects the accuracy of the final result. This
leads to the need to carefully choose the video shooting point, the type of lighting (front
or back), and its intensity. Image preprocessing methods also require further research. In
particular, it is obvious that for the automatic selection of structures whose interframe shift
is estimated in the flow velocity measurement algorithm, it is necessary to use an adaptive
threshold during binarization, as well as histogram intensity equalization algorithms in the
jet image region.

In addition, it was found that the jet structure, which depends on the gas content, local
velocities, and bubble sizes, as well as aerator operation features, can significantly affect
the flow velocity profile in the jet. When a flow core with significantly higher velocities is
formed in the center of the jet rather than near the walls, the CV algorithm can significantly
underestimate the velocity values compared to the average cross-sectional velocity value.

The absence of a dependency on hardware and software and the great potential for
the optimization of the program code make it possible to use the proposed method “in real
time”, directly during experiments and in industrial processes.
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Abstract: In this work, a novel numerical method for studying the influence of gas types on drag
reduction by microbubble injection is presented. Aimed at the microbubble drag reduction (MBDR)
process for different types of gases, the mass transfer velocity of different types of gases in the
gas-liquid phase is defined by writing a user-defined function (UDF), which reflected the influence
of gas solubility on the drag reduction rate. An Eulerian multiphase flow model and the Realizable
k — e turbulence model are used for numerical calculation. The population balance model is used
to describe the coalescence and breakup phenomena of the microbubble groups. Henry’s theorem
is used to calculate the equilibrium concentration of the microbubble mixed flow. The interphase
mass transfer rate of the microbubble injection process for different types of gases is studied by using
permeation theory. The local mass fraction of the mixed flow is solved by the component transport
equation. It is found that the larger the solubility of the gas, the lower the efficiency of MBDR. When
the volume flow rate of the same type of gas is the same but the injection speed is different, the larger
the solubility of the gas is, the greater the difference in the drag reduction ratio.

Keywords: numerical study; type of gas; microbubble drag reduction; interphase mass transfer rate;
drag reduction ratio

1. Introduction

Microbubble drag-reduction technology is a new powerful means of ship energy
saving and emission reduction. Gas is injected into the boundary layer covering the ship
bottom from a series of slots, nozzles, openings, or porous material flush with the surface
designed to generate a bubble stream, so the flow downstream of the nozzles or outlets will
form a mixture of microbubbles and water to reduce the skin-friction drag of the hull. The
buoyancy of the bubbles pushes them towards the bottom of the hull within the turbulent
boundary layer, and the ship motion sweeps them aft. Research [1] has been carried out
into the effect of injected bubble size and it has been proposed from laboratory tests that
relatively small bubble diameter (0.3-0.5 mm) gives the best results. The drag reduction
rate of microbubbles is generally about 25% [2], which can effectively reduce the power
consumption of the ship’s main engine. The surface vehicle can directly use air injection
to form microbubbles, while the underwater vehicle can only choose other types of gas
injection due to its isolation from the air. Therefore, the study of the influence of gas type
on the efficiency of MBDR is of great significance for the reduction in skin friction drag of
underwater vehicles.

It is generally believed that the mechanism of MBDR is the change in velocity gradient
of the turbulent boundary layer caused by gas injection, which reduces the viscosity and
density of local fluid, and thus reduces the turbulent kinetic energy and shear stress be-
tween water and wall [3]. Moreover, the type of injected gas is also an important factor in
microbubble drag reduction. McCormick [4] reduced the viscous drag of a fully submerged
rotating body by producing hydrogen gas on the hull by electrolysis. The experimental
results showed that hydrogen microbubbles are very effective in reducing drag. Pal [5]
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used flush-mounted hot-film probes to measure the shear stress fluctuations when air
and helium were injected into the turbulent boundary layer, respectively. Deutsch and
Castano [6] measured the skin friction drag after gas injection into a turbulent boundary
layer of a submerged axisymmetric body. It was found that the reduction in skin friction
reduction increases with increasing free-stream speed. At high speeds, helium injection
is more effective at reducing skin friction than air injection. Fontaine and Deutsch [7]
measured the effects of five different gases—air, helium, carbon dioxide, argon, and sulfur
hexafluoride—on the microbubble skin friction reduction on an axisymmetric model. It was
found that Sulfur hexafluoride is less effective in reducing drag, and helium has a better
drag reduction effect than other gases. Deutsch [8] used carbon dioxide as an injection
to carry out experiments and studied the influence of surface roughness on microbubble
drag reduction. The study took advantage of the solubility of carbon dioxide, which can
minimize problems with mean velocity measurements and optical access. Zhu [9] proposed
a novel self-adaptive microbubble electrolysis control technique for the problem of stable,
high-efficiency flow drag reduction for underwater vehicles. The flow drag reduction
performance and mechanisms of microbubble arrays were investigated by experimental
and numerical methods. Skudarnov [10] introduced CO; gas as a species mass source and
used numerical methods to assess the role of mixture density variation of microbubbles
on the drag reduction rate. The numerical model proposed in the study only considered
the convective diffusion process between injected gas and water and did not consider the
interphase mass transfer process between soluble gas CO, and water during microbub-
ble injection.

Numerical simulation is an effective method to study the microbubble drag reduction
mechanism. For the turbulent motion with a low Reynolds number, more accurate results
can be obtained by direct numerical simulation. Mattson and Mahesh [11] presented the
results from a one-way coupled, Euler-Lagrange direct numerical simulation of bubbles
injected into a turbulent boundary layer. By analyzing the forces on the bubble, it was
found that the carrier-fluid acceleration is the main reason for moving the bubbles away
from the wall. Pang et al. [12] established the Euler-Lagrange two-way coupling model
and carried out a numerical study on MBDR of the flat plate. Direct numerical simulation
was used to solve the velocity field of the liquid, and the Newton equation of motion was
used to calculate the bubble trajectory. Rawat et al. [13] numerically studied the interaction
between a dispersed phase composed of microbubbles and a turbulent boundary layer flow.
The Euler-Lagrange approach based on Direct Numerical Simulation of the continuous
phase flow equations and a Lagrange tracking for the dispersed phase were used. The
feedback effect of dispersed bubbles on the carrying flow was considered in this study.
The local and temporal variations of bubble concentration and momentum source terms
were considered in the mass and momentum balance equations. Velasco et al. [14] used
the Euler-Lagrange approach and the bidirectional coupling direct numerical simulation
method to study the interaction between microbubbles and turbulence in vertical upward
channel flow.

For the numerical study of the turbulent motion with a high Reynolds number, a
suitable turbulence model is usually chosen to solve the governing equation. Aiming at
the drag reduction process using microbubbles, it is one of the main research methods
to establish the microbubble coalescence and fragmentation models. Mohanarangam
et al. [15] studied MBDR of two-dimensional plates using multi-size groups (MUSIG)
based on population balance models. The model took into account the interphase drag
and focused on the effect of bubble coalesce and breakup on MBDR. Wei [16] used Euler—
Euler two-phase flow model to simulate MBDR on a bulk carrier. The model considered
the interphase resistance, but ignored the influence of bubble deformation, coalescence
and breakup. Pang and Zhang [17] used a mixture multiphase flow model combined
with the population balance model to study MBDR of horizontal channel turbulence,
and the model described the coalescence and breakup phenomena of the bubble groups.
Qin et al. [18] simulated the bubbly flow along the flat plate based on Eulerian-Eulerian
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two-fluid modeling combined with a population balance model. Bubble coalescence and
breakup were considered and drag and lift were fully modeled based on applicable closure
models. Zhang et al. [19] proposed an Euler-Lagrange model that can simulate bubble
coalescence and breakup. The bubble-size distribution, the bubble trajectory, and the
mechanism of bubble induced turbulence modulation and its relationship with bubble-
size distribution were analyzed. For other methods of microbubble drag reduction, Lyu
etal. [20] proposed a gas-liquid two-phase flow model based on the mixed-flow model, and
numerically simulated the MBDR process of the SUBOFF rotating model. Wang et al. [21]
used a two-way coupled Euler-Lagrange approach based on a large eddy simulation to
study the MBDR mechanism in a fully developed turbulent boundary layer over a flat-plate.
Zhao et al. [22] used an OpenFOAM frame to study the two-phase micro-bubble flow over
an axisymmetric body. The numerical models included an Eulerian-Eulerian two-fluid
model with closure relationships for the interfacial momentum transfer to capture the
interfacial momentum transfer of multiphase flows, and a standard k — & model for the
continuous phase and one turbulence model inside the OpenFOAM for the dispersed
phase. Wang [23] numerically studied MBDR by using a flat-plate model, and compared
the relationship between the Eulerian multiphase flow model and the mixed multiphase
flow model. The results indicated that the mixed multiphase flow model requires less
mesh than the Eulerian multiphase flow model. Eulerian multiphase flow model has high
calculation accuracy, but long calculation time and poor convergence. The calculation time
of the mixed multiphase flow model is short, the convergence is good, but the error is large.
So far, no similar numerical method for MBDR considering gas solubility has been
found in the published literature. In this work, by writing UDF in fluent fluid software,
the mass transfer velocity of different types of gases in the gas-liquid phase is defined,
and the influence of gas types on MBDR is studied. The types of gases selected are air,
carbon dioxide, helium and argon. The Euler multiphase flow model and Realizable
k — e turbulence model are used to describe the turbulence problems of microbubble drag
reduction caused by gas injection on an axisymmetric body. The population balance model
is used to describe the coalescence and breakup of bubbles. Henry theorem is used to
calculate the equilibrium concentration of the microbubble mixed flow. The mass transfer
coefficient is based on the K}, model which combines the Higbie permeation theory and the
velocity slip model. The local mass fraction of the mixed flow is solved by the convection—
diffusion equation. Finally, the drag reduction ratio of microbubble injection for different
types of gases is calculated numerically according to some working conditions of the water
tunnel experiment, and the influence of the solubility of different types of gas on the drag
reduction rate during the process of microbubble injection is analyzed by comparing with
the experimental data, and the correctness of the numerical models proposed is verified.

2. Numerical Simulation Scheme and Physical Model

In this section, the numerical simulation scheme and the physical model are proposed
based on the partial experimental conditions of the water tunnel experiment conducted by
Fontaine and Deutsch [7] in a 12-inch diameter water tunnel at ARL Penn State, in which
the influence of the type of gas on the reduction in skin friction resistance by microbubble
injection is investigated.

2.1. Establishment of the Water Tunnel Experiment [7] and Numerical Simulation Scheme

The water tunnel experiment was carried out in the cylindrical experimental section
of the water tunnel. The experimental model was an axisymmetric vehicle 632 mm long
and 89 mm in diameter. The model was held in the center of the cylindrical section by a 200
mm long sting. In the experiment, an isolated cylindrical section with shear members was
used as a force balance to measure the skin friction. The balance was 273 mm long with
nominal gaps of 0.127 mm and 0.254 mm located at axial distances of 196 and 469 mm from
the nose, respectively. The gas was injected by a cylindrical sintered porous plastic section
6.35 mm long and 5.17 mm thick with a nominal pore size of 5 microns. The gas injection
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section is 146.5 mm from the nose. The experimental model was installed as shown in
Figure 1. All gases in the experiment were supplied from a compressed gas cylinder and
the volume flow rate through the injection system was controlled at a nearly constant rate
by using a Kates control valve (Kates, model 6BIT-DE]).

porous plastic
section [ 273mm —j

—
L

—’k‘0.127mm gap 4“‘0.254mm gap

J :l E E.\| 89mm
T rel —

146.5mm—)|
gas injection tube

force balance

[ 632mm

Figure 1. Schematic diagram of the experimental model.

In the numerical simulation scheme, four types of gas with relatively complete experi-
mental data in the water tunnel experiment—air, helium, argon and carbon dioxide—are
selected as gas injection sources to obtain a wide range of the solubility values of gas.
The chosen experimental parameters consist of a water tunnel pressure set at 15 psi, a
free-stream speed maintained at 13.7 m/s, and the gas volume flow rate representing
certain conditions within the water tunnel, serving as the basis for numerical simulation.
By comparing the numerical results with the experimental data, the difference between
the numerical results and the experimental data during the drag reduction process of
microbubble injection of different types of gases is analyzed, and the influence of the
solubility of gas on drag reduction is found out. It should be emphasized that in the water
tunnel experiment in reference [7], gas was injected through the porous plastic section.
Since the opening holes ratio of the plastic section (area of gas injection holes/total area of
the gas injection section) is not provided, the speed of gas injection cannot be determined.
Therefore, the numerical calculation of this study can only ensure that the volume flow rate
of gas injection is the same as that of the water tunnel experiment but cannot guarantee
that the gas injection speed is the same as that of the experiment. As a result, when the
volume flow rate of gas injection is small, the drag reduction ratio in numerical simulation
is greatly different from the experimental data due to the influence of gas injection speed
and gas solubility.

2.2. Physical Model Description

The physical model of the vehicle used in the numerical study is designed in full
accordance with the model size in the water tunnel experiment [7], as shown in Figure 2.
The model is a symmetrical rotary body, and the gas injection section is 146.5 mm from
the nose of the model. The measuring section of the skin friction drag is 273 mm long and
is located at the axial distances of 196 mm and 469 mm from the nose, respectively. The
model parameters are shown in Table 1.

Table 1. Model parameter.

Model Length Diameter of the Model D Location of Gas Injection
L (mm) (mm) L1 (mm)
632 89 146.5
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Figure 2. Physical model of the vehicle.

3. Numerical Model Study
3.1. Governing Equations

In this study, the Eulerian multiphase flow model is used to simulate the gas-liquid
two-phase flow. Compared with the mass conservation of a single phase, the mass change
in one phase in the control body increases the mass transfer phase between the phases. So,
the continuity equation of the gth phase is:

d - o .
o7 (#a09) + V- (“qpqvq) = Zl(mm = tigp) +Sq, @
p:

where &, represents the gas phase volume fraction of the gth phase, p; represents the

density of the gth phase, ;q represents the velocity of the gth phase, 1, represents the
mass transfer from the pth phase to the gth phase, S, represents source term.
The momentum equation of the gth phase is:

— - = = — noo— .= .=
51(0gpqvq) + V- (gpgvq0g) = —agVp + V- Ty + agp g + ; (Rpg +1ipg 0 pg — Tiigp Vgp) 5
- - - - ! @)
+(Fd,q + Flift,q + va,q +onl)
where T, is the stress tensor of the gth phase, which can be expressed as:
— — —T 2 - \=
Ty =oagig| Vvg+ Vv, | +a /\q—qu (V-vq)l, (©)]

where 1, represents the shear viscosity of the gth phase, A, represents the bulk viscosity
— — —
of the gth phase, F ;; represents drag force, F ;s ; represents lift, F oy 4 represents virtual
—

mass force, F,, represents surface tension, R, represents the interaction force between
phases, v pq Tepresents inter-phase velocity.

In Eulerian model, the phases are seen as representing a continuum that runs through
each other, so the volume fraction is needed to represent the space occupied by the phases
in the control body. The sum of all phase volume fractions is 1, which can be expressed as:

Y a,=1 4)
q=1

3.2. Turbulence Model

In this study, the turbulence model is selected as the Realizable k — ¢ model [24]. The
model can provide a more accurate prediction of the divergence ratio of the plate and
cylindrical jets. Among all k — ¢ models, this model has a good performance for flow
separation and complex secondary flows. The model is suitable for a wide range of flow
types, including the rotational uniform shear flow, the free flow (jet and mixed layer), the
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cavity flow and the boundary layer flow. The transport equations of turbulent kinetic
energy and dissipation rate of the Realizable k — ¢ model are:

d d K ue ok

5; (Pk) + aTCj(Pk“]) ~ oy Kﬂ + Uk) ox, + G+ Gp — pe = Yin + Sg, ®)
0 0 i ue\ oe € €
5 (0e) + aTC],(PS”]) T (FH‘ %)axj +PC15€—PC2W — Cleg CaeGp +5e, (6)

where Gy, represents the turbulent kinetic energy caused by the mean velocity gradient, G
represents the turbulent kinetic energy caused by buoyancy, Y, represents the influence of
turbulent pulsating flow on the total dissipation rate, y; represents turbulence viscosity
coefficient, yy = pCy, % 0%, 0¢ represents the turbulent Prandtl numbers of the turbulent ki-
netic energy and the dissipation rate, respectively. Cq, C3, Cy¢,Cs, represents the coefficient,
respectively.

3.3. Interphase Force
3.3.1. Drag Force

—

The drag force F;, is the drag generated when a discrete gas moves relative to a fluid,
which is simulated by the Schiller-Naumann interphase drag force model [25] in this study.
Assuming the bubble is spherical, the drag coefficient C; is defined:

| 24(140.15Re;"%%7) /Re, Reg < 1000 )
T | 0.44Re, Reg > 1000
where Re, represents the bubble Reynolds number.
The drag force is calculated as follows:
3 q ,— — —
Fiq= chap@(v"_ vy) X (VX vy), (8)

where d, represents the bubble diameter.

3.3.2. Lift

Lift force ? lift,; 1s the force caused by radial and circumferential velocity gradients;
the magnitude is related to the relative velocity and the velocity curl of the fluid, and the
direction is perpendicular to the relative velocity. In this study, it is assumed that the bubble
is formless and has spherical fluid particles. The lift force is calculated as follows [26]:

- — — —
Fliftg = Cipgap(vg = vp) X (V X 0g), )
where C) represents the lift coefficient.

In this paper, the Legendar-Magnaudet [27] lift coefficient model is used, which takes
into account the momentum transfer between the flow around the particles caused by fluid
friction/stress at the fluid interface and the recirculation flow inside the fluid particles. The
evolution of lift at low a Reynolds number is different from that at a high Reynolds number,
and the expression of lift coefficient is:

G = \/ (Crtowre)” + (Cunignre)?, (10)
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where Re, = PalVa—Vplep Re, = L, B = 0.5(Rew/Reyp), Sr represents the dimen-

sionless shear rate, Sv = 2 < 1.

3.3.3. Virtual Mass Force

In the calculation of multiphase flow, when the bubble accelerates or decelerates in
the liquid, the surrounding liquid will be driven by the bubble to accelerate or decelerate,
and the interphase force generated is called the virtual mass force. In the study, the virtual

—

mass force F;, is taken into account and expressed as:

= dquv,  dqo
Fomg = Comtppg - (dtq h dtp>'

(12)

where Cym, represents the virtual mass force coefficient. According to Magnaudet [28], the
virtual mass force coefficient for spherical bubbles is close to 0.5.

3.3.4. Surface Tension

The attraction between molecules in the fluid creates the surface tension. Bubbles
in the fluid are acted upon by neighboring molecules. On the surface of the bubble, the
combined action of the radiating inward radial component makes the surface of the bubble
shrink, thus increasing the pressure on the concave side of the surface. The surface tension
can be given in terms of the pressure across the surface, using the divergence theorem,
expressed as a volume force. If there are only two phases in a fluid unit, then the surface
tension can be expressed as follows:

prgVag

Foor = 0gp g (13)

3(pg +pop)
where 0, represents the tension coefficient between the gth phase and the pth phase, p
represents the average volume density, x,; representative surface curvature.

3.4. Population Balance Model

In this study, the population balance model is used to describe the coalescence and
breakup of bubble groups. The population balance model takes the bubbles as discrete
phases on a scale and solves the number density function of each group of bubbles. The
smallest size of bubbles does not consider the breakup phenomenon, and the largest size of
bubbles does not consider the coalescence phenomenon. For other sizes of bubbles, both
coalescence and breakup are considered.

Yeoh et al. [29] proposed a generalized calculation model of population balance
equation, which can be expressed as:

N
w +V- [;h(v, ?,t)n(v, ?,t)] = S(v, ?,t), (14)

where n(v, ?, t) represents the number density of bubbles, ﬁb (v, ?, t) representative bubble

velocity, S(v, ?, t) represents the source term of the coalescence and breakup of bubble
groups, which can be defined as follows:
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% o
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Jo 0

birth due to coalescence death due to coalescence (1 5)
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death due to break
birth due to breakup cath due to breakup

where ¢(v,v') represents the coalescence rate of bubbles with volumes v and v/, b(v/, v)
represents the breakup rate at which the bubbles of volume v’ break into the bubbles
of volume v, y(v') represents the number of sub-bubbles of volume v/, using binary
decomposition, y(v') = 2. B(v,v") represents the probability density function of the
bubble of volume v’ breaking into the bubble of volume v, which can be expressed as:

2 2
Blo, ) =F(5) (1-5)"
3.4.1. Luo Coalescence Model

The coalescence rate of bubbles will depend on coalescence efficiency and coalescence
probability. Luo model [30] is adopted in this study, and the bubble coalescence rate can be
expressed as:

¢(vi,vj) = w(v;,vj) P(v;,vj), (16)

where w (v;, U]-) representative collision frequency, which can be defined as follows:
T _
CL)(Ul', Z)]) = Z(diz +d]2> nin]-ul-j, (17)

where #;; represents the collision characteristic velocity of two bubbles with diameters d;
1/2
and d; and densities n; and n;, u;; = (ﬁlz —I—HJZ) JU = 1.43(8d,')1/3.

Pag (v, vj) represents the probability that a collision will result in a convergence, and
can be expressed as:

1/2

075(1+23)  (1+23) ) wel/?

P=exp< —c
P ’ (pZ/P1+0~5)1/2(1+X,']')3 ’ (18)

o1 (113}

where c3 is constant, x;; = d;/d;, We;; = —

3.4.2. Laakkonen Breakup Model

Since the viscosity of a gas is very low compared to a liquid, the viscous stress resisting
bubble rupture is thought to be proportional to the viscosity of the liquid surrounding
the bubble. Laakkonen [31] proposed the general expression of the bubble breakage rate,
which is expressed as:

\/mg2/3d5/3

where ¢ represents the vortex dissipation in liquid phase, j1; represents the liquid viscosity,
Cq =2.52,C5=0.04, Co = 0.01.

% L
g(V') = C4€1/3€ch(\/c5 1230573 +GCs £ ), (19)

3.5. Interphase Mass Transfer Model

When the temperature and pressure are constant, the gas absorber (solution) is in
contact with the gas, and the gas phase is transferred to the liquid phase. Transfer continues
until the solute in the liquid phase is saturated and the composition in the liquid phase no
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longer increases. At this time, the saturated composition of the gas in the liquid is called
the solubility of the gas in the liquid. In the same liquid, the solubility of different gases is
very different.

3.5.1. Equilibrium Concentration

The concentration at which the solute reaches equilibrium is called the equilibrium
concentration and can be calculated using Henry theorem expressed in the form of the
p; — xj relation. It can be expressed as follows:

pi = Exj, (20)

where p? represents the equilibrium pressure of the solute in the gas phase, x; repre-
sents the molar fraction of the solute at equilibrium in the liquid phase, E representative
Henry coefficient.

In this study, the mass transfer direction is determined by calculating the solute
equilibrium concentration. When the actual molar fraction x; of the solute in the liquid
phase is less than the molar fraction x; at the equilibrium concentration, it indicates that
the solution has not reached the saturated state, and the gas solute in the solution must
continue to dissolve, and the direction of mass transfer is from the gas phase to the liquid
phase. Conversely, the direction of mass transfer is from the liquid phase to the gas phase.

The Henry coefficients of the four gases in the study at 20 °C are shown in Table 2 [32].

Table 2. Henry coefficients for four gases at 20 °C.

Gases Henry Coefficient (m3-Pa/mol)
helium 2.839 x 10°
air 1.359 x 10°
carbon dioxide 3.09 x 102
argon 7.14 x 10°

3.5.2. Convective Mass Transfer

Convective mass transfer refers to the mass transfer process that occurs between the
moving fluid and the phase interface. In this study, the mass transfer rate of the convective
mass transfer process is defined by the source term S;, and can be expressed as follows:

Sqg=Kr-a- (x5 —xq) - My, (21)
where K| represents the gas-liquid interface mass transfer coefficient, M, represents the
molar mass of the gth phase, a represents the area of the gas-liquid interface, which can be

expressed as [33]:
a= 6¢7G /d, (22)

where ¢ represents gas content.

Theoretical studies on convective mass transfer have been developed since the last
century, including the dual mode theory [34], the permeation theory [35] and the surface
renewal theory. On the basis of the three classical theories, some new and improved models
are developed. With the development of computers, many mass transfer models combined
with CFD have been proposed [36-38]. For mass transfer modeling, the parameters in the
theoretical model must be experimentally measurable. Among them, the K; model, which
combines Higbie permeation theory and velocity slip model, is more practical. Therefore,
Kp model is chosen to use in this study, can be expressed as:

KL :21/DL05/(71’(1), (23)
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where vg represents the bubble slip velocity, D;, represents the liquid phase diffusion
coefficient.

The diffusion coefficients of the four gases used in the study in water are shown in
Table 3 [39].

Table 3. Diffusivity coefficients of four gases in water.

Diffusivity Coefficient
Gases Dy (m?/s)
helium 48 x 1077
air 3.23 x 107
carbon dioxide 1.99 x 10~°
argon 25 % 107°

3.6. Component Transport Equation

In this study, the component transport equation is used to numerically solve the
change in local mass fraction during microbubble injection of different types of gases,
and to determine whether a gas dissolved in water reaches saturation. In the component
transport model, the local mass fraction of each component is predicted by solving the
convective diffusion equation of the gth component. The convective diffusion equation can
be expressed as follows:

0 — -
g(Pqu) + V- (pqvgYg) ==V -], + S, (24)

—
where Y; represents the concentration of the gth component in the fluid, |, represents
the diffusion flux of the gth component in the fluid, S, represents the mass transfer rate
generated by the gth phase from any source.

%
For turbulent flow, the diffusion flux ], can be expressed as:

—

Jq=—(pDy+ L)V, (25)

where Sc represents the turbulence Schmidt number, i represents the turbulent viscosity,
D, represents the diffusion coefficient of the gth component in the fluid.

3.7. UDF and Calculation Domain
3.7.1. Writing of UDF

In this study, commercial computational fluid dynamics (CFD) software ANSYS Fluent
2023 R1 version is used for numerical simulation. The mass transfer rate is defined as the
source term in the software transmission equation by writing UDF. Thus, the mass transfer
velocity of different types of gases in the process of microbubble formation is calculated,
and the influence of gas type on the drag reduction rate in the process of MBDR is reflected.
The writing principle is mainly to calculate the current equilibrium concentration at partial
pressure by Henry’s theorem and compare it with the current concentration calculated by
the component transport model, so as to determine the direction and speed of interphase
mass transfer.

3.7.2. Calculation Domain and Boundary Conditions

Due to the fact that the physical model in this study is axisymmetric, a semi cylindrical
computational domain is adopted, which can reduce computational time and cost while
ensuring the accuracy of the calculation results. Then, the influence of the type of gas
on drag reduction is studied. The calculation domain is shown in Figure 3. In Figure 3a,
the cross-sectional radius is 2 L and the length is 7 L. The entrance of the computational
domain is defined as the velocity inlet, and the outlet of the computational domain as the
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pressure outlet. Grid division of the computational domain is shown in Figure 3b. The gas
injection section is defined as the velocity inlet, and the injected gas direction is the X-axis
direction shown in Figure 2. The gas injection holes are the same as the experiment, and
the diameter is set to 0.005 mm. The bubble sizes are set to 6 groups, which are 0.005 mm,
0.01 mm, 0.022 mm, 0.046 mm, 0.096 mm and 0.2 mm, respectively. The cross section of
a half cylinder is defined as the symmetrical plane, and the rest are walls. The surface of
the vehicle is defined as the non-sliding wall, and the rest is the sliding wall. The speed
inlet is 2 L away from the nose of the vehicle, and the pressure outlet is 4 L away from the
tail of the vehicle. In the initial condition setting of the software, the reference pressure is
set to 1 atm. The surface grid of the vehicle is refined by y + = 1, and the annular vents
are also refined, as shown in Figure 4. The boundary conditions are set according to the
experimental conditions [7], as shown in the Table 4.
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Figure 3. Computing domain and grid division. They can be listed as: (a) Description of the
calculation domain of the vehicle; (b) description of grid division of the computational domain.
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Table 4. Parameters for the initial boundary conditions.

Parameters Values
Inlet Velocity 13.7m/s
Temperature 20 °C
Density of Water 998 kg /m?>
Viscosity of Water 1.003 x 1073 kg/m
Inlet Pressure (Gauge) 0 Pa
Outlet Pressure (Gauge) 0 Pa
Tunnel Pressure 15 psi, 30 psi

In this study, three sets of computation grids of different sizes (fine grid, medium
grid and coarse grid) are generated on the surface of the vehicle for the grid independence
analysis. The number of cells in the three grids is 1.2 million, 1.8 million and 3.5 million,
respectively. Table 5 shows the comparison of drag reduction rates of the model under
different grids. From Table 5, it can be seen that the relative deviation between the coarse
and medium grids is 2.26%, and the relative deviation between the medium and fine grids
is 0.88%, indicating that the calculation results of the medium and fine grids are basically
consistent. Moreover, the drag reduction rates of fine and medium grids are in good
agreement with the experimental results. Considering the calculation time and cost, the
medium grid is used to simulate the vehicle. In the solver setup, the fully implicit coupled
solving algorithm is used to solve the momentum equation and the continuity equation.
The non-stationary terms in the numerical model are calculated using a second-order
upwind Euler scheme. The convective terms are discretized in a high-resolution format.
Based on computational convergence analysis, the simulation time step is 0.1 ms.

Table 5. Grid independence analysis.

Mesh Generation Grid Size (mm) Number of Grids (million) Time Step (ms) Courant Drag Reduction Rate (%)
Fine grid 0.8 3.5 0.06 1 83.73
Medium Grid 1.3 1.8 0.10 1 84.61
Coarse grid 2.1 12 0.16 1 86.87

4. Result Analyses and Discussion
4.1. Numerical Result Verification

Numerical conditions are based on some experimental conditions [7], as shown in
Tables 6 and 7. In working condition 1, injected gases are air, carbon dioxide, helium and
argon, and the specific experimental parameters are listed in Table 6. In working condition
2, air, carbon dioxide and helium are used as the injected gases. The specific experimental
parameters are listed in Table 7. It should be pointed out that the Henry coefficient here is
expressed by the ratio of the equilibrium partial pressure of the gas in an aqueous solution
to the mole fraction of the gas, and the smaller the Henry coefficient, the stronger the
solution power and the greater the solubility.

Table 6. Parameters of working condition 1.

Gases Tunnel Pressure Free-Stream Speed Gas Volume Flow Rate
(psi) (m/s) (m3/s x 10%)
air 15 13.7 1,2,3,4,56,7,8.
carbon dioxide 15 13.7 12,2,3,4,5,6,7,8,9.
helium 15 13.7 1,2,2.7,3.2,4,4.6.
argon 15 13.7 1.8,3.2,4,5.2,6.2.
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Table 7. Parameters of working condition 2.

Gases Tunnel Free-Stream Speed Gas Volume Flow Rate
Pressure (psi) (m/s) (m3/s x 10°%)
air 30 13.7 0.73,15,2,3,4,52,6.7,8,9.1,12.5.
carbon dioxide 30 13.7 0.88,2,3,39,49,6.5,84,9.6,12.
helium 30 13.7 1,22,3,3.6,44,6,7.7,9.

In Figures 5 and 6, experimental data and numerical simulation results of the drag
reduction ratio (¢t/cz) and the gas volume flow rate for microbubble injection for different
types of gases are presented, respectively, where ¢ represents the drag of the vehicle after
gas injection to generate microbubbles and ¢ represents the drag of the vehicle without
gas injection.
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Figure 5. Drag reduction ratio of different types of gas varies with the volume flow rate of injected
gas in the experiment. The experimental data described in the figure comes from the water tunnel
experiment [7].
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Figure 6. Drag reduction ratio of different types of gas in the numerical simulation varies with the
volume flow rate of injected gas.

As can be seen from Figures 5 and 6, the drag reduction ratio of the experimental data
and the numerical simulation results are basically consistent with the variation trend of
the volume flow rate of gas injection. With the increase in the volume flow rate of gas
injection, the drag reduction ratio gradually decreases and then becomes stable. However,
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for different types of gases, the speed at which the drag reduction ratio decreases is different.
The drag reduction ratio decreases the fastest in the condition of helium injection and the
slowest in the condition of carbon dioxide injection. In other words, for the same gas
injection flow rate, the drag reduction rate of helium is the largest, and that of carbon
dioxide is the smallest. This result is consistent with the experiment, and also corresponds
to the smallest solubility of helium in water and the largest solubility of carbon dioxide in
water among these gases. Therefore, it can be concluded that the gas with small solubility
is more suitable for microbubble drag reduction.

4.2. Influence of the Type of Gas on Drag Reduction by Microbubble Injection

In Figures 7-13, the numerical simulation results and experimental data of drag
reduction ratio of different types of gases under the same injection volume flow rate are
plotted when the water tunnel pressure is respectively 15 psi and 30 psi (the experimental
data described in the Figures came from the water tunnel experiment [7]). By comparing
numerical simulation results with experimental data, it can be seen that:
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Figure 7. Comparison of numerical results and experimental data of drag reduction ratio during air
injection. Tunnel pressure = 15 psi.
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Figure 8. Comparison of numerical results and experimental data of drag reduction ratio during CO,
injection. Tunnel pressure = 15 psi.

52



Inventions 2024, 9,7

1.0 4
—=— Experiment
©® Numerical simulation
0.8 \
0.6 - Gas saturation point
<‘H R\
@] ° o
0.4 - . g\
]
0.2 4
0.0 T T 1
0 2 4 6

Gas volume flow rate(m*/s x 1000)

Figure 9. Comparison of numerical results and experimental data of drag reduction ratio during
Helium injection. Tunnel pressure = 15 psi.
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Figure 10. Comparison of numerical results and experimental data of drag reduction ratio during
Argon injection. Tunnel pressure = 15 psi.
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Figure 11. Comparison of numerical results and experimental data of drag reduction ratio during air
injection. Tunnel pressure = 30 psi.
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Figure 13. Comparison of numerical results and experimental data of drag reduction ratio during

Helium injection. Tunnel pressure = 30 psi.
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When the volume flow rate of the gas injection is small, the experimental data of
the drag reduction ratio is obviously larger than the numerical simulation results,
and for different types of gases, their drag reduction ratio decreases at different
rates. This is mainly due to the fact that the opening holes ratio in the numerical
simulation is larger than that in the experiment. In the case of the same volume flow
rate for gas injection, the gas injection speed of simulation is different from that of
the experiment due to the difference of the opening holes rate. According to the
microbubble drag reduction mechanism, the drag reduction ratio is mainly affected
by the diameters of the microbubbles in the boundary layer, which are determined
by the gas injection speed [40], and the gas dissolution in the boundary layer further
increases this influence. Finally, there is a big gap between the simulation results and
the experimental data of the drag reduction ratio;

With the increase in the volume flow rate of gas injection, when the volume flow
rate reaches a certain value, the value of the drag reduction ratio in the experiment
is very close to the numerical simulation result, and this close point is marked in
the figure, which is defined as the gas saturation point. The existence of the gas
saturation point indicates that the gas injection velocity no longer influences the
diameters of the microbubbles in the boundary layer. Observing Figures 7-10, it can
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®)
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be seen that there are gas saturation points for different types of gases, but these
points correspond to different volume flow rates. Observing the volume flow rate of
the gas saturation point, it can be seen that helium is about 0.004 m3/s, air and argon
are about 0.005 m®/s, argon is slightly larger than air and carbon dioxide is about
0.006 m3/s. The reason why the volume flow rate of these gas saturation points is
different is that among these gases, helium has the smallest solubility in water and the
smallest influence on the formation of microbubbles in the boundary layer. Therefore,
the saturation point of helium corresponds to a smaller gas injection flow rate. Air is
more soluble than helium, and argon is slightly more soluble than air. The solubility
of carbon dioxide is the largest, which also has the largest influence on the formation
of microbubbles in the boundary layer, so the gas saturation point of carbon dioxide
corresponds to a larger gas injection flow rate;

As can be seen from Figures 7-10, where the gas saturation point is passed, if the
volume flow rate of gas injection continues to increase, the numerical simulation
results of the drag reduction ratio of all gases are basically consistent with the experi-
mental data. This is because the gas injection speed and dissolution in the boundary
layer no longer affect the diameters of microbubbles in the boundary layer, and the
drag reduction ratio completely depends on the volume flow rate of the gas injection.
Under the condition that the volume flow rate is the same, the numerical results are
basically the same as the experimental data;

As can be seen from Figures 11-13, the comparison between the simulation results
and the experimental data of MBDR of different types of gases after the water tunnel
pressure increases is consistent with Figures 7-10. The volume flow rate of differ-
ent types of gas injection still has a gas saturation point, but the volume flow rate
corresponding to the gas saturation point increases after the water tunnel pressure
increases. In addition, by comparing Figure 7 with Figure 11, Figure 8 with Figures 9
and 12 with Figure 13, it can be seen that the solubility of different types of gases
in water is also greatly affected by the water tunnel pressure. Carbon dioxide has
the largest solubility, so its gas saturation point corresponds to the largest change in
volume flow rate, followed by air, with helium being the smallest. The comparison
between the simulation results and the experimental data is in accordance with the
law of gas solubility variation with water pressure, which proves the correctness of
the numerical model.

5. Conclusions

In this study, a numerical method for MBDR considering gas solubility is presented.

A UDF is written to define the mass transfer velocity between the gas and liquid phase
during microbubble injection of different types of gases, and the numerical models for
MBDR of different types of gases are established. According to the experimental conditions,
the numerical studies on MBDR of air, carbon dioxide, helium and argon are carried out,
and the numerical simulation results and experimental data are compared and analyzed.
Finally, the following conclusions are reached:

@

@)

®)

Gas solubility cannot be ignored in the process of MBDR. The drag reduction ratio of
gas with greater solubility decreases more slowly, and the drag reduction efficiency of
gas with smaller solubility is higher;

When the volume flow rate of injected gas is small, gas dissolution has a great
influence on the drag reduction ratio of different types of gases. The larger the
solubility of gas, the larger the drag reduction ratio and the lower the drag reduction
efficiency. When the volume flow rate of injected gas is large, the influence of gas
dissolution on drag reduction ratio of different types of gases is small;

When the volume flow rate of the injected gas is small, for the same type of gas, if the
volume flow rate of the injected gas is the same, but the injection speed is different,
the drag reduction ratio is also different, and the greater the solubility of the gas, the
greater the difference in the drag reduction ratio.
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By comparing the numerical simulation results of the drag reduction ratio with the
experimental data, it can be found that the volume flow rate of different types of gases
injected has a gas saturation point, which is the dividing point between a small volume
flow rate and the large volume flow rate of injected gas. Moreover, due to the difference in
gas solubility, the volume flow rate of different types of gases at the gas saturation point
is different. The existence of the gas saturation point only reflects the influence of the
gas injection speed on the MBDR efficiency, and this point is also the critical point of the
transition from MBDR state to the gas-layer drag-reduction state. In addition, in order to
improve the calculation accuracy of the proposed model, further research can be carried
out from the following aspects: (1) According to the study condition of the microbubble
injection flow field, the appropriate turbulence model can be selected. (2) In order to
improve the simulation accuracy of the population balance model and the interphase
mass transfer coefficient model, the population distribution of the microbubble diameter
generated during gas injection should be studied; and (3) the interphase mass transfer
rate during microbubble injection is investigated, and the internal relationship between
microbubble drag reduction and interphase mass transfer can be analyzed.
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Nomenclature

a Area of the gas-liquid interface

b(v',v) Breakup rate at which the bubbles of volume v’ break into the bubbles of volume v
c(v,7) Coalescence rate of bubbles with volumes v and v’

c (vi, vj> Bubble coalescence rate

Cy Drag coefficient

G Lift coefficient

Cyvm Virtual mass force coefficient

dy Bubble diameter

Dy, Liquid phase diffusion coefficient

Dy Diffusion coefficient of the gth component in the fluid
E Henry coefficient

Ed’q Drag force

i liftg Lift

Fomg Virtual mass force

Foor Surface tension

g(V") Bubble breakage rate

Gy Turbulent kinetic energy caused by buoyancy

Gy Turbulent kinetic energy caused by mean velocity gradient
711 Diffusion flux of the gth component in the fluid

Ky Gas-liquid interface mass transfer coefficient

Mg Mass transfer from the pth phase to the gth phase

My Molar mass of the gth phase

n(v, X, 3] Number density of bubbles

pi Equilibrium pressure of the solute in the gas phase

Pag <v,-, v]-) Probability that a collision will result in a convergence

56



Inventions 2024, 9,7

Reg Bubble Reynolds number

N

Rpq Interaction force between phases

S(v, X, t) Source term of the coalescence and breakup of bubble groups
Sc Turbulence Schmidt number

Sq Mass transfer rate generated by the gth phase from any source

(0, %, t)  Representative bubble velocity
Collision characteristic velocity of two bubbles with diameters d; and d; and densities

Hij n; and 1,

N

Upg Inter-phase velocity

gq Velocity of the gth phase

vg Bubble slip velocity

X Actual molar fraction of the solute in the liquid phase

x; Molar fraction of the solute at equilibrium in the liquid phase

Y Influence of turbulent pulsating flow on the total dissipation rate

Y, Concentration of the gth component in the fluid

ag Gas phase volume fraction of the gth phase

B(v, ) Probability density function of the bubble of volume v’ breaking into the bubble of
’ volume v

v(v') Number of sub-bubbles of volume v’

e Vortex dissipation in liquid phase

g Surface curvature

Ag Bulk viscosity of the gth phase

U Turbulent viscosity

3 Represents the liquid viscosity

Hq Shear viscosity of the gth phase

N Turbulence viscosity coefficient

0 Average volume density

04 Density of the gth phase

O Turbulent Prandtl numbers of the turbulent kinetic energy

O¢ Turbulent Prandtl numbers the dissipation rate

Ogp Tension coefficient between the gth phase and the pth phase

T4 Stress tensor of the gth phase

¢c Gas content

w (v,-, vj) Collision frequency
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Abstract: Backward-facing steps are commonly formed on wings and blades due to misalignment
between segments or the addition of protective films. A backward-facing step (BFS) is known to
degrade the airfoil performance. To mitigate these adverse effects, a three-dimensional low-profile
serrated pattern (termed sBFS) was applied downstream of a BFS on an LA203A profile airfoil.
The model drag was determined from wake surveys using a traversing Pitot-static probe within a
subsonic wind tunnel operating at a chord-based Reynolds number of 300,000. The airfoil spanned
the wind tunnel width (914 mm) and had a 197 mm chord length. Four different sBFS configurations
were tested, each formed by applying a 1 mm thick film around the model leading edge. In addition,
a BFS at various chord locations and a clean wing (i.e., no film applied) were tested for reference. The
sBFS was able to reduce the drag relative the BFS by up to 8-10%, though not outperforming the
clean wing configuration. In addition, the wake surveys showed the sBFS produced strong coherent
structures that persist into the far-wake region (five chord length downstream of the model) with a
scale that was much larger than the step height. Additionally, a computational study was carried
out to further examine the flow behavior on the airfoil that produced the coherent structures. This
showed that fluid near the surface gets entrained towards the sBFS downstream tip of the sBFS,
which creates the initial rotation of these coherent structures that persist into the far-wake region.

Keywords: flow control; backward-facing step; passive; coherent structures; airfoil; drag

1. Introduction

A portion of the parasitic drag on an aircraft is due to irregularities and deviations
from a smooth (clean) external surface. This contribution is commonly termed excrescence
drag. The percentage of the total drag due to excrescence drag varies significantly based
on the plane design, size, and operation. The study of surface imperfections dates back
to the 1930s (e.g., [1]) and a review of early studies is provided in Young and Paterson [2].
More recently, studies have been performed to better understand excrescence effects on
transition and the use of flow-control techniques to mitigate their impact [3-6]. A common
source of excrescence drag is the creation of a step due to a mismatch in height between two
surfaces. Steps are frequently formed at skin joints, around windows, and control surfaces.
In addition, a backward-facing step (BFS) is frequently created when protective films are
added to the leading edge of airfoils for various applications including wind turbine and he-
licopter blades. While these protective films do protect the integrity of the leading edge, the
backward-facing step created by the film is detrimental to the performance [7-9]. The issue
of a backward-facing step on airfoils is not new and has been studied extensively [10-13].
The current study is a preliminary examination of a serrated (i.e., saw-tooth) pattern being
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added to the downstream edge of a BFS as a means of mitigating its adverse effects on
airfoil aerodynamic performance.

Before the previous study on the sBFS is presented, low-profile flow-control methods
will be discussed. A common passive flow-control device is a vortex generator (VG),
which is commonly used on aircraft to control the wing aerodynamic boundary layer. It
does so by re-energizing the boundary layer to delay flow separation and aerodynamic
stalling [14]. Some VGs are designed for specific flow regimes. For example, Yao et al.
show that low-profile vortex generators outperform traditional VGs at high angles of
attack [15]. The Gurney flap can significantly increase lift at low angles of attack without
any penalty in terms of drag [16]. While the advantages of VGs are plenty, passive flow-
control methods such as these require tuning of the geometry with the flow conditions,
typically resulting in a relatively narrow range where they are beneficial, which is why
they are generally designed for specific flow regimes. An extensive review of low-profile
VGs is presented by Lin [17]. Additionally, the micro vortex generators that are used in
supersonic regimes improve shockwave-induced boundary layer separation [18], or to
eliminate the flap separation of take-off and landing configurations of aircrafts and increase
the lift-to-drag ratio at various angles of attack [19]. Since these micro VGs are mostly used
in supersonic regimes, the literature on subsonic regimes is scarce.

There is evidence that the addition of various patterns to the trailing edge of a BFS
is an effective passive flow-control technique for mitigating the adverse effects (e.g., [20])
and even reduction in noise [21]. Serration (i.e., making a saw-tooth pattern) in the BFSis a
pattern that has shown potential for mitigating the BFS impact. For the current study, a
serrated BFS (sBFS) was created by applying a thin film around the leading edge of an airfoil
and then cutting triangular shapes into the downstream edge that would form the BFS.
This mimics the use of protective leading edge tapes or coatings used for helicopter and
wind turbine blades. Protective tapes without the serration have previously been studied
and shown to protect the rotor blades while significantly increasing the profile drag [22].
Qualitative investigations adding the serration suggested that it could mitigate the added
drag. The National Renewable Energy Laboratory (NREL) performed a comparative study
of the performance of wind turbines with a serrated protective film relative to a non-
serrated protective film [23]. The turbine was a two-bladed Westinghouse WWG-0600
with a nominal rotor diameter of 44 m. Preliminary data from that study show the KWH
power production increased with the sBFS relative to the BFS by 6% and 7.4% at wind
speeds of 7 m/s and 11 m/s, respectively. However, this study only looked at the bulk
performance (i.e., turbine efficiency) and no information was provided about the impact of
the aerodynamic performance due to the sBFS. Consequently, there is little insight into the
relationship between the sBFS shape and flow parameters, which is required to develop an
optimized design for a given application.

Most reported aerodynamic work on sBFS has been related to their application on
airplane wings. Commercial flight testing with sBFS (termed a conformal vortex generator
or CVG) on a Boeing 737 was performed by Safair, which reportedly showed a 1% reduction
in fuel consumption [24]. The first assessment of the aerodynamic impact of the sBFS on the
Boeing 737 suggested that shock stabilization on the wing could be a cause for the reduced
fuel consumption [25]. However, flight tests on a subsonic aircraft (Piper Cherokee) that
provided wall shear distribution on the wings indicated that sBFS redistributes the near-
wall momentum. This was apparent as a low-shear diamond pattern formed downstream
of the sBFS valleys (i.e., the furthest upstream step location) [26]. A computational model
was developed to further investigate the induced flow pattern observed on the subsonic
aircraft [24]. The model confirmed the low-shear diamond pattern from the subsonic flight
tests. Further evaluation computationally [10] and experimentally [26] showed that these
diamonds were created by the sBFS peak (i.e., furthest downstream step location), inducing
the laminar-to-turbulent transition while delaying the transition downstream of the valley.
In addition, these studies showed that low-profile (i.e., step height was approximately 5%
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of the boundary layer height) sBFS could produce strong coherent structures that persisted
downstream with a height that was comparable to the boundary layer thickness.

The first part of the current study experimentally investigates the sBFS applied to
an airfoil (LA203A) mounted in a wind tunnel and operated at subsonic conditions. The
aim was to quantify the aerodynamic impact of the sBFS relative to a BFS as well as a
clean (i.e., no BFS) wing. The total drag was quantified from wake surveys in the far-wake
region. We present evidence that the sBFS-induced coherent structures that persisted into
the far-wake region led to further examination of the induced vorticity and its dependence
on sBFS size (length and width) for a subset of conditions. All results are compared
relative to the BFS and clean conditions. Then, a computational model was created and
validated against the available experimental results to further examine the flow behavior
on the airfoil that produced the coherent structures. The remainder of the article describes
the experimental and computational methods used in Section 2; Section 3 presents drag
coefficient and vorticity results from both the experiment and computations; Section 4
provides a qualitative and quantitative discussion of the sBFS’s performance; and Section 5
provides a brief summary and concluding remarks.

2. Methods
2.1. Experimental Methods
2.1.1. Test Facility and Model

The experiments were conducted in the custom built Flexible-use Wind Tunnel (Diehl
Aero-Nautical) located at Oklahoma State University [27-29]. It was an open loop, draw
down tunnel powered with a 125 hp centrifugal fan, which can achieve speeds of up to
30.5m/s (100 ft/s). The tunnel test section can be varied, and, for the current study;, it was
2.44 m (8 ft) long with a 0.91 m (3 ft) square cross section. The freestream turbulent intensity
within the test section was measured to be below 1.4% [28]. A schematic of the wind tunnel
test section is provided in Figure 1 with the test model located 0.762 m downstream from
the test section inlet and vertically centered. The test model was an airfoil with an LA203A
profile and a chord length (c) of 0.197 m (7.75 in). The model airfoil angle of attack (defined
in Figure 2a) was then varied for a given test speed.

24m
< >
L 990 mm o
Flow z < >
—_— - = .
= | < > | i Traversing
J 197 mm 7/': Pitot Probe

Wake Survey Plane

Figure 1. Side view schematic of the wind tunnel test section (dashed rectangle) with the airfoil and
probe locations and their relative positions shown.

61



Inventions 2023, 8, 160

1
Chord Line .
e a
o ~ Q
—— T~ 2 w
\ *-‘;‘ ., ~ — é”
I N =)
Flow It I
- N s
> SRaw N —
Angle of \k\\“‘--\.\ e
attack, o TR
.\_l\:\

(@)

Trailing Edge

(b)

Figure 2. (a) The LA203A airfoil profile with the definition of angle of attack (x). (b) Schematic of the
top view of an sBFS configuration on the airfoil.

2.1.2. Backward-Facing Steps

A film (i.e., thin tape) was applied around the leading edge of the airfoil model and
extended downstream to the desired chord location. If a BFS was being tested, the end of
the film sheet was cut straight, while for sBFS, a serrated pattern, as illustrated in Figure 2b,
would be cut into the film. As previously mentioned, the upstream point and downstream
point of the sBFS are referred to as the valley and peak locations, respectively. The height of
the BFS and sBFS was fixed at 1.02 mm. The foil thickness varied with a maximum thickness
of 15.6% of the chord length (30.7 mm). The step height was selected to correspond to
that of a Boeing 737 aircraft following the scaling proposed in Lucido et al. [26], though
the current study was subsonic. Four different sBFS configurations were tested, termed
sBFS-V1,-V2,-V3, and -V4. The size and position of each sBFS and BFS, as well as their
position on the airfoil, are listed in Table 1.

Table 1. Summary of test configurations with the sizes, geometric ratios, and the relative chord
positions. NA indicates that the measure is “not applicable.”

Location [%c]

Model L [mm] W [mm] H [mm] LW L/H W/H Valley Peak
Clean Wing NA NA NA NA NA NA NA NA
BFS1 NA NA 1.02 NA NA NA 10 NA
BFS2 NA NA 1.02 NA NA NA 27.3 NA
BFS3 NA NA 1.02 NA NA NA 44.5 NA
sBFS-V1 70 50 1.02 14 68.6 49 10 44.5
sBFS-V2 35 25 1.02 14 34.3 24.5 10 27.3
sBFS-V3 35 25 1.02 1.4 34.3 24.5 27.3 44.5
sBFS-V4 70 25 1.02 2.8 68.6 24.5 10 44.5

The sBFS-V1 length (L = 70 mm), width (W = 50 mm), and height (H = 1.02 mm) were
three times those tested on the Boeing 737 aircraft, which was selected to scale to flight
conditions at cruise altitude [13]. The sBFS-V1 valley was located at 10% chord length
as the flight tested on the Boeing 737. To separate geometric and kinematic dependence,
the length and width were halved for sBFS-V2, which produced the same L/W ratio
without changing boundary thickness or step height. The sBFS-V2 valley location was
matched with sBFS-V1 at 10% chord length, but the peak location was changed due to the
decreased length. Consequently, sBFS-V3 had the same dimensions as sBFS-V2 but shifted
downstream such that its peak location matched the downstream position of sBFS-V1. For
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the final configuration (sBFS-V4), the length matched that of sBFS-V1, while the width was
halved (i.e., matched sBFS-V2 and -V3) to assess the impact of the L/W ratio on the sBFS
performance. Both sBFS-V3 and -V4 configurations were tested at the same time with half
of the airfoil model span having one of the configurations, which was carried out since
initial configurations showed minimal spanwise variation for scales larger than the sBFS
width. In addition to the sBFS, the BFS was tested with the step height fixed at 1.02 mm
and its location at 10%, 27%, or 44% chord lengths, which corresponds to peak and/or
valley locations for the sBFS configurations. Pressure measurements at these locations were
not recorded for the experiments; however, they could be tabulated using the simulations.
The corresponding pressure gradients were as follows: —8 kPa/m at 10% chord length,
2.5 kPa/m at 27% chord length, and 5 kPa/m at 44% chord length.

2.1.3. Instrumentation and Data Analysis

The primary measurements for the current study were wake surveys via a Pitot-static
tube mounted five chord lengths downstream of the airfoil model (see Figure 1). The Pitot-
static probe was traversed through the test section cross-section on an automated traverse
(Dantec) with each wake survey acquiring data at nominally 100 locations. For all conditions,
the streamwise velocity component (1) was measured, and for a subset of conditions, a 5-hole
probe was installed. The 5-hole probe measures the velocity magnitude (V), angle of attack
(x), and the slip angle (), which can be converted to the streamwise (1 = V cosa cos f),
spanwise (v = V sin f), and vertical (w = V sina cos ) velocity components.

In addition, another Pitot-static probe was located in the test section inlet to measure
the free-stream velocity. The turbulent intensity at the test section inlet was also measured
with a hot wire. Finally, the barometric pressure and temperature of the air at the test
section inlet were recorded with a data-logger (S5D700, Extech Instruments, Nashua, NH,
USA), which was used to determine the fluid properties (e.g., density, kinematic viscosity).
The signals were sampled at 1000 Hz via an analog data acquisition module (NI-9220,
National Instruments, Austin, TX, USA) and chassis (cDAQ-9188, National Instruments,
Austin, TX, USA). A commercial software package (LabView, National Instruments, Austin,
TX, USA) created a Virtual Instrument (VI) that was used to handle the data with the mean
voltage from every 100 samples recorded, which produced an effective sample rate of
10 Hz. The pressure and temperature data-logger did not have an external output, so that
data was manually inputted into the VI.

The vertical spacing of the velocity profiles within the wake was 3.18 mm, which
was half the diameter of the probe head. Integration of the streamwise velocity is a well-
established method for obtaining the total drag on 2D objects that can be extended to 3D
models [30]. Three-dimensional considerations were required due to some of the sBFS
producing significant coherent structures that persisted into the far-wake region where
the wake survey was acquired. A brief overview of the drag analysis is provided here
for completeness as well as its relationship to the measurement uncertainty. Assuming a
uniform inlet velocity and nearly horizontal streamlines sufficiently far from the model,
integration of the streamwise component of velocity in the wake gives the drag coefficient

(C4 = D/0.5pU%A) as
2 1 u u
o= ()=

Here, D is the total drag, A is the planform area, U is the freestream speed, p is
the fluid density, c is the chord length, z is the vertical distance, and U is the mean
streamwise velocity in the wake. The vertical wake velocity profiles were integrated using
the trapezoidal rule to determine C;. No correction for blockage was performed since
the maximum solid body blockage was 7%, and for the majority of conditions tested it
was below 5%. Corrections for measurements within the wake of a streamlined body are
minimal prior to separation [31]. The uncertainty of C; calculation was determined using
standard propagation of uncertainty procedures. While the uncertainty for instruments
and geometric measurements were readily available, the final uncertainty was heavily
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dependent on the covariance between the mean velocity measurements and the free-stream
speed. With a covariance of 0.395, the resulting uncertainty in C; was 3.6% at the maximum
test speed. Given the uncertainty of the covariance and weak variation between operation
conditions, error bars on C; plots have been fixed at 5% for reference.

Due to the observation of coherent structures in the far-wake region for a subset
of conditions, the induced vorticity within the wake was computed as a measure of the
strength of the coherent structures produced by the sBFS. Vorticity is defined as the curl of
the flow velocity vector,

G=VXV= <8w_av>é +<8u_8w>é +(av—a”>é
- ay oz) " oz dx )’ ox ay)

Since the traverse system could not move in the streamwise direction, none of the
streamwise gradients could be computed experimentally. Preliminary results from the
computational study indicate that the streamwise component of vorticity (wy) is domi-
nant [19]. This is also consistent with the expectation that a coherent structure persisting
to the far-field would have significantly stronger gradients in the cross-stream directions
relative to the streamwise. Note that since the vorticity is dependent on resolving the
velocity vector, only the subset of conditions that used the 5-hole probe could analyze the
vorticity. The streamwise vorticity was calculated at each measurement location and then
averaged to create vorticity profiles of the wake deficit for each test configuration.

2.1.4. Test Conditions

The airfoil configurations were tested at free-stream speeds of 20 m/s and 26 m/s,
which have a corresponding chord length-based Reynolds number (Re = cU /v) of nomi-
nally 2.3 x 10° and 3.0 x 10°, respectively. The current study focuses on the Re = 3.0 x 10°
results since no significant variation was observed between test speeds. This was expected
due to the relatively narrow Reynolds number range but tested to confirm the insensitivity
to Reynolds number over this range. For each test configuration, the angle of attack (x)
was typically varied between 0 and 10 degrees in 2-degree increments. The test model
configurations were clean wing (i.e., no film), three BFS, and four sBFS (see Table 1 for
geometries and locations). For all configurations, the vertical increment (Az) for the wake
survey was 3.18 mm, which was half of the probe head diameter. For the clean wing and
7 BFS configurations, the spanwise increment (Ay) was increased to 25 mm since there
was negligible spanwise variation. Conversely, the sBFS configurations produced coher-
ent structures that created spanwise variations; the spanwise increment was reduced to
12.5 mm. In addition, the measurement locations with the sBFS were selected such that
measurements were acquired directly downstream of peaks and valleys. The subset of con-
ditions tested with the 5-hole probe were clean wing, BFS at 10% chord, BFS at 44% chord,
and sBFS-V1.

2.2. Computational Methods

STAR-CCM+ v2022.1.1, a commercially available CFD software, was used for the
computational study. The complex 3D models were created in SolidWorks and imported to
STAR-CCM+, which has its own built in 3D-CAD, where the models were further edited to
facilitate the simulation. STAR-CCM+ provides built-in automated mesh capabilities that
include tetrahedral, trimmer, and polyhedral unstructured meshes. These mesh algorithms
also have the capability of utilizing prism layers, which is essential in resolving the near-
wall region of a boundary layer. STAR-CCM+ also has the capability to run a large range
of physics- and flow-specific models that include RANS, DES, LES, and qDNS, with sub
models for each. For the current study, RANS, or Reynolds-Averaged Navier-Stokes
equations, which are often used to study the mean characteristics of the flow, were chosen.

The experimental setup was replicated in the computational model. A 3D rectangular
domain was created for all simulations. The side walls were given periodic boundary
conditions, while the top and bottom walls were subjected to slip conditions. The inlet was
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a velocity inlet, while the outlet was treated as a pressure outlet. The side walls had periodic
boundary conditions. The domain total length was 3.75 m, width 15.24 (width of 3 sBFS),
and the height was 0.91 m to match the height of the wind tunnel in the experimental
study. In this study, the span of the airfoil was reduced to 3 sBFS widths (152.4 mm). The
sBFS-V1 configuration was chosen since it provided the most significant wake structures.
The length, width, and thickness were 69.9 mm, 50.8 mm, and 1.1 mm, respectively, with
the valley and peak locations at 10% and 45%, respectively. The turbulence model used for
this study was k-omega turbulence and the turbulent intensity at the inlet was set to 1%.
Surface, polyhedral and prism layer meshers were chosen for this study. The mesh was
compared by studying 3 independent meshes comprising 2.5, 14, and 25 million cells. All
3 meshes produced similar results and the one with the highest number of cells was used
for all of the analysis.

3. Results
3.1. Experimental Investigation
3.1.1. Reference Conditions

The clean wing (i.e., no step) and BFS configurations were tested as reference condi-
tions for comparison with the sBFS results. The contour plot of the streamwise velocity
scaled by the local free-stream speed (U ) for the clean wing is shown in Figure 3a with
the abscissa the spanwise location (y) and the ordinate the vertical location (z) scaled by
the wake half-deficit height (zg5). The wake half-deficit height is the distance from the
wake center (i.e., maximum wake deficit) to the location where the wake deficit is half of
the maximum deficit. For the current study, it was determined from the average half-deficit
height from each spanwise location. This shows that there was a slight spanwise slope
observed in the wake survey. Upon inspection, this was determined to be created by a
slight misalignment between traverse coordinate system and the test section coordinate
system, which, in the analysis, could be corrected by aligning the maximum wake deficit
at a given spanwise location. Accounting for the slope, there was no significant spanwise
variation in the wake deficit for the clean wing. In addition, this showed that the wake
velocity at the maximum wake deficit was nominally 92% of the free-stream speed. This
was consistent with wake deficits from streamlined bodies and supports the previous
comment that wake corrections for streamlined bodies are minimal [31]. The coefficient of
drag (C;) was then calculated by integrating the wake profiles and averaging the results
from individual spanwise locations. The clean wing results were compared with the XFOIL
results [32] in Figure 3b. The current C; results matched within the measurement uncer-
tainty of the theoretical XFOIL results at lower angles of attack. At higher angles of attack,
the experimental and XFOIL results appeared to deviate, but the discrepancy was close to
the stall angle (10.25 degrees) for this airfoil shape.

The contour plots for the BFS configurations are not shown since there was no spanwise
variation observed, but BFS contour plots are presented in the work of KC et al. [29] and
KC [33]. The BFS wake structures were similar to that observed on the clean wing in Figure 3a.
While the BFS structure was similar, the coefficient of drag was significantly increased relative
to the clean wing. The BFS Cq at a chord length of 10%, 27%, and 45% are compared with
the clean wing (CW) results in Figure 4. This illustrates the negative impact on the drag
performance with the presence of BFS. This is consistent with the literature [34]. The BFS at
27% and 45% chord length produced similar curves to that of the clean wing with an average
increase of 33% and 24% increase in Cgq, respectively. The curve for BFS at 10% had a different
trend, but the generally the C4 decreased with increased chord position. The BFS 10% chord
produced the most amount of drag in comparison to BES at 27 and 45% chord. This is due to
the fact that the early step location caused the flow to separate earlier on the airfoil.

The streamwise vorticity (wy) was also computed for the clean wing and two of the
BFS conditions (10% and 45% chord length), which were selected as reference conditions
to align with the peak and valley locations of sBFS-V1. Figure 5 shows the maximum
streamwise vorticity in the far-wake region for the clean wing and two BFS configurations.
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The maximum vorticity was identified from the magnitude of the streamwise vorticity
computed within the wake for each test configuration. The general trend for both the
clean wing and the BFSs has the maximum vorticity decreased with an increasing angle of
attack at small angles. Then, at higher angles of attack, the maximum vorticity begins to
increase with increasing the angle of attack. This trend is comparable to that reported in the
literature [35]. The clean wing and BFS at 45% have similar trends and magnitudes over the
range of angles of attack tested, but BFS at 10% has significantly lower maximum vorticity
and the change in trend occurs at a lower angle of attack. This is indicative of a structural
change in the flow pattern at BFS of 10% relative to the other reference conditions, which is
consistent with the Cy results.

3.1.2. sBFS Conditions

The coefficient of drag (C;) for all four sBFS configurations is plotted in Figure 6 along
with the clean wing and BFS at 10% chord length for reference. The coefficient of drag at
zero angle of attack was within the measurement uncertainty for all four sBFS configurations.
The sBFS at « = 0° was higher than the clean wing but lower than the BFS at 10% chord, and,
of note, sBFS-V1, -V2, and -V4 had the valley located at the 10% chord. At higher angles of
attack, the C; increases except for sBFS-V3, which is nearly constant over the range tested.
Since sBFS-V3 was the only configuration with the valley location further downstream than
the 10% chord length, this suggests that the drag performance at higher angles of attack
might converge to the performance of a BFS at the valley location. The other three sBFS
configurations (sBFS-V1, -V2, and -V4) steadily increased C; with increasing o until 10°,
when the value exceeds that of the BFS at 10% chord length. This is consistent with the
literature (e.g., [34]), which shows that the location of the step has a significant impact on
performance, with reduced impact as the step moves towards the trailing edge. For these
cases, the flow separated early compared to when the valley was located further downstream
as in the case of sBFS-V3. The early separation caused the drag of the three configurations to
rise quickly relative to the sBFS-V3. A comparison between sBFS-V1 and -V2 (i.e., half the
length and width of -V1 with same step height) showed that the variation was comparable
to the measurement uncertainty until the highest angle of attack. Conversely, when the
length-to-width ratio was increased for sBFS-V4, it shows a decrease in C; for low angles of
attack, but then converged to sBFS-V1 and -V2 at higher angles of attack.

Figure 7 compares the velocity contour plots of clean wing, BFS at 10% chord length,
and sBFS-V1. Like Figure 3a, the ordinate in Figure 7 is the vertical distance (z) from the
wake center scaled by the wake half-deficit (z( 5), but the spanwise location (y) is scaled by
the sBFS-V1 width (W). As expected, the clean wing and BFS distributions do not show
any significant spanwise variation in the deficit. However, the sBFS profile shows a clear
spanwise variation in the velocity distribution. This suggests that the sBFS promotes the
formation of coherent structures. The streamwise velocity is scaled by the free-stream speed
(Uwo), while the other velocity components (v and w) are normalized by their respective
maximum magnitudes. The spanwise variation observed for the sBFS-V1 configuration is
proportional to the width of the sBFS. This was unexpected since these measurements were
acquired five chord lengths downstream of the model. The sBFS-V1 coherent structures
are apparent in all three velocity components with a scale that is nominally twice the wake
deficit’s half height (zp5). This is because the coherent structures are turbulent, which
will have a three-dimensional flow field. The cross-stream components indicate that the
structures form in counter-rotating pairs.

The vorticity within the wake was computed to quantify the sBFS-V1’s coherent struc-
ture production. The maximum streamwise vorticity of the sBFS-V1 configuration is com-
pared with that of the clean wing and BFS at 10% chord length in Figure 8. As expected, the
vorticity is consistently higher for sBFS-V1 relative to both the clean wing and the 10% chord
BEFS. This is especially true at zero angle of attack where the maximum streamwise vorticity
was 2.7 and 3.5 times larger than the clean wing and 10% chord BES, respectively. This
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suggests that these low-profile shapes are imparting significant rotation that can redistribute

the momentum on the airfoil surface, which is critical for passive flow control.
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Figure 3. (a) Clean wing contour plot of wake at Reynolds number of 300,000. (b) Coefficient of drag
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Figure 8. Maximum streamwise vorticity for the sBFS-V1 configuration compared with the clean
wing and 10% chord BFS.

3.2. Computational Investigation

The experimental results provided insights into the overall impact on the airfoil’s per-
formance, but the specific flow modifications induced by the sBFS could not be examined.
Consequently, a computational model was also developed and validated via direct com-
parison of the available experimental data with the computational results. The comparison
between the experimental and computational wake results for the sBFS-V1 condition are
shown in Figure 9. The experimental result is the streamwise component in the lower row
of Figure 7. The peaks and the valleys of the sBFS are well aligned with the structures in the
wake region, which is also observed in the computational results. The size and pattern of the
structures are in excellent agreement. The velocity magnitudes, indicated by the color, are
also in agreement with each other. Thus, giving confidence that the computational model is
providing an accurate representation of the experimental flow field.

Now, the induced vorticity in the far-wake region can be explored with the full velocity
gradient distribution available. The streamwise vorticity in the far-wake region from the
computational simulation is shown in Figure 10. The resulting structures are consistent
with the experimental results. This shows that the coherent structure in the far-wake
region is counter-rotating pairs. This also shows that the counter-rotating vortices are not
symmetric, with the red vortices showing a much tighter core (i.e., darker color) relative to
the blue vortices. This is also consistent with the experimental observations.

Now, the computational model can be utilized to examine the flow field induced by the
sBFS on the airfoil. Streamlines were used to explore the flow patterns induced by the sBFS.
This revealed that streamlines originate from near the wall prior to the step rollup as they
go over the step. Near-surface streamlines near the sBFS valley location are then redirected
from the streamwise direction towards the sBFS peak. Conversely, the streamlines that
originate in the far-wall region do not have any significant spanwise movement. These
differences are illustrated in Figure 11, where half of the streamlines originate from near the
surface and the other half in the far-wall region. In addition, Video S1 in the Supplemental
Material shows the computational simulation streamlines from various views and their
relationship to the resulting wake structure. In addition, Video S1 shows that the region
directly downstream of the peak has flow reversal, which is indicative of flow separation.
Conversely, the flow remains attached to the trailing edge in the region directly downstream
of the valley. Thus, it was concluded that the near-surface flow becomes entrained in the
direction towards the peak and this is responsible for producing the coherent structures that
persist into the far-wake region. This finding is consistent with the work of Wang et al. [36]
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4. Discussion

The lowest drag results for the BES (i.e., 45% chord) and sBFS are compared along with
the clean wing results in Figure 12. As expected, the sBFS did not reduce the drag relative
to the clean wing, though at the highest angle of attack tested, the two configurations are
within the measurement uncertainty. Conversely, sBFS-V3 had lower drag than BFS at
45% chord for nearly all angles of attack tested, and at zero angle of attack, the increase was
comparable to the measurement uncertainty. This was in spite of the fact that sBFS-V3 had
the valley location (27% chord) closer to the leading edge than the BFS at 45% chord. Note
that the peak location of sBFS-V3 was at 45%, which matches the BFS location compared
in Figure 12. As previously discussed, airfoils regularly have BFSs such as that created by
the slat step on the wing on the Boeing 737, which is nominally located at the 10% chord
length. These results indicate that the sBFS can mitigate the negative drag effect created
by BFS. These findings are consistent with recent work studying microsteps, which have
shown that they could have a significant impact on boundary layer flows at scales much
larger than their step height [37,38]. It should also be noted that minimal effort has been
dedicated to date on the sizing of the sBFS relative to the flow parameters, which is critical,
as most passive flow-control methods require a tuning of the geometry given the flow

parameters.
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0.022
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0.018}
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Figure 12. Comparison of the sBFS-V3 that produced the lowest C; values with that of the clean wing
and the BFS with the lowest drag (i.e., BFS at 45% chord length). The sBFS-V3 had the valley and
peak at 27% and 45% chord length, respectively.

The computational study showed evidence that these coherent structures are formed
by the sBFS redirecting the near-wall flow at the valley towards the peaks. Then, down-
stream of the valley, the flow remains attached even when the flow separates downstream
of the sBFS peak. The pattern then persists downstream, forming the spanwise variation
observed in the far-wake region. In addition, the streamwise vorticity in the computational
study showed that the coherent structures in the wake are counter-rotating pairs.

5. Conclusions

Wake surveys in the far-wake region of a LA203A airfoil model were used to measure
the drag associated with the application of a protective film around the model’s leading
edge. A BFS was created on the model with a thin film. The use of a serrated (i.e., saw-
tooth) pattern on the trailing edge of the BFS was explored to investigate its potential for
mitigating negative impacts. For reference, the clean wing (i.e., no film) and three standard
BFSs were tested. These results showed that the BFS increased the drag relative to the clean
wing, and that the drag increased the closer the BFS was to the leading edge. Four sBFS
configurations, each with the same step height, were tested. In general, over most angles of
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attack, the sBFS produced lower drag relative to the BFS located at the sBFS valley location.
In addition, vorticity and contour plots showed that the sBFS produced strong coherent
structures that could persist into the far-wake region.

Computational simulations showed that these structures were produced by the sBES,
with the flow near the surface of the airfoil being entrained in the direction of the sBFS peak.
This induced motion modified the downstream flow structure, which, in the sBFS condition
computationally examined, impacted separation at the trailing edge. This pattern at the
trailing edge likely produced such a strong pattern in the far-wake region, though they
were induced by the sBFS as evidenced by the structure alignment with the sBFS peak and
valley geometry. The strength of the structures does appear to be dependent, in part, on the
length-to-width ratio of the sBFS; however, the possible influence of the width itself was
not studied and should be explored further in connection with the impact on the trailing
edge separation.

Overall, there is evidence that sBFS could mitigate the adverse effects on drag associ-
ated with BFS on airfoils, which are frequently created due to the addition of protective
leading edge films or mismatch in height between adjoining surfaces. Mitigating these
effects could lead to improved performance across certain flight regimes, and improve the
efficiency of wind turbines. The next steps are to develop an LES-based simulation to enable
a study of the coherent structures on the airfoil and how they are modified by the sBFS;
these insights will enable the tuning of the step geometry based on the operation condition.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inventions8060160/s1, Video S1: Video of streamlines originating
from either the near-wall or far-wall region upstream of the step.
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Abstract: In this paper, our strategy is to look for locally optimum answers to a non-smooth opti-
mization problem that has been constructed to include minimization goals and restrictions for smart
structures’ vibration suppression. In both theoretical analysis and practical implementation, it is
widely recognized that designing multi-objective control systems poses a considerable challenge. In
this study, we assess the effectiveness of this method by employing the open-source Matlab toolbox
Hifoo 2.0 and juxtapose our findings with established industry standards. We start by framing the
control problem as a mathematical optimization issue and proceed to identify the controller that effec-
tively addresses this optimization. This approach introduces the potential application of intelligent
structures in tackling the challenge of vibration suppression. This study makes use of the most recent
version of the freely available application Hifoo which tries to study vibration suppression with the
limits outlined above in the context of multi-objective controller design. A controller directive is
initially set, allowing for a lower order.

Keywords: optimization problem; H-infinity controller; Hifoo control; smart structures

1. Introduction

In recent years, there has been a lot of interest in piezoelectrically activated smart
structures that have robust vibration control. For systems that must maintain stability or
performance in the face of several sources of uncertainty, such control rules are ideal [1-4].
The later robust controller leads to an appropriate design of smart structures by accounting
for the uncertainties of the dynamical system and the incompleteness of the measured data.
The numerical simulation demonstrates that the general methods proposed can effectively
suppress vibration in the case of a piezoelectric smart structure, serving as a tutorial. The
ultimate goal of this approach is to provide a comprehensive and unique methodology for
the design and validation of robust H-infinity controllers for active structures [5-9].

The implementation of active control technologies in intelligent structures has been
the focus of the current effort. In addition to vibration reduction, low steady-state error,
fast recovery, and little-to-no maximum uplift are also desired; nevertheless, control energy
cannot go beyond operational bounds. H-infinity control has the benefit of allowing the
computation to account for the worst-case scenario of unpredictable disturbances and
system noise. Furthermore, a wide frequency spectrum may be created as the H-infinity
controller can effectively handle more input. The findings are noteworthy; vibration
reduction is demonstrated even for actual wind loads when the voltage of the piezoelectric
component is regulated within tolerance. Utilizing the Hifoo controller in conjunction with
non-parametric and non-convex optimization methods. The results are good; we completely
reject disturbances utilizing reduced-order control and H-infinity control [10-15]. The
aforementioned discusses the many control techniques used to reduce noise and vibration
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in structures. This study contributes to the use of control to reduce intelligent structures’
oscillations. The main advancement is the use of a reduced-order controller to achieve total
oscillation suppression.

In this research, we first make use of the H-infinity control implementations in smart
structures. A controller based on H-infinity is intended to inhibit the smart piezoelec-
tric structure’s vibration under dynamic loading. It is demonstrated that the H-infinity
controller is resilient to parametric uncertainty in vibration suppression situations. The
advantages of active vibration suppression and robust control in smart structure dynamics
are clearly described in this paper. Robust control theory is needed to develop smart struc-
ture controllers that deliver stability with guaranteed performance [1-3]. A disadvantage
of controller H infinity is the large computational demands, especially when the number
of finite elements increases. By using the controller, we can get just as good results as
a reduced-order controller. Second, the most current version of the publicly accessible
program, Hifoo [4-7], which aims to overcome the limitations mentioned above in the
context of multi-objective controller design, is used in this study. Compared to traditional
control approaches, Hifoo methods offer the benefit of being immediately adaptable to
difficulties with multivariate systems. It is challenging to optimize both great performance
and stability at the same time [7-13]. The behavior of a pair of piezoelectric patches applied
symmetrically to the top and bottom surfaces of each beam element will be studied in
an intelligent cantilever smart construction. No lifting or Lyapunov variables are used
to address the requirements” incompatibilities. This leads to an optimization issue that
is often short-dimensional, non-smooth, and nonconvex, and does not need the solution
of any significant convex subproblems [4-7]. It is usually simple to locate an appropriate
controller rather than an efficient robust control in reality, even though the behavior of
this technique cannot be guaranteed [8-10]. Hifoo methods have the advantage of being
quickly adaptive to problems involving multivariate systems in comparison to typical
control approaches. Optimizing strong stability and performance at the same time is
difficult [11-13]. A method known as Hifoo loop-shaping allows the control designer to
use typical loop-shaping techniques to the multivariable frequency response in order to
achieve beneficial robust performance, before optimizing the response near the system
bandwidth to meet good robust criteria. In this article [12,14,15], the benefits of strong
control in intelligent companies are discussed.

Very high-order controllers are often produced by most of the techniques or heuristics
currently used to address these issues. The control behavior of the beam matches pre-
dictions, and the results show the effectiveness of the provided model and method. The
beam’s control behavior is in line with expectations, and the outcomes demonstrate the
effectiveness of the suggested model and procedure. In this work, a beam with piezoelectric
patches is controlled and oscillations caused under dynamic load are reduced. In recent
years, there has been a lot of interest in piezoelectrically activated smart structures that
have robust vibration control. The Hifoo robust controller leads to an appropriate design
of smart structures by accounting for the uncertainties of the dynamical system and the
incompleteness of the measured data. The numerical simulation demonstrates that the
general methods proposed can effectively suppress vibration in the case of a piezoelectric
smart structure, serving as a tutorial. The ultimate goal of this approach is to provide a
comprehensive and unique methodology for the design and validation of robust Hifoo
controllers for active structures [16-20]. The findings are remarkable; even for actual wind
loads, vibration reduction is shown when the piezoelectric component voltage is adjusted
tolerably. In order to reduce the model’s processing requirements, the controller rank was
dropped by combining non-parametric and nonconvex optimization approaches with the
Hifoo controller. Both the local bundle technique and the gradient sampling method cannot
be employed if the MATLAB route lacks the quadratic programming tool “quadprog”.
These three optimization techniques each make use of the gradients that Hifoo dynamically
produces. Finding the odd locations where gradients do not exist is not attempted. The
positions of the gradient discontinuities do not cause the procedures to fail. The latter
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phases of the bundle and gradient sampling look for a place where a convex combination
of gradients at neighboring points has a small norm. Even with a substantially lower
system degree, the controller functioned flawlessly. Strong stabilization, in which a robust
controller must stabilize a plant, and simultaneous stabilization, in which a single controller
must be discovered to stabilize many plants, are characteristic instances of multi-objective
robust control issues [7,16,17]. We evaluate the system’s flexibility and durability after
doing a system analysis. The beneficial aspects of this work are as follows: reduced-order
optimization of the H-infinity controller in intelligent structures, control of oscillation
suppression by simulating intelligent entities, results in the time—space domain and the
frequency domain, application of measurement noise of beam state, complete suppression
of oscillations, reduction of controller order, input of white noise as disturbance input,
taking it as a percentage of the disturbances, and application of measurement noise. The
results are excellent. We achieved complete disturbance rejections with H-infinity control
and with reduced-order control. The following are alternative control techniques used to
reduce structural noise and vibration. This work contributes to the application of control
to reduce the oscillations of smart structures. The innovation is that full suppression of
oscillations is achieved with a reduced-order controller. In other words, the optimal result
is achieved with much smaller computational requirements and without compromising
the accuracy of the model. The first focus of future studies will be on how to apply these
certain command techniques to real intelligent structures in an experimental context. This
article presents innovations in the application of the demanding theory of control to smart
materials and computational mechanics. The innovation is that full suppression of oscil-
lations is achieved with a reduced-order controller. In other words, the optimal result is
achieved with much smaller computational requirements and without compromising the
accuracy of the model.

2. Methodology
2.1. Controller Synthesis H-Infinity

The aforementioned provides ways for comparing and assessing controller perfor-
mance as well as answers to analytical difficulties. Nonetheless, it is feasible to approxi-
mately synthesize a controller that delivers a specific performance in terms of the structured
single -p- value. In this procedure known as (D, G-K) iteration [17-22], i.e., the difficulty in
identifying a p-optimal controller K so that w(F(jw), K(jw)) < 3, Vw, is converted into the
problem of identifying finding transfer function matrices D(w)€ and G(w)&€ o, such that,

—iG(w) (I+G2(w)) <1L,Vw (1)

N|—

[/ D(w) (Fu(F(iw), K(jw)) D™ (w)
Fe Y

Unfortunately, this approach fails to provide any guarantee of identifying local max-
ima. However, a method referred to as D-K iteration is available for complicated per-
turbations (additionally implemented in MATLAB). It connects H-infinity synthesis and
n-analysis generally, producing positive outcomes. The initial reference is a limit on p
expressed in relation to the adjusted singular value [22,23],

k(N) < mins (DND ") )

The concept aims to identify a controller that minimizes the maximum value over the
frequency of its upper bound, namely,

o gglonioo-|.) 0

by taking turns in the process of minimizing HDN(K)D_1 H with respect to either K or D
(while maintaining the other fixed) [21,23-26].
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The challenge is the process of selecting a single controller using state-space equations,
K = (Ak, Bk, Ck, Dk). The maximum 2-norm perturbation to a stable closed loop system
that may be accepted whilst still ensuring that the perturbed system stays stable is the
H-infinity norm, which is not specified. The biggest real component of a closed loop
system’s poles (eigenvalues) is called the spectral abscissa.

To exhibit P in state space, the natural partitioning must be generated,

A By Bp
P(s)= |C; Dy; Dpp| = {gzwg gz“gzﬂ 4
C2 D21 Do ™ ™
where the packed form has been used, while the equivalent type for K is,
_ [Ax Bk

Equation (4) specifies the equations,

X(t) = Ax(t) + [Bi B] [VJ((:;

|
o) = el o B[] ©

X (t) = Agxi (t) +By(t)
u(t) = Cexk (t) + Dey(t)
To find the matrices involved, we break the feedback loop and use the relevant

equations, in order to receive the structure in state space form, and align the inputs,
outputs, states, and input/output to the controller:

and,

@)

xg = Axg + (Gd + Bu), x = Ixg
Xu = Auxy + Buu, uyw = Cyuxy + Dyu
Xe = AeXe + BeJx, ey = CeXe + DeJx

: 8
Xnw = AnwXnw + Bnwhw, N = ChwXnw + Dnwhw ®)
Xdw = AdwXdw T Bawdw, d = CgwXqw + Dawdw
y=Cx+n
Let,
XF
Xu
X= | Xe ,y=y,w:{dw],2=[uw},u=u )
Ny ew
Xnw
Xdw
The internal signals d, n, and e x are substituted into Equation (8) to produce,
5(1: A 0 0 0 Gde XF Gde 0 B
Xu 0 Ay O 0 0 Xu 0 0 d By
Xe | =|BJ 0 Ae O 0 Xe | + 0 0 [W}+Ou(10)
Xnw 0 0 0 Anw 0 Xnw 0 Baw |- " 0
de 0 0 0 0 Adw Xdw Bdw 0 0
XF
X
uy| |0 Cg 0 0 O " dw Dy
[ew] = [De] 0 Ce 0 0] Xe | T0L T o (1)
Xnw
Xdw
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XF
Xu d
y=[C 0 0 Cnow O0]| Xe | +[0 Dnw] [nw} + Ou (12)
Xnw v
Xdw
Therefore, the matrices are:
A 0 0 0 GCgw GDgyw O B
0 Ay O 0 0 0 0 Bu
=|BJ 0 Ae O 0 |,B;= 0 0 |,Bp=10
0 0 0 Anw 0 0 Baw 0 (13)
0 0 0 Agw Baw 0 0
_ 0 Cu 0 0 0 . o Dy
C = DJ 0 Co 0 0},D11—0,D12—{0]

CZZ[C 0 0 an O]/ D21:[0 an]/DZZZO

As can be seen, the state vector in this design has a size of 16 + 4 + 4 + 4 + 8 = 36. Mod-
eling the controller K(s)'s size is additionally determined by this. In cases where any weight
matrices are constant, this number will be reduced by the appropriate order [20,27,28].

The challenge is to select a single controller K = (Ax, Bk, Ck, Dk) that has state-space
equations Ag € R nKxnK vwith Bk, Ck, and Dk that have compatible dimensions with AK
and the generalized plant matrices. The designer can specify the controller order K since it
is fixed [29-32]. For a stable closed-loop system, the complex stability radius is the largest
2-norm perturbation that is tolerable whilst still ensuring that the disrupted mechanism
continues to be stable when the w and z performance channels are not specified, and the
H-infinity norm is not defined [32-35]. A closed loop system’s spectral abscissa is the
biggest real component of its poles (eigenvalues).

2.2. Optimization Method Hifoo

A two-phase algorithm is used. The quasi-Newton approach (BFGS optimization
algorithm), which is effective for nonconvex, non-smooth optimization, is the main driving
force behind each phase [4-7]. If the user does not provide a first estimate for the desired
controller, Hifoo produces the first controllers at random. Even if the user does make
an initial guess, Hifoo nonetheless generates more initial controllers at random just in
case they give better results. Lowering the closed loop plants’ maximum spectral abscissa
using BFGS is the first step in stabilizing. Once one is discovered that stabilizes these
plants, the procedure concludes and a starting point for the second phase with a finite
controller is attained. Increasing the penalty factor, while optimization is repeated as
necessary if BFGS is unable to find a site where the constraint violations are zero (unless F
is identically zero, in which case all j are finite). Although this method is frequently quick
and extremely successful, there are no guarantees. By default, Hifoo follows BEGS using
the more time-consuming Burke et al.’s [7] gradient sampling strategy; however, this may
be altered.

2.3. Problem Formulation and Optimization Method
More information is provided in the equations of a generalized plant G’s state-space.

x(t) = Ax(t) + Byw(t) + Byu(t),
z(t) = Cix(t) + Diyw(t) + Dyau(t), (14)
y(t) = Cax(t) + Dyyw(t) + Dapu(t)
and the controller K(s)'s state-space realization is

XK (t) = AK XK (t) + BKy(t), (15)
u(t) =Cg XK(t) + DKy(t),
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where A € R™" Dy, € RP1*™2 D, € RP2 XM with additional matrices that share equal
dimensions, and Ag € R™*1K with Bk, Ck, Dx Ak and the generalized plant matrices
comparable in terms of dimensions. Because the order of the control is fixed, the designer
is able to specify it.

The signals (z, w, y, u) stand in for the controlled outputs, exogenous inputs (such as
disturbances and directives), measured inputs (or sensor inputs), and control inputs, in
that order. T, stands for the transfer function from the input w to the output z; for further
information, see [14]. The closed loop Heo typical function can be minimized to represent
the ideal H-infinity controller architecture.

Inf I T2w || oo,
K stabilizing

in which K(s) internally stabilize the closed-loop system according to the restriction.
We apply the extra requirement that the controller be stable in this study because we

want to decrease
Inf || Tzw || s

K stabilizing and K stable

Let us use a(X) to represent the biggest real part of the eigenvalues, or the spectral
abscissa of matrix X. As a result, we need both that a(Acr) < 0 and that a(Ag) < 0 where
Acy, is the closed-loop system matrix. The set of stable matrices, which is the feasible set
for Ag, is not convex and has a rough boundary. It has received substantial research; for
examples, see [5-7].

The two processes used by Hifoo are stability and performance optimization, just
like in earlier versions [7,33]. As the closed-loop system is being stabilized, Hifoo 2 keeps
minimizing max(a(Acr, oa(Ak)), which is a positive parameter that will result in detaining
more details subsequently, until it discovers a controller K for which this number is negative,
indicating that the controller is stable. If Hifoo is unable to discover a suitable controller, it
will return with an output to that effect.

Hifoo 2 searches for a local minimizer during the performance optimization phase of

£(K) = co if max(a(ACL), x(AK)) > 0 (16)
|\ max(|| Tow|| 00, € ||K]|o) otherwise

where,
IKlloo = supg_o | Cic(sT = Ax) "B + D¢ .

The primary design objective aims to minimize the transfer function Tzw and stabilize
the closed-loop system, so the introduction is justified. However, the K term restrains
the H-infinity norm of the controller from growing too large, a condition that the stability
constraint alone cannot ensure. The performance phase of optimization starts with f (K),
obtaining a bounded value because of the stabilization phase. The rejection occurs during
the line search process, which demands a decrease in the objective function at each iteration.
The optimization algorithm that Hifoo [36] calls at each level employs the non-smooth,
nonconvex optimization technique known as HANSO. These components make up its
composition: if a local bundle approach fails to identify local optimality for the best point
determined by BFGS, gradient sampling [2,4] tries to enhance the local minimizer’s esti-
mate and returns a rough optimality value. To approximate a local minimizer faster, we use
a quasi-Newton algorithm (BFGS). If the MATLAB route does not contain the quadratic pro-
gramming tool “quadprog”, neither the local bundle approach nor the gradient sampling
method is used [34,36-38]. Each of these three methods of optimization takes advantage of
the gradients that Hifoo dynamically generates. Identifying the peculiar places where the
gradients do not exist is not attempted. The methods do not fail as a result of the gradient
discontinuities at unusual locations. The last stages of the bundle and gradient sampling
search parameter space for a location where a convex combination of gradients at nearby
points has a small norm. The algorithm is two-phase. Each phase is mainly driven by the
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quasi-Newton technique (BFGS optimization algorithm), which is efficient for nonconvex,
non-smooth optimization [4-7]. Hifoo generates the initial controllers at random if the
user does not supply a first estimate for the desired controller. Hifoo produces more
initial controllers at random even if the user does make an initial estimate, just in case
they produce better results. The first step in stabilizing is lowering the maximum spectral
abscissa of the closed loop plants using BFGS. The process is complete and a starting point
for the second phase with a finite controller is reached once one is found that stabilizes
these plants. Increasing the penalty factor and repeating optimization, as necessary. A very
poorly conditioned Hessian approximation matrix is produced during the BFGS phase.
There is further information in [4-7,39].

3. Results
3.1. Application in Smart Structures

The following part will analyze the behavior of an eight-element cantilever smart
structure with symmetrical bonds between four pairs of piezoelectric patches at each beam
element’s top and bottom surfaces (Figures 1 and 2). The different components of this
construction have the dimensions presented below.

Figure 1. Intelligent structure.

Figure 2. Piezoelectric smart beam.
The dynamical description of the system is provided by
Mq(t) +Cq +Dq(t) = fm(t) + fe(t) 17)

where M is the global mass matrix, C is the viscous damping matrix, D represents the global
stiffness matrix, f, represents the global external loading vector, and f. is the global control
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force vector produced by electromechanical coupling effects. The independent variable q(t)
is composed of transversal deflections w;j and rotations 1, i.e.,

w1
Uy

q(t) = | 1 |additionally (18)
Wn

Un

in which n is the number of finite elements that the analysis is using. Vectors w and fy, is
positive upwards.
In order to convert to state-space control representation, allow (in the usual manner)

- (3

Additionally, to define f,(t) as Bu(t), we express it as F,u, where F, (of size 2n x n) is
the piezoelectric force for a unit applied on the corresponding actuator, and u stands for
the voltages on the actuators [40—42]. Lastly, d(t) = fm(t) is the disturbance vector. Then,

x(t) = _Olz\r/}izlri( _IT\I/IIXZII;):|X { 2n><n ]u [02n><2n:| d(t)
e
:Ax()—l—Bu )+ Gd(t)

(20)
_ t)
= Ax(t) + { t)}
= Ax(t ) + Bu(t
This can be enhanced using the output equation (displacements only measured),
y(® = a(t) x3(t) ... xn1 (O] = Lx() (21)

In this formulation u is n x 1 (at most, but can be smaller), while d is 2n x 1, (n is
the number of nodes). The units used are m, rad, sec, and N. The parameters of the smart
beam are in Table 1. Our system remains stable in the field of time-space, but stability is
presented in more detail in the field of frequency domain.

Table 1. Parameters of the smart beam.

Parameters Values
L, for beam length 1.00 m
W, for Beam Width 0.002 m
Wp, PZT Width 0.002 m
h, for Beam thickness 0.096 m
hp, piezoelectric thickness 0.0002 m
p, for Beam density 1600 kg/m?
E, for Young’s modulus of the beam
Ep, Young modulus of pzt 1.5 x 10" N/m?
6.3 x 1019 N/m?
bs, ba, for PZT thickness 0.002 m
ds3; the Piezoelectric constant 230 x 10712 m/V

3.2. Results for H-Infinity Control
The Matlab routine for H-infinity control is: [Kinf] = h;,¢syn(sysic, nmeas, ncont),
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Where nmeas = 4 is the number of sensors, ncont = 4 is the number of the controller,
and sysic is the formulation of the block diagram. In Figure 3 for this formulation, we use

the Matlab code:
a1 )

o

Y

o=

Wm

G

[‘

qddot qdot x dot

Q X

4

sgnal extractor

Figure 3. Block diagram in Simulink for the smart beam (* is x in the diagram).

beamO = ss(A0, eye(2+nd), eye(2+nd), 0);

y = C0;

systemnames = beam0 y ad su se We Wu Wn ’;

inputvar = ‘[ n(4); d(8); u(4)]’;
input_to_sd = [Wd]’;
input_to_su = ‘[u]’;
input_to_se = ‘[beam0]’;
input_to_beam0 = ‘[ sd+su ]’;
input_to_y = ‘[ beam0 |’;
input_to_Wu = ‘[u]’;
input_to_Wn =‘[n]’;
input_to_Wd =‘[d]’;
input_to_We = ‘[se]’;

The whetted matrix for noise, control, error, and disturbance are for control u:

5.556x 10 ®s4-0.005556 0
5-6100 5.556 x 10~ °s+0.005556
W s+100
0 0
0 0
For error e:
2513 0
s+81.42 2513
We_ s+31.42
0 0
0 0
For disturbances d:
M 40 0 0 0
0 40 0 0
0 0 40 0
0 0 0 40
Wa=1 0 0 0
0 0 0 0
0 0 0 0
10 0 0 0

0
0

5.556 %10~ ®s4-0.005556

s+100

0

0

2513
s+31.42

0

(= e )
o
o (= e )

SIS
oo
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For noise n:

10— 0 0 0
0 10-° 0 0
W= 0 0 10— 0 (25)
0 0 0 10

In all simulations the input is also white noise as the disturbance input, taking it as
a percentage of the measurement (in Matlab Simulink) Figure 4. In all the simulations
that have been done in Matlab, noise has been obtained in the measurements +, — one
percent as a percentage of the signal input. This was done to take into account uncertain
disturbances of the system, for example, unpredictable disturbances of the air force. The
system was tested in the Simulink Matlab, and the model used is shown in Figure 4.

>
»
—p X >
y Product >
»
>
X
—
add a random (=1%, +1%) percentage Product 1
of the measurement value
as noise
> X
>
troduct 2
[
>
Product 3 Soopel
(=1+2.*rand(4,1))/100
Constant

Figure 4. The block diagram in Simulink for the noise as a percentage of the measurement (* is x in
the diagram).

All the simulations are in the Matlab program using the toolbox Simulink (Figure 5).
The simulation has been done and the output of the result of the voltages (in volts) of the
actuators can be seen. In all simulations, measurement noise has been taken as a percentage
of the inputs as shown in Figures 4 and 5.

Figure 6 shows the beam’s displacement over time as a result. In comparison to when
there is no control, the displacement is almost zero. We were able to minimize vibrations
by 95% by employing a unique control technique called H-infinity control. The green line
is with H-infinity control (closed loop), and the red line is without control (open loop).
Suppression of oscillations is achieved in all actuators and displacements are almost zero.
This is very important in all mechanical constructions and a real innovation. At the same
time, as shown in Figure 7, a relatively low voltage is achieved in the actuators since the
suppression is done with approximately 50 Volts while the actuators withstand 500 Volts.
As shown in Figure 7, the voltage generated by the control system to operate the control
is within the 500 Volt safe limit for the material being utilized. The blue line shows the
voltages of the last node, the green of the previous one, the red of the second, and the pale
blue of the first node.
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Displacement(m)
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control
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Figure 5. Simulation diagram for results in Matlab Simulink. The output is presented and explained

in Figure 7 below.
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Figure 6. Displacements for the four nodes with actuators. The green line is with H-infinity control
(closed loop), and the red line is without control (open loop).
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Figure 7. Control voltages for the four pairs of actuators of the beam. With the blue line is the control
voltages for the free end of the smart beam, with green line the control voltages for the 3rd node of
the smart beam, with red line the control voltages for the previous node of the smart beam and with
the light blue line the first node of the smart beam.

In the frequency domain, Figure 8 shows graphs that represent the weight matrices.
The results are obtained across the frequency range because oscillations must be classified
at a specific value. The main advantage of H-infinite control is that we can work both in the
time domain and the frequency domain. These matrices were made by doing a lot of tests
to make sure we could find a controller. The controller that is made using H-infinity control
has an order of 36. The value of y for this controller is 0.074. The 36th order H-infinity
controller was discovered. Because the order of the controller, which is equal to the order
of the system, is typically higher than the order of conventional controllers like PI and LQR,
researchers have developed order reduction techniques. The next method makes use of the
Hifoo algorithm, which has been applied in the Matlab platform and is the most common
of these algorithms.

The ultimate goal of the aforementioned system is to determine a controller of de-
creased rank/order n (36) while preserving the performance of the H-infinity criterion and
a full-order controller’s behavior [24,25,36,43,44]. The following are some advantages of
this work: decline in order, complete suppression of oscillations, reduction of controller
order, application of measurement noise of beam state, optimization of the H-infinity con-
troller in intelligent structures, control of oscillation suppression through the simulation
of intelligent entities, results in the time-space domain and the frequency domain, and
input of white noise as disturbance input, taking it as a percentage of the disturbances. The
outcomes are outstanding. With H-infinity control, we were able to obtain total rejections
of disturbances.

3.3. Results for Hifoo Control

The Matlab routine for Hifoo control is:
Kfoo = hifoo (plant, 2)
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Figure 8. The Bode diagram in the frequency domain.

We employ a quasi-Newton technique (BFGS) to quickly estimate a local minimizer.
Both the local bundle technique and the gradient sampling method are not employed if the
MATLAB route does not include the quadratic programming tool “quadprog”.

Where plants are the Equations (26) and (2) is the order of the controller, the matrices
of the equation are:

)'(K (t) = AK XK (t) + BKy(t), (26)
u(t) = Ck xk(t) + Dgy(t),
A [828.1 —5044 }
K=|208.0 —2408
B { 4128 9116 1716 2810 }
K=|-1649 —6372 -1348 —3207

1557  —916.7
3013 —592.3

Cx=| 627 —297.9 27)
1443  —92.59

761 6.6 287.1 4683
D. | 235 8769 1865 303
K=11212 4412 9339 1543
4204 1253 2692 783.51

The control of beam position is achieved by displacing nodes on the order of 107> m,
with the same output voltage, using the Hifoo controller for real wind loading. Therefore,
even with a lower-order controller, we preserve H-infinity criteria performance. The Hifoo
controller’s maximum output voltage is 45 V, which is also true for the Ho, controller. In
other words, a lower-order controller that needs less voltage may adjust the beam to its
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equilibrium point, as shown in Figure 9. The resultant displacement of the beam over time
is seen in Figure 9 right. The displacement is nearly null as compared to when there is no
control. By using a special control method known as H-infinity control, we were able to
reduce vibrations by 95%. The red line is an open loop, whereas the green line has Hifoo
control (closed loop). All actuators successfully suppress oscillations, and displacements
are close to zero. In all mechanical structures, this is crucial and truly innovative. In
addition, since the actuators can resist 500 Volts while the suppression is done with about

50 Volts, as illustrated in Figure 9 left, a reasonably low voltage is reached in the actuators.

Figure 9 on the left displays the voltage produced. Even with the decreased order controller,
the beam maintains balance. The blue line shows the voltages of the last node, the green
of the previous one, the red of the second, and the pale blue of the first node. The control
voltages fall below the 500 Volt piezoelectric limit [44—48].

Figure 9. Control voltages and displacement response, of the middle and the free end of the beam
with reduced-order control: Top two diagrams with the blue line is presented the wind force (top
left diagram) and the wind velocity (top right diagram). Bottom three diagrams: For the bottom left
diagram with the blue line is the control voltages for the free end of the smart beam, with green line
the control voltages for the 3rd node of the smart beam, with red line the control voltages for the
previous node of the smart beam and with the light blue line the first node of the smart beam. For the
bottom right and middle diagram with blue line is the response without control and with green with
Hifoo control.

The maximum singular values in the frequency domain, with and without the lowered
order control are shown in Figure 10. The outcomes without control are shown by the blue
line, and the green line is the results with control. For the above simulations, we apply a
quasi-Newton technique (BFGS) for a quicker approximation of a local minimizer. Neither
the local bundle technique nor the gradient sampling method is employed if the MATLAB
route does not include the quadratic programming tool “quadprog”. The gradients that
Hifoo dynamically develops are utilized by each of these three optimization techniques.
It is not attempted to locate the odd locations where gradients do not exist. The gradient
discontinuities in unexpected locations do not cause the approaches to fail. A place where
a convex combination of gradients at neighboring points has a small norm is sought in
the last phases of the bundle and gradient sampling search parameter space. During the
BFGS stage, an extremely ill-conditioned Hessian approximation matrix is generated. The
local bundle technique or the gradient sampling method is not employed if the MATLAB
route does not include the quadratic programming tool “quadprog”. The gradients that
Hifoo dynamically develops are utilized by each of these three optimization techniques.
It is not attempted to locate the odd locations where gradients do not exist. The gradient
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Figure 10. Structural singular values for reduced-order control.

4. Discussion

The current work has addressed the utilization of active control technologies in intelli-
gent structures. Low steady-state error, quick recovery, and little-to-no maximum uplift
are all desirable along with vibration reduction; nevertheless, control energy must not
exceed operational limits [21,45,46]. The advantage of H-infinity control is that it enables
the computation to take into consideration the worst-case scenario of disturbances with
uncertainty and system noise [32,33,39,47]. Additionally, the H-infinity controller can effi-
ciently handle greater input, allowing for the creation of a broad frequency spectrum. The
results are significant; with piezoelectric component voltage controlled within tolerance,
vibration reduction is shown even for genuine wind loads. By applying non-parametric
and non-convex optimization techniques with the Hirop controller [5]. The model’s pro-
cessing requirements were reduced by lowering the controller rank. The controller worked
properly even with a significantly lower system degree. Strong stabilization, which requires
a controller that is self-stabilizing to stabilize a plant, and simultaneous stabilization, in
which finding a single controller is required. To stabilize many plants, there are specific
instances of multi-objective robust control issues [10,24,48]. Many important researchers
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such as Crawley and de Louis [49] have dealt with smart materials and their inventions in
construction. In this research, these materials are applied with advanced control techniques
in the suppression of oscillations. Control and optimization on manufacturing processes
and structures was also applied by various researchers afterward [50-53]. Most of the
methods or heuristics that are currently used to address these issues usually lead to very
high-order controllers as well. The outcomes demonstrate the utility of the suggested
model and methodology, and the beam’s control behavior conforms to expectations. The
acknowledgment of new scientific issues that can serve as the foundation for study outside
the purview of this work is a logical outcome of the suggested research advances. The
maximum frequency of vibration for the system belongs to the high frequencies up to
10,000 Hz. Here, very good results are achieved in both high and low frequencies. The
following are the outcomes of this work: a lowered order, the complete suppression of oscil-
lations, reduction of controller order, optimization of the H-infinity controller in intelligent
structures, and control of oscillation suppression by simulating intelligent entities, resulting
in the time—space domain and the frequency domain, application of measurement noise of
beam state, the input of white noise as disturbance input, taking it as a percentage of the dis-
turbances, and application of measurement noise [25,36,44]. The outcomes are acceptable;
using H-infinity control and reduced-order control, we completely reject disturbances. The
different control methods used to lessen structural vibration and noise are referred to above.
This investigation helps to apply controls to lessen the oscillations of intelligent structures.
The major development is that complete oscillation suppression is accomplished with a
reduced-order controller. In other words, the best outcome is obtained with significantly
lower computing costs and without sacrificing any of the model’s accuracy. In particular,
experimental verification of the excellent results gained in the study of control might be a
future research area.

5. Conclusions

Specific examples of multi-objective robust control problems are simultaneous sta-
bilization, where a single controller must be created to stabilize a number of plants, and
robust stabilization entails the requirement that a controller, in order to stabilize a plant,
must also be inherently stable itself. In addition, the majority of the present methods or
heuristics for resolving these problems frequently result in controllers of exceptionally high
order. The beam’s control behavior matches predictions, and the results show how useful
the recommended model and methods are. Following a system analysis, we assess the
system’s usability and robustness.

The research investigates the positive aspects of robust control in intelligent systems by
showing the use of H-infinity regulation and Hifoo optimization in both the state space and
the frequency domain. These are the benefits of this work: order reduction optimization of
the H-infinity controller in smart structures, control in oscillation suppression by modeling
of intelligent entities, results in the time-space domain and the frequency domain, applica-
tion of the measurement noise of the state of the beam, complete suppression of oscillations,
reduction of the order of the controller, and the input of white noise as the disturbance
input taking it as a percentage of the disturbances, to achieve the results programming
has been done in Matlab. We employ a quasi-Newton technique (BFGS) to estimate a local
minimizer more quickly. If the MATLAB route does not include the quadratic programming
tool “quadprog”, neither the local bundle technique nor the gradient sampling method
is employed. These three optimization techniques each make use of the gradients that
Hifoo dynamically produces. Finding the odd locations where gradients do not exist is not
attempted. The positions of the gradient discontinuities do not cause the procedures to
fail. The latter phases of the bundle and gradient sampling look for a place where a convex
combination of gradients at neighboring points has a small norm. This technique helps to
decrease the oscillations of intelligent structures by applying control. The breakthrough is
the use of a reduced-order controller to completely suppress oscillations. In other words,
the ideal outcome can be achieved with highly reduced processing needs and without
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compromising the model’s accuracy in any way. The focus of future studies will be on
two areas; first, on how to apply these control mechanisms to real intelligent structures
in an experimental scenario, and second, using alternative control strategies to suppress
structural noise and vibration.
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Abstract: Swirling flows often occur in nature and industrial applications. With an increase in swirl
intensity, such rotating flows are known to become unstable and undergo a sudden breakdown
of the vortex core, resulting in unsteady flow dynamics with intensive pressure fluctuations. In
particular, swirling flows are organized in combustion chambers to stabilize the flame around the
central recirculation zone, formed due to the vortex core breakdown. However, the impact of
large-scale vortex structures, including the precessing vortex core and secondary helical vortices,
on unsteady combustion regimes is still unclear. The present paper demonstrates experimentally
that for the swirling flow of a model swirl combustor, the injection of a central jet may be used
to alter the configuration of coherent flow structures, including helical vortices. In particular, the
asymmetric hydrodynamics mode, associated with the precessing vortex core, is suppressed, whereas
the symmetrical one becomes dominant. This effect demonstrates the importance of central jet
injection to control the dominant mode of flow instability for the design of swirl combustors.

Keywords: precessing vortex core; swirling flow; flow control; proper orthogonal decomposition

1. Introduction

Rotating or swirling flows are generally realized in combustion chambers of gas tur-
bines for the stabilization of flames. When the rotating flow enters the combustion chamber
and expands, the flow at the vortex core decelerates and forms a wake/recirculation zone at
the centerline, enclosed by a swirling annular jet. This effect is known as the breakdown of
the vortex core [1,2]. A number of large-scale secondary vortex structures are formed in the
shear layer between the main annular flow and the central wake zone and are accompanied
by smaller-scale eddies and broadband turbulence. The configuration and dynamics of
such secondary and primary (the core of the swirling flow) vortices are known to play a
key role in turbulent transport and mixing in the near-wake zone. In particular, the vortex
core dynamics are often related to slow or strong precession with intensive velocity and
pressure fluctuations. In the latter case, the effect is referred to as the precessing vortex core
(PVQC) [3]. The PVC is known to play an important role in the steady or unsteady opera-
tion of gas turbine combustion chambers [4-7], hydro-turbines [8] and other devices with
flow rotation.

The configurations and geometry of real gas turbine combustors are very different.
However, in fundamental studies of the features of flow dynamics, mixing and combustion,
they are commonly modeled using single (e.g., TURBOMECA design [9,10], PRECCINSTA
burner [11]), double (e.g., dual DLR burner [11,12], BIMER device [13]) or even triple [14,15]
radial swirlers. Fuel is commonly injected as the central jet/spray, jets between the vanes
of a swirler or through a special pre-filmer between two swirlers to organize air-blast
atomization [16,17]. The single-swirl models are usually designed to supply fuel gas
between the swirler vanes to provide a well-premixed fuel-air mixture at the nozzle of
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the swirler in order to organize lean-premixed combustion [18]. However, such flames
are prone to external perturbation and flow instabilities, thus resulting in thermoacoustic
pulsations inside the combustion chamber [11,19-21]. Hence, part of the fuel may be
supplied as a central jet to organize the pilot flame and stabilize combustion.

However, the central jet also appears to affect the development of hydrodynamic
instabilities in the swirling flow. It is well-known that the strong flow pulsations incidental
to the PVC in swirling flows are associated with the domination of a global helical instability
mode, arising due to the formation of central reverse flow, providing a feedback mechanism.
In particular, Midgley and others [9,22] reported that the central jet results in a double-
helix vortex structure instead of a spiral PVC for the single-swirler burner based on the
Turbomeca design. Later, a similar conclusion was made by Mullyadzhanov et al. [23]
for such a burner with combustion based on a large eddy simulation. The present paper
reports on a further demonstration of control over the dominant flow instability mode
for this burner by injecting a central jet. Turbulent swirling flow is investigated using a
combination of stereoscopic particle image velocimetry (PIV) and planar laser-induced
fluorescence (PLIF) systems. The measured velocity fluctuation fields are processed using
the snapshot proper orthogonal decomposition (POD) method to extract coherent flow
structures and analyze the associated vortex structures. Studies of non-reacting flows in
combustors are important for better understanding the impact of hydrodynamic instability
modes, such as PVC, on momentum and mass transport and to develop strategies for
flow control. Moreover, the features of hydrodynamics structure and dynamics of non-
reacting flow are important for efficient ignition organization. Numerical simulation of
flow and combustion in swirl burners requires adequate modeling of turbulent transport
and mixing in the rotating flow, reproduction of emerging large-scale vortex structures
and relevant chemical kinetics approximation, accounting for the acoustic modes of the
chamber. Therefore, detailed experimental data for non-reacting flows in swirl-stabilized
combustors are needed for the first-step validation purposes.

2. Materials and Methods

The measurements are performed for a model gas turbine combustor with a flow
swirler and fuel injector based on the Turbomeca design [10]. Detailed information on the
configuration of the combustor rig, equipment and data processing routines may be found
in a previous study of fuel mixing characteristics [24]. This paper presents only the main
parameters of the experimental setup. The flow is organized in an enclosed combustion
rig, equipped with flowmeters (Bronkhorst High-Tech) and temperature and pressure
transducers, and connected to fuel and air tanks and an exhaust shaft. The rig consists of
a plenum section, combustion chamber and cooled exhaust pipe. The swirler is installed
inside the plenum section upstream of the combustion chamber. The swirler represents
a centerbody with 12 radial vanes with an inclination angle of 30° (see the design in [9]).
Fuel is supplied through the holes between the vanes. In addition, fuel can be injected
as a central jet from the hole at the tip of the centerbody. The diameter of such a central
nozzle is 5.8 mm. The effect of the central jet density on the flow properties was studied in
the previous paper [24]. The diameter of the swirler nozzle exit is 37 mm. The Reynolds
number of the air flow without a fuel supply corresponds to 3 x 10* with a bulk velocity
Uy of 12.8 m/s. This is calculated based on the volume flowrate through the exit of the
swirler nozzle.

The measurements of the velocity field in the central longitudinal plane are performed
using a stereoscopic PIV system. A sketch of the equipment arrangement relative to the
model combustor is shown in Figure 1. The PIV system consists of a pair of 4 Mpix CCD
cameras (ImperX Bobcat IGV-B2020, Boca Raton, FL. USA), equipped with 105 mm optical
lenses (Sigma DG MACRO, Hyogo, Japan) and band-pass optical filters (532 & 5 nm). Flow
tracers, viz., 0.5 um TiO; particles, are introduced into the air flow with a fluidized-bed
feeder and illuminated in the measurement plane with two light pulses from a double-head
Nd:YAG laser (Quantel Ever Green 200, Les Ulis Cedex, France). The duration of the
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200 m] pulses is 6 ns. The laser wavelength is 532 nm. The PIV and PLIF measurements are
conducted simultaneously. PLIF is applied for the vapor of acetone admixed to the air flow
in the fuel supply line. Acetone is added as a tracer to quantify the turbulent transport and
mixing inside the model combustion chamber.
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Sheet optics
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Figure 1. Sketch of the experimental setup and combustion chamber design.

The PLIF system consists of a tunable dye laser (Sirah Precision Scan, Sirah Lasertech-
nik, Grevenbroich, Germany), which is pumped with a pulsed Nd:YAG laser (QuantaRay)
and intensified 5 Mpix sCMOS camera (LaVision, Gottingen, Germany), equipped with a
UV-sensitive image intensifier (LaVision IRO Gottingen, Germany), a 100 mm UV lens and
an optical band-pass filter (415-455 nm). The pulses of the tunable laser correspond to a
wavelength of approximately 283 nm, an energy of 12 mJ, and a duration of about 12 ns.
The tunable laser is used to excite the acetone fluorescence in the same cross-section where
the PIV measurements are conducted. For this purpose, the PLIF laser beam is converted
to a collimated laser sheet with a system of cylindrical and spherical UV lenses. Using
photo-bleaching paper, the width and thickness of the laser sheet in the measurement plane
are evaluated to be approximately 50 mm and 800 pum, respectively. Each PLIF image is
captured within 200 ns between the pair of PIV laser pulses, which are separated by 20 ps.

The PIV and PLIF images are processed using in-house “ActualFlow v.1.18” software.
The PIV velocity fields are evaluated using an adaptive cross-correlation algorithm with
iterative continuous window shift and refinement (see description in [25]). Examples of the
PIV images for two cameras are shown in Figure 2. Both the main annular flow and the
central jet are seeded with the tracer particles. The maximal particle shift in the images is ap-
proximately 8 pixels. Therefore, the final size of the interrogation area during the interactive
cross-correlation of the image pairs for each camera is 32 x 32 pixels. A 50% spatial overlap
rate between the interrogation areas is used. A reconstruction of the three-component
velocity field in the measurement plane based on two two-component projections to the
PIV cameras is performed using the corresponding mapping functions [26] obtained from
images of the calibration target, captured prior to the experiments. The mapping function
corresponds to a third-order polynomial. The grid spacing of the stereo PIV data is 0.53
mm. For the in-plane velocity components, the accuracy of PIV data is generally accepted
as 0.1-pixel (i.e., approximately 1.5% of maximum velocity) accuracy. The accuracy of the
normal-to-plane component is expected to be about 3%.
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Figure 2. Examples of stereoscopic PIV images captured with two separate cameras.

The PLIF images are processed by removing the background signal and correcting the
non-uniformity of the laser sheet intensity. In the latter case, an additional CCD camera
monitors the light sheet intensity inside a cuvette, filled with a rhodamine 6G solution
(see examples in Figure 3). In addition, the attenuation of the PLIF laser sheet in the
measurement plane due to absorption is corrected. The PLIF data are back-projected into
the measurement plane using the mapping function of the PLIF camera. The obtained data
correspond to a regular square grid with a step of approximately 0.5 mm and an actual
optical resolution of 1 mm. In total, 1500 snapshots of the PIV and PLIF data are captured
simultaneously with an acquisition rate of 5 Hz and used for statistics calculation.

Figure 3. Examples of PLIF images captured in the measurement area (left) and in the calibration
cuvette (right).

The sets of the measured velocity fluctuation fields u’(x, ) are decomposed into
the series (1) of orthonormal spatial functions ¢(x) (POD modes) and temporal coeffi-
cients x(t) based on a singular value decomposition (S§VD) procedure (2). In Equation (2),

=[u/(x, t1).. W/ (x, tN)], & = diag[c. .. on] and W = [P1(x). . .pn(x)] are the initial data
matrix, matrix of singular values and that of left-singular vectors, respectively. The left-
singular vectors in W correspond to the POD modes. V is the matrix of right-singular
vectors, where VT consists of the normalized temporal coefficients X

N M N
(%, t) = Z (tr)og@q(x), Z @i (xc) @ (xx) Z (tr)a(tk) = dij; 1)
q=1 k=1 k=1
U=wWzVl, Ww =1y, VIV=1Iy. 2)

In the equations, J;; is the Kronecker symbol and I is the identity matrix. M and
N are the numbers of the spatial points and temporal snapshots, respectively. In matrix
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X, the singular values are in descending order according to their values, related to the
contribution o2 of each POD mode to the total kinetic energy of the velocity fluctuations
in the considered spatial domain. In particular, when flow dynamics are dominated by
strong flow pulsations, a low-order model of the phase-averaged flow dynamics can be
obtained using the first pair of the most energetic POD modes (3). ¢ is the phase of the
flow pulsations. According to the linear dependence between the matrixes of the POD
modes and velocity fluctuation snapshots (4), the PLIF data can be phase-averaged (5) to
reveal coherent concentration pulsations. The weight coefficients a, are the elements of
the right-singular vector matrix V. The normalization coefficient in (4) is related to the
number of the used snapshots N and appears due to the condition (2). In the present study,
500 snapshots are used for the POD.

a0 (x,9) = Ux) + (01/VN) sin(@)@1(x) + (02/ VN) cos(@)@a(x) ()
N
o (x) =) aqku'(x, tk)(rqfl orW=uUvz! 4)
k=
' N
&(x) = (1 /\/N) Y agc (% ) ®)
k=1

3. Results and Discussion

Table 1 presents the flowrates for the considered flows (In/min according to the normal
temperature and pressure standard of NIST). Instead of fuel, a mixture of acetone (with a
concentration of 3% by volume) and air is supplied through the central orifice at the tip of
the swirler centerbody (as a pilot jet) and through the orifices between the swirler vanes
(see Figure 4). The ratio between the mass flowrates of the acetone—air mixture, modeling
the gaseous fuel, and air, supplied through the plenum chamber and swirler, corresponds
to an equivalence ratio of 0.7 for the case of methane. Three flow cases are considered,
where different portions of the acetone—air mixture are injected as the pilot jet, viz., 0%,
10% and 50%.

3.1. Instantenous Snapshots

Figure 5 provides examples of an instantaneous velocity field and a normalized spatial
distribution of the local concentration of acetone for the case without pilot jet injection. The
velocity components in the measurement plane are shown by (small) arrows, whereas the
concentration is indicated with color. Large arrows indicate the approximate locations of
large-scale vortex structures, which are present in the inner shear layer between the annular
swirling jet and the recirculation zone. The vortex structures are extracted by regions
with positive values of a modified Q-criterion [27]. The burner is designed to produce
a well-premixed fuel-air mixture at the exit of the swirler nozzle when fuel is injected
between the vanes. However, even in the case when 100% acetone is supplied between the
vanes, the acetone concentration is not uniform at the entrance of the combustion chamber.
Obviously, large-scale vortex structures affect the mixing of acetone inside the chamber,
viz., large-scale vortex structures in the inner mixing layer (indicated by the arrows with
solid line) are close to observed zones with high acetone concentration.

Table 1. Flow parameters.

Flowrate through Flowrate between Flowrate through Ratio through
Swirler (In/min) Vanes (In/min) Central Jet (In/min) Central Jet
799 58.3 0 0%
799 52.5 5.8 10%
799 29.15 29.15 50%

98



Inventions 2023, 8, 148

f 0 ;
-20 -10 0 10 20 30 =30 -20 —-10 0 10 20

X, mm X, mm

Figure 5. Examples of the instantaneous flow velocity and model fuel concentration for the case
without central jet injection. The snapshots are captured in the central xOy plane.

Figure 6 shows similar examples for the case of a 10% injection. The main difference
from the previous case is the high acetone concentration at the exit of the central jet near
(x =0,y =0). The central jet is directed against the central reverse flow and does not have a
potential core due to weak momentum. Thus, the central jet impinges the opposite reverse
flow and quickly mixes with it. Figure 7 shows snapshots for the case of a 50% central
injection. The arrangement of large-scale vortex structures in the distributions appears to
be more symmetrical, and the main flow is associated with the variation in jet opening
angle during the propagation of the pairs of large-scale vortex structures in the inner and
outer shear layers (marked by solid and dashed arrows, respectively). The central jet also
penetrates further into the recirculation zone due to a greater momentum than that for the
10% case. The large-scale vortex structures in the inner and outer mixing layers emerge in
pairs, suggesting that they correspond to toroidal vortices or double-helical structures, as
predicted by Mullyadzhanov [21].

3.2. Time-Averaged Data

The time-averaged velocity and concentration fields are given in Figure 8. The opening
angle of the main annular swirling jet is not sufficiently affected by the central jet (the
case of 50% injection is shown), which penetrates into the recirculation zone. The acetone
concentration is expectedly high inside the central jet. Figure 9 compares the distributions
of the longitudinal and transverse components of the mean velocity near the nozzle exit
of the swirler (at y = 3.7 mm) for three considered flow cases. The figure demonstrates
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that the fuel injection between the vanes has no sufficient impact on the axial velocity
distribution at the exit of the annular nozzle of the swirler. The injection of 10% of the
acetone-air mixture as the central jet seems to produce a minor effect on the axial flow
momentum. However, when 50% of the acetone-air mixture is injected as the central jet, its
velocity magnitude is close to that of the annular jet. In addition, the radial velocity profile
near x = 0 for the present cross-section suggests that the central jet expands in the radial
direction and partially entrains the air inside the reverse flow (see the region near 6 mm
< Ix! <10 mm). Thus, the central jet momentum is sufficient to affect the time-averaged
flow structure near the exit of the swirler nozzle.

0 A L W
=30 -20 -10 0 10 20 30
X, mm X, mm

Figure 6. Examples of the instantaneous flow velocity and model fuel concentration in x0y plane for
the case of a 10% central jet injection.

O & - N % e -
=30 -20 =10 0 10 20 30
X, mm X, mm

Figure 7. Examples of the instantaneous flow velocity and model fuel concentration in x0y plane for
the case of a 50% central jet injection.

The difference is more pronounced for the Reynolds stresses. Figures 10 and 11 show
the mean square deviations of the radial and axial velocity fluctuations <uy'?> and <uy'?>,
respectively. Only the kinetic energy of the longitudinal and transverse components of
turbulent velocity fluctuations is considered. For the flow region under examination, the
shape of the distribution of <u,’?> and the central jet effect are found to be similar to those
for <uy/?>. For example, the profiles at y = 3.7 mm are compared in Figure 12. The main
observation is that the transverse velocity fluctuations near the center of the nozzle exit (x
=0, y = 0) are suppressed by the central jet. Without this, they reach values of up to 80%
of the square of the mean bulk velocity Uj. In general, the intensity of the axial velocity
fluctuations in the inner shear layer around the reverse flow is also dramatically reduced
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by the central jet, which forms another conical mixing layer at the jet axis. Thus, whereas
the central jet does not strongly affect the mean flow properties, it has a pronounced effect
on the anisotropy of velocity fluctuations near the exit of the swirler nozzle. The patterns
of large-scale vortex arrangements in the instantaneous snapshots (cf. Figures 5 and 7) also
suggest that the properties of the dominant hydrodynamic instability mode are affected by
the central jet.

30 20 -10 0 0 20
X, mm

(b)

Figure 8. Time-averaged velocity field and concentration fields for the cases: (a) without and (b) with
a 50% central jet injection.
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Figure 9. Profiles of the time-averaged velocity components for the flow cross-section with y = 3.7 mm
without and with a 10% and 50% central jet injection. (a) Longitudinal and (b) transversal components.

Figures 10 and 11 show the distribution of local axial and radial velocity fluctuations
in the swirling annular jet (x = 8.5 mm, y = 3.7 mm) and near the centerline (x ~ 1.1 mm,
y = 3.7 mm). If the influence of the central jet is insufficient for the region of the main
swirling flow, the distributions of the velocity fluctuations become very different for
the centerline region. In all cases, the local distributions of velocity fluctuations are far
from a Gaussian shape, which is typical for normally distributed random variables. As
demonstrated in the next subsection, this is due to intensive coherent velocity fluctuations
in the flow, produced by the motion of large-scale vortex structures. For the near-axis region,
the effect of the central jet is very strong, which results in narrow bell-shaped distributions.
For the axial velocity component, the distribution is accompanied by less-probable small
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values of axial velocity, indicating that the central jet is sometimes suppressed by reverse
flow at the centerline.
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Figure 10. Mean square deviation <uy'?> of the radial velocity fluctuations and the examples of local
values for the cases: (a) without and (b) with a 50% central jet injection.

Figure 13 shows the effect of the central jet on the intensity of acetone concentration
fluctuations. The local fluctuation probabilities are also analyzed near the centerline and
in the region of the annular swirling jet. The concentration values are normalized by the
maximal observed concentration values at the exit of the central jet. In the region of the
main annular flow, the effect of the central jet injection (the 50% case is shown) is minor.
It is noteworthy, that without the central jet, the distribution of acetone concentration
fluctuations in the shown locations are quite similar. This is in agreement with the previous
observation that the fuel injection between the swirler vanes does not provide complete
mixing. The injection of 50% acetone through the central jet results in a greater average
concentration and also in a greater width of the distribution. Thus, the central jet injection
does not strongly affect the mean velocity distribution in the flow and has only a local
effect on the fuel concentration fluctuations in the region close to the jet core. However, the
intensities of the longitudinal and transverse velocity fluctuations are affected dramatically
in the considered flow region.
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Figure 11. Mean square deviation <uy/?> of the axial velocity fluctuations and the examples of local
values for the cases: (a) without and (b) with a 50% central jet injection.
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Figure 12. Profiles of the intensities of velocity fluctuations for the flow cross-section with y = 3.7 mm
without and with a 10% and 50% central jet injection. (a) Radial and (b) azimuthal velocity components.
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Figure 13. Mean square deviation <c/?> of the acetone concentration and examples of local values for
the cases: (a) without and (b) with a 50% central jet injection.

3.3. Coherent Fluctuations

To reveal coherent flow structures, the velocity snapshots are processed using the POD
method. Figure 14 provides the distribution of the kinetic energy of velocity fluctuations
related to different modes for the considered three flow cases. The energy is evaluated
as O'kz. As can be seen, in all cases, there are two dominant modes that are typical for the
flow. The cases without and with a 50% injection are associated with approximately 20%
of the turbulent kinetic energy for the considered spatial domain. For the case of 10%, the
content is insignificant, viz., 15%. The inset in Figure 12 contains the values of the temporal
coefficients of the first two POD modes «;(t) and «y(t). Apparently, for the case without
injection and the case of a 50% injection, the values are scattered around a Lissajous figure
circle, indicating that these two modes are statistically correlated. In these cases, the flow
dynamics can be represented by the low-order model (3). For the case of a 10% injection,
the scattering is considerably greater.

Figure 15 shows distributions of the first four POD modes for the case without injection.
Two in-plane components of the POD modes are shown by vectors, whereas the color
corresponds to the phase-averaged fluctuations in acetone concentration. These fluctuation
amplitudes reach up to 4% of Cy. The first two POD modes are related to intensive velocity
and concentration fluctuations in the inner and outer mixing layers. The distributions
appear to be almost anti-symmetric relative to the centerline. Therefore, they are suggested

104



0.15

0.10

0.05

0.0

-0.05

-0.10

X, mm

(b)

—0.05

—-0.10

30

A 27z
....... e amantan

20

10

X, mm

(d)

0.05

-10

R —
MMMU//H///M///NMMW:%&ZH

BRSNS

Inventions 2023, 8, 148

to correspond to the PVC mode with intensive flow fluctuations. The third and fourth

modes are associated with larger but less intensive velocity and concentration fluctuations.
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Figure 14. (a) Distribution of kinetic energy of the velocity fluctuations associated with different
POD modes and (b) temporal coefficients «;(f) and x;(f) for the cases of a 0%, 10% and 50% central

jet injection.
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Figure 15. Examples of (a) the first, (b) second, (c) third and (d) fourth POD modes and phase-

averaged concentration fluctuations for the case without a central jet injection.
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Figure 16 shows the distribution of the first four POD modes for the case of a 10%
central jet injection. The first two modes also manifest antisymmetric properties of velocity
and concentration fluctuations even in the region of the central jet. Therefore, it is concluded

that the PVC still determines the flow dynamics and the turbulent transport of acetone
near the nozzle exit. However, the third and fourth POD modes also exhibit quite a high

magnitude of velocity and concentration fluctuations. There, the turbulent kinetic energy
fluctuations. Thus, the injection of a weak central jet promotes another hydrodynamic

POD mode clearly demonstrates the nearly symmetric mode of velocity and concentration
instability mode, corresponding to an even azimuthal mode.

content is about 7% in comparison with 15% for the first two modes. In addition, the fourth
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(d)

Figure 16. Examples of (a) the first, (b) second, (c) third and (d) fourth POD modes and phase-

averaged concentration fluctuations for the case of a 10% central jet injection.
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Figure 17 shows the first four POD modes for the case of a 50% injection. It is clear
that in this case, the symmetrical mode is dominant and corresponds to the first most
energetic POD modes. Antisymmetric coherent velocity and concentration fluctuations are
visible in the third POD mode, but the energy content is much smaller for this mode (3.2%).
Currently, there is evidence of PVC for this case. Thus, the injection of the central jet allows
altering the properties of the dominant instability mode and, in particular, replacing an
antisymmetric (odd) mode with one having reflective symmetry relative to the centerline
(even azimuthal mode). This approach may be used to suppress thermoacoustic pulsations
in combustion chambers.
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Figure 17. Examples of (a) the first, (b) second, (c) third and (d) fourth POD modes and phase-
averaged concentration fluctuations for the case of a 50% central jet injection.

3.4. Stochastic Fluctuations
When the flow dynamics are dominated by coherent flow pulsations, the velocity

fluctuations can be decomposed into coherent and stochastic parts u’ = t+u” [28]. The
use of POD allows for separating the contribution of the stochastic and coherent velocity
fluctuations to the total Reynolds stresses and Reynolds fluxes:

(wiuf) = Gty + () and (uic') = (i) + (ufe”), ©

where (il;) = 07 91;p1j + 03 @21 and (1;€) = 0191;¢1 + T292iC. 7)

Figure 18 compares the intensity of stochastic velocity fluctuations for the radial and
axial velocity components. The difference between the distributions and magnitude is not
as substantial as for the total fluctuations, as shown in Figures 10 and 11. The effect of the
central jet injection on the entire flow is also rather minor, except for the region around
the central jet. Thus, the central jet affects mainly the properties of coherent velocity fluc-
tuations, which manifest strong anisotropy of the velocity fluctuations. Figures 19 and 20
also compare the effect of the central jet on the Reynolds stress and flux, respectively, for
the total fluctuations and the stochastic part. The central jet strongly affects the entire
distribution of the total Reynolds shear stress, whereas, for the stochastic part, the effect is
mainly near the central jet. The contribution of the coherent part to the total turbulent shear
stress is found to be above 65% near the exit of the swirler nozzle for the cases without
and with the central jet injection. The contribution is found to be even stronger in the case
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of the radial turbulent flux plotted in Figure 20. Only near the core of the central jet (for
the case of 50% supply) do stochastic fluctuations provide sufficient turbulent transport of
the admixture. Thus, it is concluded that for all considered flow cases, coherent velocity
fluctuations play a dominant role in the turbulent mass and momentum transport in the
inner mixing layer around the central recirculation zone. The central jet strongly affects
the turbulent transport in the inner mixing layer by altering the properties of large-scale
coherent structures, whereas its effect inside the recirculation zone is minor.
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Figure 18. Mean square deviation of the radial (a,c) <ux”?> and axial (b,d) <uy""*> components the
stochastic velocity fluctuations for the cases: (a,b) without and (c,d) with a 50% central jet injection.

Figure 21 compares linearized anisotropy invariant maps of the velocity fluctuations
in the inner mixing layer around the central recirculation zone (x = 8.5 mm, y = 3.7 mm)
and near the flow axis (x = 1.1 mm, y = 3.7 mm). The maps correspond to the local values
of modified invariants 77 and ¢ defined by (8), where II and III are the invariants (9) of the
characteristic equation for the anisotropy tensor b;; (10) for the Reynolds shear stress [29].
The data are shown for the total or stochastic velocity fluctuations. In the latter case (square
symbols), the effect of the central jet is minor, whereas, for the total fluctuations, the effect
is clearly visible. With and without the central jet, the stochastic fluctuations near the
flow axis and in the inner shear layer manifest properties of axisymmetric turbulence,
with one component being considerably higher and lower in comparison to the other two,
respectively. For the total velocity fluctuations, the injection of the central jet leads to the
switching between the properties of the axial symmetry near the flow axis and the inner
mixing layer.
n? = —II/3and & = 111/2, 8)
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Figure 19. Total (a,c) <uy'uy’> and stochastic (b,d) <uy"'1y""> turbulent shear stress for the cases: (a,b)
without and (c,d) with a 50% central jet injection.
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Figure 20. Cont.
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Figure 20. Total (a,c) <uy'c’> and stochastic (b,d) <y ¢""> turbulent fluxes for the cases: (a,b) without
and (c,d) with a 50% central jet injection.
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Figure 21. The linearized anisotropy invariant maps for the cases: (a) without and (b) with a 50%
central jet injection.

4. Conclusions

The present paper reports on the PIV and PLIF measurements of flow structure and
turbulent fluctuations in a model swirl-stabilized combustor with a two-zone swirl burner
based on Turbomeca geometry. The swirler provides fuel injection in the form of a central
jet to organize a pilot flame, and upstream the exit of the nozzle between the swirler vanes,
to ensure the supply of a well-premixed fuel. PIV and PLIF measurements demonstrate that
when gas is supplied between the vanes, its concentration at the entrance to the combustion
chamber is still considerably nonuniform and fluctuates inside the chamber due to the
presence of a large-scale vortex structure. The analysis of the coherent velocity fluctuations
with POD suggests that the vortex structure in the inner mixing layer corresponds to the
spiral PVC. Injecting part (10%) of the fuel gas as a central control jet contributes to another
instability mode that exhibits reflection symmetry relative to the geometric axis. When half
of the fuel is supplied through the central jet, the PVC mode appears to be suppressed, and
the flow dynamics are driven by a symmetrical mode, related to either toroidal or double-
helix vortex structures. Thus, the central jet injection does not have a strong influence
on the mean velocity distribution in the flow, only locally affecting the fuel concentration
fluctuation in the region close to the jet core. However, the intensities of the longitudinal
and transverse velocity fluctuations and the properties of the dominant hydrodynamic
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instability mode are affected dramatically in the near-nozzle flow region. Moreover, for all
considered flow cases, it is found that the coherent velocity fluctuations play a dominant
role in the turbulent mass and momentum transport in the inner mixing layer around the
central recirculation zone. Thus, the central jet strongly affects turbulent transport in the
inner mixing layer by altering the properties of large-scale coherent structures, whereas
its effect inside the recirculation zone is minor. Therefore, the central jet injection may
be used to control the dominant mode of flow instability and, in particular, to suppress
thermo-acoustic instabilities during combustion.
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Abstract: This paper presents a parametric study of the multistorey hydro-powered pump, known as
‘Bunyip’, which has demonstrated significant potential in contributing to rural regions. The study
is aimed at understanding the underlying physics of the system and ways to enhance its hydraulic
performance. A transient three-dimensional model using the commercial Computational Fluid Dy-
namics (CFD) tool Ansys-Fluent is utilized to gain insights into its fundamental flow mechanics,
operational efficiency, standard capacity, and relative delivery. The investigation involves an initial
assessment of performance for three Bunyip devices based on manufacturing data. A parametric
analysis is conducted for the dataset generated through meticulous application and numerical mod-
elling. The CFD results are validated against experimental data. Three main design configurations
are considered, and 58 sets of varied input parameters are examined. The best design configuration
is evaluated against five cases of conventional hydro-power pump systems. The results indicate
that a smaller diameter of the pressure chamber and a higher supply head lead to higher pressure,
achieving a target head of 3 m with 15% efficiency and a flowrate of 11.82 L /min.

Keywords: clean energy; hydraulic pump; modelling; renewable energy; sustainable propulsion

1. Introduction

The escalating climate crisis and the need for sustainable energy solutions have
prompted a global push towards renewable energy adoption [1]. As fossil fuel prices
continue to rise due to inflation and geopolitical conflicts, the finite nature of these re-
sources poses challenges to their accessibility [2]. In response to these concerns, significant
investments have been made in transitioning towards cleaner energy sources, reaching a
staggering USD 1.3 trillion in 2022 [3].

Developing regions, often facing economic vulnerability, bear the brunt of the increas-
ing pressure to afford and access reliable power sources. These regions heavily rely on
stable access to power for sustaining growth, productivity, and overall well-being. Among
the crucial resources required for development, access to water stands as an indispensable
necessity [4]. Whether it is for safe drinking, personal hygiene, agriculture, livestock rear-
ing, or other developmental needs, a stable water supply plays a pivotal role. Traditionally,
fossil-fuel or electrically powered systems have been the primary mechanisms used for
lifting and transporting water in these regions. However, the detrimental impact of fossil
fuels, including rising prices and environmental concerns, is now driving the need to shift
towards alternative renewable mechanisms that can capture and harness the natural energy
systems present in the local environment.

The hydraulic ram pump (HRP) is a simple yet effective device that utilizes a paired
check-valve mechanism to harness hydro-kinetic energy from a drive volume and convert
a fraction of the incoming flow into an elevated head potential. By tapping into the
‘free’ gravitational energy present in natural rivers, springs, or flowing water bodies, the
HRP offers a sustainable solution for micro-hydro-power needs [5]. Due to its potential
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and versatility, the HRP has been actively researched and recognized as a prominent
hydro-powered system in current technology reviews [6]. Despite its success, much of the
existing research on the HRP, like other pumping technologies, tends to focus on marginal
improvements rather than exploring more significant enhancements. This raises questions
regarding the feasibility and benefits of introducing additional hydraulic complexity to the
system in pursuit of enhanced water head potential.

Over the past decade, research on internal flows has significantly advanced, enabling
a more detailed and focused analysis of individual components within hydraulic pumping
systems. This progress has led to the discovery of additional capabilities, offering oppor-
tunities to enhance the previously established analytical relationships [7]. To serve as a
valuable resource to observe best practices and methodologies used in HRP systems, we
have utilized the development of an advanced multi-storey hydraulic pumping system
known as ‘Bunyip [8].” Several studies have been conducted, providing valuable insights
into the modelling procedures, validation processes, and overall success of hydraulic
pumping systems but with limited application to Bunyip systems. Among these studies,
two groups of researchers have made notable contributions:

In [9,10], a detailed study on the adopted CFD setup and validation for ramp pump is
given. This includes an RNG k-¢ Turbulence model suitable for high shear rate flow and
separation, the PISO pressure—velocity coupling, and the coarse mixed mesh, designed
within a 5-20 mm size range and 1 million cells. The wall treatment exploits four inflation
layers for y+ between 17.78-442.79, utilising standard wall functions and a roughness of
0.15 mm. Nonetheless, the settings attained an average relative error of 1.9% for head loss
and drag coefficients when corroborated with their physical equipment. Thus, despite the
criticisms made, the model performed well in application and remains to be one of the
most successful validations and hybrid studies published.

In [11,12], a detailed simulation of a ram pump is made, including the traditional
spring waste valve mechanism, to conclude three optimal designs. The best numerically
analysed design reduced the waste valve loss by 30%. The latter finding is less extensive
than the previous two pieces of research but still nontrivial, using the realizable k-¢ tur-
bulence model and second-order spatial, kinetic, and turbulence dissipation. However,
the latter finding provides little insight into the validation and description, particularly
surrounding the mesh and the justification for the model’s accuracy.

Yet, the Bunyip system has only been recognised within the grey, non-scientific lit-
erature. The first detailed review of the HRP and Bunyip systems was presented in [6],
reinforcing the wealth and depth of research available for conventional systems. Despite
the lack of research, the commercial momentum indicates great promise for the system
and its capacity to outperform the conventional system. Thus, the door opens for the
current piece of research to conduct a comparative appraisal of performance based on
manufacturer-provided data, develop an advanced numerical model to investigate the
current operational capacity, and examine the internal flow features and characteristics
before delivering the first report of its kind within the scientific research field to evaluate
and appraise the potential threshold for the next steps of research within the field.

A critical gap in the literature is in addressing the motion definition in six degrees of
freedom (6DOF). Such a set-up requires a time-based user-defined function (UDF) to estab-
lish the relative motion within the domain, which is favourable for computational speed
and control [13]. In Ansys-Fluent [14], the excellent capacity of the 6DOF solver enables
direct calculation of the motion observed. However, this is computationally expensive and
notably difficult to validate. Therefore, it requires significant input to attain suitable valida-
tion [15]. This study is aimed at providing parametric optimisation to provide potential
hydraulic system advancement. The simulation of a multi-story hydraulic pump (Bunyip)
is conducted, accounting for the 3D and 6DOF effects. The latter underlying physics of this
system have not been addressed elsewhere in the literature to the best of our knowledge. In
what follows, the system is described in Section 2. The numerical set-ups and modelling are
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presented in Section 3. In Section 4, we present the results. The key findings are concluded
in Section 5.

2. System Description
2.1. Conventional Hydraulic Ram Pump

The conventional hydraulic ram pump (HRP) system operates through a series of
well-defined phases, each contributing to its efficient and continuous operation. Figure 1
illustrates the fundamental components and arrangement of the conventional HRP system,
showcasing the three operational phases: ‘acceleration’, ‘delivery’, and ‘recoil .

Delivery pipe
A 1

"

Q

Air chamber

Waste valve

N/ Q,

Supplytank Q,

Delivery
Valve

Figure 1. Conventional hydraulic ramp pump and associated system diagram, inferred from [8,16]
with permission.

The system includes the supply pipe, installed at a known height and measured
relative to the delivery valve. Water from higher source flows through the supply pipe and
undergoes “acceleration” as it enters the drive pipe. During this phase, the potential energy
of the water is marginally elevated, transforming it into hydro-kinetic energy. Subsequently,
the water rapidly discharges through the waste valve. As the water continues to flow, it
passes the waste valve at a critical velocity, resulting in a drag force that overcomes the
spring mechanism, leading to the abrupt closure of the waste valve. This action traps
the high dynamic pressure flow, generating a sharp peak in static pressure known as a
water hammer. The water hammer phenomenon allows the internal pressure to overcome
the elevated head, pre-loading the delivery valve. Consequently, a fraction of the initial
flow is rapidly passed through to enter the delivery system. The subsequent drop in
internal pressure following the peak re-opens the initial waste valve, enabling the flow to
recommence its initial flow regime, known as the ‘recoil’. The drive flow begins to accelerate
once again, initiating a perpetual cycle. The pair of check valves in the system play a crucial
role in regulating the flow direction during the operational phases. These check valves
ensure that water flows in the desired direction and prevent backflow, contributing to the
pump’s efficiency.

Over time, auxiliary components have been developed to improve the conventional
HRP system’s performance [17]. One such component is the air chamber, which dampens
the sharp peaks in pressure and results in a more gradual delivery stroke, leading to a more
consistent flow [7,18].

2.2. HRP Limitations

When discussing the perpetual operation and regulation of the system, it can be
recognised that the start of the HRP cycle requires an external physical input to prime the
system. This initially opens the waste valve to initiate the ‘acceleration’ phase. The supplied
partially elevated flow enters the body and at the critical velocity closes the waste valve,
inducing a peak in the static water hammer as the flow is abruptly brought to ‘rest’. In
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principle, under consistent flow conditions, the pump can be observed and acknowledged
to operate independently, though in application, it could be that naturally occurring flow
variation has impact on the timing of the pair of valves and result in stalled cycles. This
is further escalated by the pump’s inability to self-start, as discussed. In remote regions,
where these systems tend to thrive, it is both time-consuming to restart and potentially
could go unrecognised for some time, compromising system supplies within the likes of
storage vessels [7,19]. One of the greatest distinguishing features for the Bunyip system
is its ‘automated” ability to self-regulate dependent on the incident flow from the drive
supply [8]. In no-flow conditions, the pump remains dormant. Once the supply returns
with sufficient dynamic pressure, the tyre will begin to inflate and commence the cycle.
The ability to manage the complexities of operation is critical for the productivity of the
pumping system. Thus, although the output will vary subject to the water available to the
system, the Bunyip would likely provide an enhanced degree of flexibility and consistency.

Due to the simple operational principle, manipulated by two isolated components,
previous research is used to highlight the limitations of the arrangement and the risks
associated with dependency on the sprung mechanisms. Harith et al. [11,12] and Li
et al. [10] both identified the waste valve as the primary contributor to the improved
performance of the HRP. It is acknowledged to dictate the associated critical velocities, cycle
rate sustained, volume wasted during the acceleration phase, and capacity to overcome
or deliver greater quantity to the elevated supply. The process of ‘tuning’ the valve,
typically using a threaded travel mechanism, could be described as temperamental and, by
nature, directly tailoring the operation to a singular case, whereby actual flow parameters
will change. In the subsequent research of [11,12], multiple adapted arrangements are
considered to realise height regulation with a more developed sprung mechanism to
increase the associated model operational efficiency by up to 20%. The Bunyip system also
utilises a pair of check valves; however, they operate in a significantly different manner.
The pair operates across a larger cycle period and does not dictate the critical velocity
and the volume of water wasted directly; it is instead managed by the simple tyre seal
mechanism. The mechanism utilises a blend of components, including the body mass,
internal spring tyre stiffness, and the dynamic water pressure, for example, for a more
reliable operation [16].

The conventional HRP principle operates through a rapid and relatively forceful
motion to generate a sufficient hammer pressure to breach the delivery valve. This could be
researched and identified to account for multiple considerations. In [9], the full losses are
considered, and they are attributed to abrupt changes in velocity, turbulent flow conditions,
geometry, and internal pressure gradients. One can conclude that features should be
designed to implement diffuser entry regions and a more efficient entry geometry. This
was aimed at reducing the head loss coefficients and improving the velocity distribution,
described as producing enhanced efficiencies of 50-70% for their designs.

2.3. System Design

The co-founders of the Bunyip system (Porta and Trew [8]) provided the requirement
for higher-quality rubber seal materials. In the same vein as accessibility, the exerted
hammer forces induced within the HRP throughout rapid operation place greater stress
on the system and consumable parts, thus increasing its maintenance requirements and
the likelihood of failure. The advanced model’s core components may last up to 50 years;
conversely, the likely capacity of a design made in remote regions could be as little as
10 years using weaker materials and limited facilities [4]. The Bunyip’s low velocity requires
a less complex features and manufacturing procedure and lighter-weight components,
resulting in the maintenance of the consumable rod and piston seals lasting up to three years
without significantly compromising their performance and with limited replacements [16].

This paper begins to investigate and explore an alternative design, known as the
Bunyip, shown in Figure 2. The research was inspired by its developed commercial
momentum yet extremely limited presence within academic research. The following study
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aims to investigate the operational characteristics and performance capacity of the adapted
mechanism. This will utilise a combined methodology of secondary performance data and
a dedicated numerical model constructed in Ansys-Fluent 2021 R2 [14]. The work facilitates
a critical analysis of its internal physics and performance potential using the model’s
constrained discretization capacity and appropriately simplified domain. The design will
implement verified methods where possible to quantify and evaluate the domain to support
discussion alongside manufacturer-provided data and the conventional HRP system.

; =N ] (a) Piston Bore (b) Piston Discharge

Internal Holes
Delivery Pipe
(Elevated Head)

Exhaust tyre seal

S IR B
= . 6 > Supply Pipe
. E & Filter

[ =R

Drive Pipe
(Drive Head)

Figure 2. Alternative Bunyip system: (a) in-house sketching and (b) annotated photograph—inferred
from [8] with permission from [16].

The introduced Bunyip pump was very much inspired by the HRP previously de-
scribed, whereby the inventors (Brett Porta and Ralph Glockemann [16]) recognised that
for their specific application, the conventional design failed to manage the fluctuating
operating conditions. They realised that a chain of new systems and designs could be
developed at a domestic level, incrementally surpassing and growing in capacity. Focused
on enhancing the pump’s resilience in varied operation conditions and minimising the
disruptive hammer noise and forces in the HRP for a local installation at their residence,
several designs were produced, namely, the Oasis, Water Dragon and the Glockemann
Pump [20,21]. The last of these was awarded a gold medal at the Geneva 2002 International
Exhibition [16], setting a high standard for its successor in the form of the Bunyip, invented
in 2006 by Bunyip Water Pumps, formally Porta’s Affordable Pumps [8]. The previously
introduced Bunyip system operates using a vastly different principle and cycle, as depicted
in Figure 3.

—————— Stroke BDC
- -~ Stroke TDC

[1] Delivery Stroke Start  [2] Delivery Stroke ~End 3] Piston ~Discharge [4] Piston Reset [5] Piston Primed
Tyre Inflation Tyre ~Full Tyre ~Discharge Tyre Discharge End Tyre Inflation Start

Key: Supply Water—, Delivery Water—, Valves: Open(@) Closed(@) transition (()) springs (), Upper pump body=, Tyre —
Internal springs=-, Fixed piston=, Piston Casing ‘TDC’ ‘BDC’ - - - , [Stage]

Figure 3. Bunyip operational process diagram, inferred from [8] with permission from [16].

As can be seen in Figure 3, the system utilises a positive displacement piston arrange-
ment with two separate upper and lower flow volume chambers to transfer and amplify
the dynamic tyre pressure into the elevated head pressure. Then, a series of relative strokes
are generated using a fixed length piston to deliver a secondary supply of water against the
elevated head, which is understood through five operational phases (1-5), as follows [8]:

(1) The incident drive supply inflates the tyre, increasing its static pressure and resulting
in a smooth relative piston stroke. The stroke is resisted by the elevated pressures
in the upper system, and internal tyre and spring stiffnesses, resulting in delivery
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through sufficient pressure to breach the delivery line and overcome the elevated
head for a stroke of delivery.

(2)  Asthe upper body approaches TDC, the delivery stroke output reduces and transitions
to close the delivery check valve as the tyre inflation approaches the limit of its travel.

(3) AtTDC, the piston travels beyond a series of discharge holes in the walls of the piston
housing, resulting in the “unlock” and discharge of the Piston. Meanwhile, the incident
internal tyre pressure is sufficient to overcome the tyre seals, detaching and expelling
the trapped internal pressure from the domain.

(4) The reduced internal tyre pressure, internal stiffness of the tyre, and springs and
mass of the upper portion result in the ‘dump’ phase collapse. The upper body and
tyre fall, generating a relative suction stroke in the piston, priming the volume for
the next cycle.

(5) The piston is now full, the tyre and upper body are connected, and the drive pipe is
beginning to inflate as the cycle restarts.

2.4. Performance Indicators

Upon reviewing several studies in the field, the primary indicator adopted for perfor-
mance is the operational efficiency, calculated as the ratio of power through the delivered
volume (P;) relative to the total input quantity supplied (Ps). The relationship is derived
using the head (H) and flow rate (q) ratio [21,22]. Ultimately, this value quantifies the ca-
pacity of the pump to overcome the elevated head and provides an opportunity to compare
the system model and data against alternative pumps. The operational efficiency (7) will
change depending upon the supply and delivery head ratios, nominally in the range of
50-60%. For a typical HRP system under 30 m, this can be determined as [9]:

Pi _ pgqaHa _ 94 Ha
= — = = —— = H. 1
Ps Pg%Hs qs H; Q ( )

A secondary method identified uses the standard capacity (S.), a normalised method
to standardise a flow rate capacity. This is calculated using the delivery flow rate (q;) and
inlet diameter for the pump squared (D?) in mm 2. Several studies utilise this measure
to compare their novel designs against established models in the market, represented in a
normalised form, independent of the system size [10], as shown in Figure 4. This is known
as the standard capacity (S.) and used as an indicator of the pure delivery capacity [23]:

S = %. 2)

©) ,ﬂ_-ﬁwﬁ‘%\\[\

L— .

Figure 4. Bunyip PA-13 technical drawing, scalable using 100 mm drive pipe, inferred from private
communication with the manufacturer [16].
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The final measure has been considered in reference to the total percentage of water
delivered [11]. This is crucial for remote applications where water scarcity is a challenge.
In previous research, it has been recognised that the volume of water wasted could out-
weigh the magnitude of other performance indicators for a given Thai application in
Ban Ha, Samoeng District, Thailand [19]. This can be facilitated with the Bunyip pump
using multiple inlets/outlets through a total flow rate term (g7). The delivery ratio is
calculated as:

_ Ya
Ry == ®)
qar

The identified performance criteria enabled manufacturer-published output data to be
tabulated for comparison in Table 1. The table presents the relationship between the supply
head and delivery head to assess the system’s effectiveness for the traditional-style Blake’s
HRP [24], the recently adapted springless in-line HRP PaPa [25], and the Bunyip system.
These are further illustrated in plots, as shown in Figure 5.

Table 1. Operational efficiency for common HPP systems in 58 cases of varied supply and delivery
values found using manufacturer-published data of Bunyip pumps [8], Blake’s Hydram [24], and
PaPa Pumps [25].

Blake
Delivery head (m)—
Suppl}}/, head ((m)) ) 10 20 30 50 80 100 125 200
0.6 - - - - - - - -
1.0 45 40 41 - -
1.5 45 50 50 35 - -
2.0 54 55 55 43 35 - -
4.0 60 60 60 50 40 - -
PaPa
Delivery head (m)—
Suppl}}ll head ((m)) ) 10 23 31 46 77 92 150 200
0.6 25 19 - - - - - -
0.9 33 25 17 - - - - -
1.5 39 45 41 45 - - - -
2.1 47 54 51 43 36 43 - -
4.0 47 60 59 54 48 52 - -
4.6 48 65 68 65 59 60 - -
Bunyip
Delivery head (m)—
Suppl}}: head ((m)) ) 10 20 35 50 75 100 150 200
0.6 45 45 45 45 45 - - -
1.0 45 45 45 45 45 45 - -
1.5 39 55 55 55 55 55 55 55
2.0 29 55 55 55 55 55 55 55
4.0 14 29 51 55 55 55 55 55

119



Inventions 2023, 8, 147

(2m) Operational Efficiency, n, vs. Delivery Head, H, (2m) Standard Capacity, Sc, vs. Delivery Head, H,
0.7 120.0

—e—Bunyip
0.6 —e—PaPa
—e—Blake HRP

]
g
= g
2
= A 600
' =
@ 03 Sy
:’ 40.0
T o2
—e—Bunyip
0.1 —e—PaPa 20.0
—e—Blake HRP
0.0 0.0
0.0 50.0 100.0 150.0 200.0 0.0 50.0 100.0 150.0 200.0
Delivery heam [m] Delivery heam [m]
(a) (b)
(4m) Operational Efficiency, 1, vs. Delivery Head, H, (4m) Standard Capacity, Sc, vs. Delivery Head, H,
0.7 120.0
—e— Bunyip
e 100.0 —&—PaPa
—e— Blake HRP
Zos \
< 80.0
E (o]
=~ 0.4
= <
2 0o 0o
.IE“ 3 B
- 0.. o
=
$ 40.0
=02
—e—Bunyip
0.1 —8—PaPa 200
—e—Blake HRP
0.0 0.0
99 00 100.0 150.0 2000 0.0 50.0 100.0 150.0 200.0
Delivery heam [m] Delivery heam [m]
() (d)

Figure 5. Graphical performance evaluation at 60 L/min and 2—4 m supply heads for the 3 pump
systems (a) efficiency at 2 m supply head, (b) S; at 2 m supply head, (c) efficiency at 4 m supply head,
and (d) S¢ at 4 m supply head.

The Bunyip pump can operate at a reduced supply head, as shown in Table 1 (note:
a consultation has been made with the associated Bunyip team for application at or less
than 1 m for the two HRP designs to verify this). Additionally, the figures given in Table 1
for the HRP demonstrate that it has better effectiveness than the HRP in the lower region
of Figure 5a,c at approximately a 15 m delivery head. The Bunyip pump in principle
provides a significantly greater capacity to deliver to greater ranges for the equivalent
supply, illustrated by the extended line lengths in Figure 5, attainable through its pressure-
amplified positive displacement design. Clearly, this establishes the Bunyip pump as the
only system that can operate to greater heads than 100 m, and it is even reported to operate
up to 432 m in an adapted reinforced cylinder model currently under development.

It is noticeable that when the Bunyip pump receives a relatively high supply head
for delivery to a low elevation, the efficiency drops considerably in Figure 5a,c, indicating
high waste in the cycle at the delivery elevation. This is likely due to the mechanism’s
extended positive displacement travel. In this region, the HRP will enable greater volumes
to propagate per cycle, increasing its operational performance and standard capacity. The
PaPa pump enables faster manipulation of the low-travel and springless valves to manage
internal pressures more efficiently. At a low head ratio, the supply also has a greater
ability to overcome a ‘lighter” elevation head and deliver a greater portion of the flow
provided [25]. As such, the Bunyip pump yields the greatest standard capacity, measured
relative to the supply pipe diameter. Though the Bunyip supply is defined at & = 35 mm,
this definition does not consider the drive pipe at a greater J (100 mm). Thus, it holds
limited insight, and one can use an alternate pump volume to maximise its benefit.
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3. Parameters

Numerical methods in recent years continue to drive innovation, routinely integrating
advanced features and the identification of further applications that would benefit from the
depth of analysis available. The research platform implemented utilises Ansys-Fluent [14],
a market-leading suite of progressive modelling modules, to construct each stage of the
model process with unique potential to utilise user-defined functions (UDF) to enhance
the standard capacity and investigate an advanced multi-body physics 6DOF capacity.
In what follows, the parametric set-ups are explained from the modelling perspectives,
including the geometric design, meshing, transient set-up for motion, boundary set-ups,
and pre-processing.

3.1. Geometry

To access the most accurate geometry possible, contact was made with the Bunyip
pump’s inventor [8,16,20] to receive a scalable technical drawing of their best-selling PA-13
model. This has been used in conjunction with available Bunyip content, including the
operational calculation tool and charts, to describe the typical stroke length () and piston
bore, 90 mm and 98 mm, respectively [8]. The procedure followed when analysing the
domain is made using a developed 3D CAD render based on a technical illustration and
annotations provided in parallel, shown in Figures 6 and 7.

Figure 6. Bunyip 3D internal system render used in this analysis. Annotations are discussed following
this figure.

)
---13/4)

——————

Figure 7. Volume of interest model, annotated with discussed features.

The illustration introduces the decisions made to translate the real-world system into
a functional modelling form, considering the reduction in complexity, cell count, and
computational requirements. The domain shared in Figure 7 illustrates shared faces that
connect adjacent zones, illustrated in pink, enabling separate volumes to facilitate the
structured meshing strategy to be discussed.
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(1) Internal piston discharge holes: to prevent the requirement to place the feature upon
a meshing interface and dynamic region, they could be relocated on the adjacent bore
surface as indicated.

(2) Tyre body seals are indicated in yellow. This component could be treated as a raised
region to reduce the requirement to model the confined mechanism due to licence lim-
itations. This will also provide limited compromise through a relatively representative
entry region and discharge path for internal flow.

(3/4) Internal spring/rod: These features were defeatured as they were assumed to have
a limited influence on the outlet regions, with the flow primarily being driven by
strong pressure gradients. Their induced losses were acknowledged but removed at
this time.

(5) Check-valve mechanisms: the operation of these mechanisms is less significant for
the study and is modelled as idealised changes in the boundary inlet-to-outlet.

(6) Tyre deformation: The multi-directional expansion, non-linear rubber material prop-
erties, and specific deformation pattern surrounding the tyre walls are complex to
model. They are primarily act as a large piston. Thus, a vertical cylinder defined at an
equivalent scaled size to deliver an equivalent stroke rate for the provided flow could
be implemented.

3.2. Dynamic Meshing

The developed model is discretised using the integrated Ansys meshing module. This
enables a suite of meshing tools to utilise the previously highlighted edges in fluid zones
to assign meshing controls. Namely, the application of edge, face, and body sizing in
conjunction with both structured sweep and couple compatibility regions of tetrahedral
elements to maintain high mesh quality could facilitate the dynamics of the domain. For
the study, a development mesh is utilised, opting for a nominal mesh size of 5 mm across
the core areas and 10 mm in zones within dynamic regions, as shown in Figure 8. This
is to compromise within the Ansys licence capacity and trade-off time step size across
relatively extended transient simulations ~2—4 s at 0.005 s. The upper and lower regions of
the system occupy separate volumes and utilise cylindrical structures comprising a square
face surrounded by an anulus of sections. This can be recognised to maintain quality in
central regions, particularly in the aspect ratio. A prospective mesh sensitivity test was
conducted. To maintain layers’ successful operation and avoid negative cell volumes due
to the implicit layering approach, the time steps have also been adjusted.

Figure 8. Illustration of the development mesh employed within the study at 5 mm nominal and

10 mm dynamic.

A grid independence check was conducted, but within a limited range that is not
at the expense of quality. The internal motion of the domain could be facilitated using
dynamic meshing. Ansys, as a platform, provides three available methods, including
smoothing, layering, and remeshing. Upon careful review, the layering method was
considered to provide the best functionality for application. The method operates through
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the construction and destruction of individual layers of the domain using the user-defined
relative height split and collapse factors defined at 0.4 and 0.2, respectively. This not only
provides the advantage of only remeshing the direct group of cells influenced but more
importantly ensures that the cell quality initially established is maintained. In the case
that the other methods were used, it would be more difficult to maintain control, while the
additional computation requirements are arguably only for multi-dimensional rotations
and translations, which are not included within the model at this stage.

In Figure 9a,b, we illustrate the dynamic zones established to describe the operation in
the upper chamber. In this case, the relative power and reset stroke of the piston could be
defined by setting the piston as static, which is depicted in blue. The upper piston surface
could be defined as static, and the foot could be set as a rigid body (RB) dynamic zone
with established solution stabilization and meshing options set for the adjacent boundary,
indicated in orange. This could be defined in parallel for the lower region on the lower
‘roof” of the tyre. The orange and green regions could then be set in RB motion through the
application of a designed UDF profile. This enables the internal tyre and piston region to
extend and contract to represent the changes in the domain. This required the definition
of over 60 dynamic zones, including interiors, boundaries, and volumes, as depicted in
Figure 10.

*Static Boundary

Motion
Acceleration

(a) (b)

Figure 9. Dynamic mesh zone setup, showing (a) isometric and (b) front cross-sectional views. Green

regions depict rigid body motion, blue depicts active dynamic layering in the upper piston, and grey
depicts the interface between the static tyre/base.

Figure 10. Ansys Fluent dynamic zone mesh preview using default colours. Yellow regions indicate
some parts of critical dynamic meshing, and green region indicate an example of the consequence
influence of the dynamic region.

3.3. Motion Methodology

To integrate motion within the domain, the system has two potential options: UDF
profiles to determine positions based on time or the powerful 6DOF multibody physics
solver. Naturally, both methods provide advantages and disadvantages. The UDF’s
functionality provides additional computational complexity and the ability for the user to
develop bespoke features within the model to enhance its operation. For this application,
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the 'DEFINE_CG_MOTION’ function could be implemented to initialise a dynamically set
cell velocity across the thread (face ID) defined using the C code shared in Appendix A.

The UDF methods provide an opportunity to utilise the available manufacturer data
and video footage to investigate and setup an associated time- and position-based profile.
The simpler of the two methods can then be compiled into machine code for definition
at each time step. One primary advantage of this method is the simplification of the
internal physics to avoid making specific assumptions in calculations, using data based on
real-world characteristics that could be known and measured in real-world applications.
Although, by definition, a more simplified approach, this has the potential to improve
validation and significantly reduce the calculation required. Its limitation, however, is its
capacity to directly isolate operational parameters, such as the stiffness or components of
pressure, to directly investigate their influence. These will now be limited to a defined cycle
rate, which can be expected to act as a function of flow rate, supply, delivery, and drive
pressure. Thus, the boundaries will also be required to be fixed at the determined pressure,
and then inlets/outlets will be used to act on domain changes as opposed to the external
pressure driving the system.

The second method uses a multi-body physics solver with the capacity to define the
internal physics through the individual definition of the mass and stiffness properties of
the system. For the Bunyip application, a free-body diagram is illustrated, as shown in
Figure 11, to introduce the primary forces considered within an operation. For the given
case in study, the internal pressure in the piston is calculated as an equivalent hydrostatic
pressure ‘mass’ and defined through the 6DOF properties in addition to the Bunyip body
mass of 5.6 kg. This will be directly applied during the power stroke and removed using a
UDF during the reset phase [14]. In addition, other properties can be defined; for example,
the internal spring stiffness can be implemented at 700 N/m across a constrained stroke
length of 90 mm. At this time, we ignore the tyre stiffness due to its non-linear properties
and multi-dimensional characteristics as well as additional losses due to friction. The
solver enables internal equilibrium equations incident on the internal flow forces at the
base volume of the tyre to be calculated, referenced centrally to the upper tyre surface. The
result, similarly to the UDF, mapped across the domain relative to the surrounding green
cell zones, as illustrated in Figure 9 before.

Internal Piston F,

Pressure Force, Fp . FP — ngD . AP > Mmp = il 4

y Bunyip Body 9
- Weight, Fyy Fy =mgg

1
I | Ref 6DOF Body | P =gt~ Pl
eference 0 cceleration,
Y o Fs = kAyg, (Tyre),

Internal Spring/ R mB

Tyre) Stiffness, F
Drive Pressure (Lpapstilines. kg

Force, Fp,

Figure 11. Free-body diagram and determination of 6DOF solver’s properties.

A time-based velocity UDF has been adopted in this analysis. The 6DOF solver for the
limited mesh is found to be unstable, accelerating rapidly, which is uncharacteristic of the
pump. This can significantly influence the model’s validation. In retrospect, with its very
limited presence within research applications, it is quite likely the gap previously discussed
for motion was primarily developed within the simplified UDF profile definition.

3.4. Boundary Method and Automation

The domain can now be informed with the appropriate boundary conditions across
several inlets and outlets for the operational cycle, as shown in Figure 12. This includes the
application of both traditional pressure inlet/outlets and vent types to provide potential
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functionality to define losses across components such as check valves. The associated
pressures could be calculated using the standard Bernoulli equation, assuming each source
of water is static and at atmospheric pressure. Then, the hydrostatic head pressures can be
calculated relative to the delivery valve, which is demonstrated for an example delivery
pressure condition below.

Upper Exhaust (3x) —

Delivery Pipe Supply Pipe

- Lower Exhaust

- Drive Pipe

Figure 12. Annotated Bunyip pump for boundary condition definition.

The pressures and outlets for a typical example case are presented in Table 2 at a
supply head of 4 m, a delivery up to 35 m, and the defined inlet/outlet conditions to
observe cycle-time-dependent flow rates. The ideal representation of the energy balance is
Bernolli’s equation:

Py + %sz + pgh = Constant 4)

Ppelivery = Pa +1000 - 9.81 - 35 = P4 + 343.4 (in kPa) (5)

Table 2. Pressure boundary condition types and example case: 4 m supply and 35 m delivery.

Name Type Gauge Pressure (kPa)
Drive pipe Velocity inlet 39.2
Supply pipe Pressure inlet vent -2.9
Delivery pipe Pressure outlet vent 343.4
Upper/lower exhaust Pressure outlet vent 0

Due to the dynamic nature of the system and the incorporation of check valves
and multiple exhausts, the domain is coupled to integrate the boundary conditions and
synchronise the cycle in relation to the defined motion. Again, two options remain
for its application.

Scheme file methods enable the time-based sequencing of model inputs using the
integrated Text User Interface (TUI) commands. These definitions make use of conditional
sequencing to determine the current phase of the cycle and adjust the boundaries accord-
ingly, as depicted in an example script provided in Appendix B. The file can be constructed
and read to define a new command in the “.scm’ format, providing full access to edit and
manipulate internal boundary types, values, and 6DOF properties. It could be recognised
that their limitation appeared to be their dependency on ‘RP-variables’, such as standard
global variables or constants, such as flowtime and “2’, for example. Consequently, the de-
sire to utilise user-defined reports to inform decisions using mesh velocity and co-ordinates
did not appear to be possible with this method. As the 6DOF solver previously discussed
was unsuited to having a stable operation on a limited mesh domain, the scheme file
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application provides the desired flexibility for time-based UDF operation. Thus, it could be
implemented directly within the model.

When investigating alternative methods for applications with time-independent
solvers, such as the 6DOF solver, an alternative control script could be developed, again
using the powerful UDF capacity. This could be facilitated utilising the DEFINE_ADJUST
and DEFINE_PROFILE functions to directly access the solver to quantify the co-ordinates
and velocity of the hooked tyre boundary. Each quantity could be calculated using a
surface average for each face in the domain (grid) thread and used again in place with a
sequence of conditional statements to define the pump phase and associated pressures at
each boundary described in Appendix C.

3.5. Pre-Processing and Modelling

The pumping system is inherently turbulent, exhibiting flow mixing and chaotic mo-
tion due to sharp changes in pressure gradients and flow direction throughout its geometry.
For this reason, the study will utilise an appropriate turbulence model. The transient 3D
incompressible Navier-Stokes equations are used for the developed model to measure the
continuity of various forms within the model, e.g., the conservation of momentum and
turbulent kinetic energy and dissipation. There is no best fit for selecting the appropriate
model, and this could be best informed through a review of the active researchers in the
field (e.g., [15]), who have adopted the use of k-¢ models, which have improved compu-
tational speed and mesh sensitivity relative to the default k-w model. In the previously
discussed literature, the realizable model could be recognised to provide strong validation
in similar work [10,12]. The basic equations used in the computation stated are summarised
below, but given in more detail in [15] and the ANSYS User Guide [14]:

The turbulent kinetic energy:

d d N_ 9 e\ 0
m(Pk)ﬂLaJCj(Pk”J)—axj((VJr )a])+Gk+Gb pe (6)

Ok

The turbulent dissipation rate:

0 0 0 Ue\ O €
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)
where C; = max[0.43, X5, x = 55,5 = | 252, 5 = } (5 + 54 ), and s = pC, . The

default values for the model constants are set in Ansys-Fluent as: C;, = 1.44, C3, = 1.92,
Cy=0.09,0. =13, and o = 1.

The model developed is constrained by the extended nature of a relatively long physi-
cal simulation time and short time steps of 0.005 s. To resolve the near-wall treatment, the
model implements standard wall functions. As the model does not include any associated
heat transfer or other models, for an initial development method, the default option could
be considered sufficient, which is advised for a broad range of applications. The Ansys
guidance indicates that it can be utilised when the first node cannot be placed within the
viscous sub-layer developed [14].

The coupling scheme used for the pressure-based transient calculations, with the
Pressure-Implicit with Splitting of Operators (PISO) algorithm, is typically advised for
fully turbulent flow and described to maintain stability with larger time steps. The latter
is relevant when simulating over an extended period of physical time associated with
a complete cycle (see Ansys guide, Section 26.3.1 of [14]). The discretization method is
set as Green-Gauss-node-based, calculating the scalar values and gradients using the
arithmetic average of the element values surrounding each node. Additionally, it avoids
the default least squares method which is observed to require additional calculation when
implemented in parallel with PISO (See Ansys guide, Section 18.3.3 of [14]). To ensure a
sufficiently small error, the convergence criterion was set to 10> for continuity equation.
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4. Results

To investigate the model developed, a series of cases could be identified through
an applied video analysis of physical testing (PT) models and installed Bunyip systems.
The key operational parameter inputs are listed in Table 3. The delivery flow rate is set
within 5 to 6 L/s to investigate varied head ratios” influence on the performance of the
Bunyip system and to support its model validation. The associated sources are provided
in Appendix D. The following figures illustrate the operational principle through total
pressure and velocity graphics to be discussed in tandem with focused post-processed
depictions to aid the analysis.

Table 3. Tabulation of physical testing (PT) cases, inferred from [8].

Features Drive Flowrate (L/s) Supply Head (m) Delivery Head (m) Daily Capacity (L/day) Observed Cycle Period (s)
Case 1 5 12 22 8600 2.06
Case 2 5 2.0 50 8640 2.51
Case 3 5 2.0 60 5800 2.74
Case 4 6 22 36 14,400 1.39

Firstly, to illustrate the ‘free” hydro-power cycle in principle, the propagation of the
total internal pressure within the domain could be plotted globally to indicate the associated
values relative to the total cycle. This additionally provides an opportunity to review the
initial flow mechanics alongside a series of vector and magnitude illustrations, again using
graphics to aid an internal investigation of the Bunyip mechanism. Figure 13 describes the
process from motion initiation to upper piston compression and delivery. In Figure 13d,e,
the discharge features release the upper piston to a reduced pressure for the motion to
reset.

The above operational process visualisation can also be enhanced through the applica-
tion of the definition of internal planes to enable enhanced visuals of the relative quantities
and better illustrate the internal flow, set apart using local and global pressures and velocity
scenes. In this case, the rotation and mixing induced by the abrupt changes in the inlet
geometry in Figure 14a,b are better described. The plots illustrate the complex dynamic
nature of the chamber and the turbulent incident flow.
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Figure 13. Cont.
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Figure 13. Illustration of Bunyip cycle’s internal total pressure distribution. (a) At 0.1 s: delivery

stroke start; (b) 1.0 s: mid-delivery stroke; (c) 1.875 s: piston approaches BDC; (d) 1.925 s: upper
piston discharge ‘Un-lock’; (e) 2.025 s: piston prime initiates using supply; (f) 2.4 s: operational
cycle complete.

o 0.100 0.200 (m)
=
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Figure 14. Tyre inflation flow intake total pressure (kPa), showing (a) initial recirculation at 1 s and

(b) acceleration to the lower discharge region at 1.925 s.

In addition to the total pressure, the flow velocity could also be used to illustrate
the advancement and properties of flow within the volume and construct an improved
picture of where energy may be lost and routes for improvement. This could be closely
evaluated for the operation of the lower tyre in Figure 15. It can be recognised that the inlet
flow generates a catalogue of chained rotational regions that build from their entry in the
base right up to the filling of the tyre and upper discharge domain. The figures illustrate
the extended path taken by the flow, which is generally associated with greater losses. In
this case, the drive flow is forced directly to the far side wall. This results in the rapid
deceleration and re-direction of the flow and momentum to rotate away from the wall,
either rolling under the delivery flow or around and over the drive flow, mixing layers and
inducing the rotational effects observed, particularly in Figure 15e f.
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Figure 15. Bunyip lower system velocity contours (in m-s~1) at different instants, identified with
vectors to show the internal mixing and energy loss/unfavourable flow characteristics during the
‘dump’ phases. The graphs indicate: (a) drive entry: immediately inducing rotation as flow enters
the domain at 0.1 s; (b) flow and recirculation region encouraged to the far side as the tyre inflates
through aggressive entry at 1.5 s; (c) flow taking an extended path to discharge relief, preventing
a faster "dump’ phase at 2.35 s; (d) drive pipe forces flow to the far side of the system, leading to
non-uniformity across the tyre discharge seals; (e) velocity of drive flow around the perimeter and
rolling above/below the base section; and (f) 3D effects of the abrupt drive velocity and highlighted
recirculation in the red dashed circles.
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Similarly to the lower system, the upper piston can also be analysed using the velocity
vector and contour plot. In this case, the flow of the piston is very predictable due to
the dominant changes in static pressure in the drive flow. The upper piston compression
and exhaust phase were also investigated and are presented below in the delivery pattern
illustrations in Figure 16.
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Figure 16. Velocity contours in the upper piston stroke and discharge regions, illustrating the transient
motion vectors at different time instants for (a) delivery stroke at 0.1 s; (b) water delivery as piston
approaches BDC of the power stroke at 1.875 s; and (c) waterflow accelerates from the domain to the
three exhaust points at 1.91 s.

4.1. Operational Observations

The previously conducted analysis provided valuable insights into the flow mechanics
of the system in demonstrating the complete operational cycle and enhanced detail on
the dump and discharge of the upper piston. In principle, the ‘free” hydro-kinetic energy
principle utilised could be successfully demonstrated across the four cases, and the model
could be validated against real-world operational data with moderate corroboration. The
study can now use the numerical model and physical data to appreciate and discuss where
the system excels and where it may need further development.

The created model could utilise the power of numerical tools to individually measure
and monitor quantities throughout the domain. This would enable the associated flow
rates at each boundary to be measured under the action of the initialized motion relative to
the pump cycle period in practice. Of which, the model provided reasonable agreement
with the advertised capacity using the modelling method comprehensively discussed. The
efficiency maintains, as anticipated, a respectable value across the three cases, operating
within the regions previously shown in the supply head values in Table 1. The initial
appraisal indicated that the pumps do provide significant potential but can be somewhat
limited by their mechanisms within certain flows. It is important to recognise that in this
case, the primary driver for the Bunyip pump would be the significant jump in elevation
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capacity relative to the HRP. Thus, as expected to be the case in the inspected regions, the
HRP is potentially more efficient in the overall hydro-kinetic energy transfer at a moderate
supply and delivery head. Though discussed at length, performance should also consider
self-regulation amongst other factors as opposed to purely capacity.

As previously hypothesised, to manipulate the pressure amplifier and act on the large
tyre system, the Bunyip pump would be expected to hold a greater portion of water. It
yields a reduced relative delivery in contrast to a conventional HRP, delivering an extremely
small 2% of the available water. For water-rich regions, this may still be deemed appropriate
through the ability to unlock head potential in excess of, reportedly, 400 m in a recently
developed steel piston chamber device for application in the Philippines [20]. The latter
results are far better than the maximum excess described for the Blake HRP of 100 m and
even the significantly improved design against conventional centrifugal fossil-fuel based
pumps, but it is unable to match the potential delivery power of a piston mechanism.
Although this naturally opens many doors for operation, the high portion of waste may
impede the application of the Bunyip pump in some regions. Thus, an advised area of
research would be to better utilise the supplied water, as discussed before briefly.

4.2. Data Validation

To verify the results, a series of four initial cases is used to assess the model’s suitability,
along with a data analysis with a simple calculation using Bernoulli’s equation (Equations
(4) and (5)). In parallel, four cases of Bunyip’s results are inspected for the model validation,
as presented in Table 4. The content focuses on the installations delivered, sharing an insight
into operational parameters and achieved outputs, paired with the fundamental values
to validate the modelling approach. The set of parameters is studied for a PA-13 Bunyip,
operational with a 98 mm piston without water ballast devices. The device remains in the
conventional position (no submerged tyre valves or out-of-water installations), sharing the
same input flowrate to investigate the head ratio’s influence on the associated performance
metrics without impacting the flowrate. Each case could be modelled as per the video
parameters and the bespoke UDF files developed for the time-based cycle to facilitate the
motion relative to the observed cycle period and establish boundary pressures to enable
the compilation of a complete summary, as given in Table 4.

In Table 4, several values are contrasted between the physical testing (PT) data inferred
from [8] and the numerical modelling (NM) data. This enables the fundamental compo-
nents to be corroborated, in addition to the enhanced break down of components in the NM
case, to appraise the model’s suitability for applications. The cases investigated operated
within the bounds of a 5-6 L/s drive supply with a varied supply between 1.2 and 2.2 m.
The system-maintained operation within an appropriate magnitude and demonstrated fluc-
tuations both above and below the physical value, additionally feeding into the operational
efficiency. Upon installation, certain parameters will be fixed; however, the model addition-
ally enables the individual case stroke length to be tailored to the application, and each case
is assumed to have a standard & = 98 mm design. Naturally, in practice, the spacers on the
central rod can be used to adapt the system’s stroke length for its application. This could be
assumed at 90 mm from the scaled geometry; thus, the PT devices are expected to induce a
degree of variation. Thus, a good indication of a suitable validation is the bi-directional
variance for similar cases, as in cases 2 and 3. This indicates that the model values attained
still provide a reasonable indicator for the anticipated output capacity. Although, it could
be noted that there is potential for both under and overestimates. Due to the enhanced
lifting capacity, even a small variance in the output can quickly develop into a notable
variance in the efficiency, as emphasised further within the Bunyip pump. The variance
in both the output and efficiency remains consistently above or below each PT result and
should be considered when extracting data. The model is suitable for an initial analysis,
and in future, further investigation into cases in which each system parameter is observed
should be considered.
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4.3. Parametric Analysis

The previously discussed series of real-world systems provide the opportunity to
observe the influence of supply and delivery performance. The data collected and cal-
culated using the numerical model are used to produce a three-dimensional surface plot
(see Figure 17). This visual representation uses the analysed cases to begin building an
indication of how the supply and delivery heads in combination may influence the daily
output and proportional operational performance of the pump. Importantly, note that the
lower delivery head regions, we assign an average capacity of 8600 L/day to illustrate
the surface floor average. In many of the cases away from our inspected data points, it is
recommended to adopt a smaller Bunyip PA-8. Generally, such unique cases and data are
not available in low-end performance systems either. At the given supply rate, the trend
within the current dataset indicates that, as expected, with an increased supply head, the
Bunyip pump can access improved daily output. Meanwhile, the ability to connect the
two variables again indicates that for the typical 2 m average tested, the greatest accessible
performance capacity would be at a ~32 m delivery.

Delivery Head,4I-ZId s 58 //@0 |
,%6/—//;8///// - — Supply Head, Hs
12100 N\ = S ) 17
11,100 | . g \ 12
10100 |\ SN 08
59,100 > ‘
S0 ® 11100-12100
PR " 10100-11100
£ Z’igg = 9100-10100
S 5100 8100-9100
&/ 7100-8100
2 w10 6100-7100
5100-6100
4100-5100

Figure 17. Parametric data graph showing the delivery head, Hd (m), and supply head, Hs (m),
versus the predicted Bunyip daily output capacity (L/day).

It was also recognised that the elevated lifting capacity attained through the positive
displacement pump can in fact impede performance at low delivery heads. In this region,
the ‘lighter” pressure on the conventional HRP delivery valve enables the rapid delivery of
water in increased volumes. Conversely, the distance required for the piston mechanism
and two stroke process spears to reach a terminal speed is extended, whereby the linear
delivery cannot benefit from a similar operation. It should also be recognised that the cases
available for the analysis did not operate at a head greater than 60 m. Thus, expanding the
study to include additional data would enable Figure 17 to become a more powerful tool
for parametric assessment. This could be achieved using the implementation of the current
CFD data or further advanced simulation tools to strategically identify a clear performance
‘surface’ to inform installation and identify the optimal range for operation at varied supply
rates available to end users.

5. Conclusions

The results highlight several key findings and potential areas for further research
related to the Bunyip micro hydro-power system. The research began with a comprehensive
literature review, which provided valuable insights into conventional hydro-ram pump
(HRP) systems, their limitations, and micro hydro-power performance indicators. The
project aimed to explore the potential of the Bunyip system as an innovative technology in
the hydro-powered pumping field.
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The research involved creating a detailed and advanced dynamic model, which re-
quired new modelling and programming skills to evolve the underlying physics of the flow.
The use of software user-defined functions (UDFs) facilitated a good degree of verification
for the initial analysis and provided a clear pathway for future research and model devel-
opment. We conducted a further attempt to validate the data, but we could not reach a full
validation. However, the data were comparable.

The study acknowledges that the Bunyip system cannot completely replace the HRP,
as the latter remains more operationally efficient under a moderate supply and moderate
delivery conditions. However, the Bunyip’s enhanced delivery head capacity and operation
under a reduced supply head make it a valuable alternative in the field, which is dominated
by traditional HRPs. It is highlighted in this study that further research is needed to fully
validate a 6DOF (six degrees of freedom) model capable of isolating each variable within
the Bunyip system. The system shows promise in lifting water to significantly greater
elevations, surpassing typical HRPs and fossil-fuel centrifugal systems. However, this
increased capacity comes at the cost of reduced relative delivery, making it less suitable for
water-scarce regions. The results indicate that a smaller diameter of the pressure chamber
and a higher supply head lead to a higher pressure, achieving a target head of 3 m with a
15% efficiency and a flowrate of 11.82 L/min.

To better capture and utilize the lower portion of the exhaust flow during the dump
phase, submerging this region can help dissipate the discharge energy more efficiently.
Also, trapped energy in the wasted water could be captured by using a combined large
diaphragm valve. This could chain the energy from the initial Bunyip pump cycle into
another renewable system for delivering elevated pressure to a secondary location. The
conclusion emphasizes that the Bunyip system has the potential to elevate micro hydro-
powered systems and calls for further focused research to optimize its design and improve
its water delivery capacity.
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Nomenclature

Notation Description

g Acceleration due to gravity [m-sfz]

o Constant for turbulent energy dissipation rate, 1.2

O Constant for turbulent kinetic energy, 1.0

C1,Cy,C3  Constants in realizable k- ¢ turbulence model

0 Density of the fluid [kg-s—3]

U, Ut Dynamic viscosity, turbulent [Pa-sf1 ]

s Operational efficiency [%]

Gy Turbulence kinetic energy, generated due to buoyancy [Pa-s™!]
Gy Turbulence kinetic energy, generated due to mean velocity gradient [Pa-sf1 ]
H Height relative to delivery valve [m]

ij Tensor indices

t Time [s]

€ Turbulent energy dissipation rate per unit mass [m?-s 3]

k Turbulent kinetic energy [mz s72]

K Internal spring stiffness [N-s’l]

u, v,V Velocity : x, y, mean flow [m-sfl}

p Pressure [Pa]
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Q Volumetric flow rate [E s71]
Se Standard capacity [m-s~2]

Ry Relative delivery

F Force [N]

A Area [m?]

ag Resultant acceleration [m-s_z]

Ysl Bunyip stroke length [m]
m Mass [kg]

Appendix A. User Defined Function for Linear Rise-Fall Velocity Profile Definition

DEFINE CG_MOTION(Bunyip UDF, dt, vel, omega, time, dtime)

=

&k

real y up, y_down, curr_t; /*Gradient Variable Definition*/

y_up = U.027
y down = -0.16;
curr t = RP Get Real ("flow-Lime");
if (curr t<l) /*Time based conditional control#*/
vel[l]=y up;
}
else if (curr t>=l)
=] {
vel[l]=y_down;
}
else
= {
vel[l]
printf( /*Error Report#*/
i }
1

Appendix B. Boundary Manipulation Scheme Functions

l

T

(define (BunyipBCtype_v13)
(define (time) (rpgetvar 'flow-time))

(if

(if

(and (>=
(begin

(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format

)

(and (>=
(begin

(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format
(ti-menu-load-string (format

)

(and (>=
(begin

(ti-menu-load-string (format #f
(ti-menu-load-string (format #f
(ti-menu-load-string (format #f
(ti-menu-load-string (format #f
(ti-menu-load-string (format #f

)
1)

(time) 0.945) (< (time) 1))

(time) 1) (< (time) 1

(time) 1.025) (< (time) 1.95))

pec no yes ke-spec no no no yes turb-hydraulic-diam 0.035 prevent ye rse-£l
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Appendix C. Bunyip Automation Script Monitoring Tyre Boundary ID to Set
Inlet/Outlet Profiles

JEER AR R KKK ARR KKK AR R AR KKK AR R KRR AR KKK AR R AR KRR AR
UDF for autonomously updating the internal BC for the Bunyip Advanced Model
KRR RRKKEEARR AR KKK AR KRR KRR R AR KK KRR AR KKK AR AR KKK KRR AR KKK AR AR
# include "udf.h"
static int last_ts
static int phase =

-1; /*Global static variable to define Ts never<0...*/

/*First function is active in the first iteration and establishes the
current phase to define subsequent BC's*/
DEFINE_ADJUST (First_Iter_PhaseCheck, domain)

Elt
real area[ND_ND]; /*Dimesnion definition for variales*/
real x[ND_ND];
int ref_surface_ID = 102; /*Sets surface to observe motion of tyre QID 102*/
Thread *t= Lookup_Thread(domain,ref_surface ID); /*Fetch thread ID data*/
face_t £;
int curr_ts;
curr_ts = RP_Get_Integer("time-step");
if (last_ts !'= curr_ts)
=] t
last_ts = curr_ts; /*Prevents repeated operation*/

real sum area, sum_ flux yvel;
real check_y, check_yvel, check_time;
begin_f_loop(f,t) /*for each thread face*/

{

F_CENTROID(x,f,t);

check_y = x[1]; /*Check Valve fetches y (1) coordinate*/
F_AREA(area,f,t); /*Calculates some of the face area*/

sum_area += NV_MAG (area) ;

sum_flux_yvel += NV_MAG(area)*F_V(f,t); /*face area average velocity*/
& }

end_f_loop(f,t)

check_yvel = sum_flux yvel/sum area; /*Check Valve 2*/
check_time= RP_Get_Real ("flow-time"); /*Check Valve 3*/

/*Check phase 1*/
if ((check_y<=0.13 && check_yvel>=0) || check_time<0.2)
{

il

int static phase = 1;
i }

else if (check_y>0.13 && check_yvel>=0)

g {

B }

int static phase = 2;

else if (check_y>0.13 && check_yvel<0)
{

int static phase = 3;

i }
else if ((check_y<=0.13 && check_y>0.02) && check_yvel<0)
=| t
int static phase = 4;
= }
else if (check y<=0.02 && check_yvel<0)
| t
int static phase = 5;
= }
else
= t
printf("Failed
F }
[ }
51

DEFINE_PROFILE (Delivery outlet,th,i)

=1
face_t £;
begin_£f_loop (f,th)
=i {
if (phase == | || phase == 2)
= {
F_PROFILE(f,th,i) = 0; /*Pa delivery pressure*/
1
else
= {
F_PROFILE(f,th,i) = lel0; /*Simulated Wall!*/
}
}
end f loop(f,th);
}

DEFINE_PROFILE (Upper_Exhaust_outlet,th,i)

=1
face_t £;
begin_f loop(f,th)
= {
if (phase == 2 || phase == 3)
=] {
F_PROFILE(f,th,i) = 0; /*Pa atmospheric gauge pressure*/
I
else
=
F_PROFILE(f,th,i) = /*simulated Wall!*/
}
1
end_f_loop(f,th);
}
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DEFINE_PROFILE (Lower_ Exhaust_outlet,th,i)

face_t f;
begin_f_loop (£, th)
! if (phase == 3 || phase == )
! F_PROFILE(f,th,i) = 0; /*Pa atmospheric gauge pressure*/
ilse

T\
= {
F_PROFILE(f,th,i) = 1el0; /*Simulated Walll!*/
}

}
end_f_loop(f,th);

DEFINE_PROFILE (Supply_inlet,th,i
Bt
face_t f;
begin_f_loop(f,th)
{

=]
if (phase == || phase == 5)
=] {
F_PROFILE(f,th,i) = 0; /*Pa atmospheric gauge pressure*/
}
else
=l {
F_PROFILE(f,th,i) = le-10; /*Simulated Wall!*/

3
& }
end_f_loop(f,th) ;
=1

Appendix D. Bunyip PA-13 Operational Case Information

The set of parameters is studied for a Bunyip pump operational with a 98 mm piston
without water ballast devices or drive supply connections to the supply piston [26]. The
device remains in the conventional position (no submerged tyre valves or out-of-water
installations).

Case 1—Bunyip PA13 Pump at Misty Mountain Biggs road Nth QLD, Australia. Avail-
able at <Bunyip PA13 Pump at Misty Mountain Biggs road Nth QLD, Australia.—YouTube:
https:/ /www.youtube.com/watch?v=pFPmeESb0A0&t=18s> [accessed on 14 April 2022].

Case 2/Case 3—Bunyip Pump(s) on Thiaki Creek, available at <Second Bunyip Pump
on Thiaki Creek—YouTube: https://www.youtube.com/watch?v=MDb8Exrg-F0> [ac-
cessed on 14 April 2022].

Case 4—Tableland Bunyip, available at <Another Tableland happy Bunyip—YouTube:
https:/ /www.youtube.com/watch?v=a0FQfoPJMWk> [accessed on 14 April 2022].
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Abstract: The ejector drives unreacted hydrogen from the anode to improve fuel utilization ratio and
discharges redundant water to prevent flooding and shutdown in the proton exchange membrane fuel
cell (PEMFC). However, the traditional fixed structure ejector cannot meet the recycling requirements
in the whole dynamic working condition of the fuel cell. In this article, a part nested four-nozzle
(PNEN) ejector is proposed to enhance the hydrogen recycling efficiency under variable working
conditions of the PEMFC by restricting the nozzle flow as 10%, 20%, 20%, and 50% of the fuel
cell-rated power, respectively. Systematical analyses are performed on the experimentally verified 3D
model to study inner flow characteristics and performance under different nozzle running modes.
The results indicate that the PNFN ejector satisfies the recirculation ratio requirements in the power
range of 34220 kW within the 7-9 bar suitable supply pressure. By comparing with traditional
ejectors, the PNEN ejector has a wider working range and especially outputs better performance in
the low power range.

Keywords: ejector; hydrogen recirculation; four-nozzle; proportional nozzle; PEMFC

1. Introduction

Large fossil energy consumption brings a series of environmental issues, such as
energy crisis, greenhouse effect, and so on [1-4]. A green and effective energy conversion
technology is the proton exchange membrane fuel cell (PEMFC), which converts chemical
energy directly into electric energy without burning and without being affected by heat
engine efficiency [5-8].

The hydrogen recycle subsystem provides fuel for continuous electrochemical reac-
tions and electric power generation of fuel cells. The advantages of the ejector for hydrogen
recirculation systems include its small volume, lack of noise, inexpensive cost, straightfor-
ward construction, and no power consumption [9-11].

In recent years, research results show that the ejector driven PEMFC hydrogen recycle
system can significantly increase fuel utilization efficiency [12,13]. Kim et al. [14] invented
an ejector for the PEMFC of the submarine and experimental verification indicated that the
ejector can meet the PEMFC anode hydrogen requirements. Dadvar et al. [15] proposed a
design approach for the ejector based on the relationship between the ejector and the stack
parameters (cell number, battery active area, etc.). Yin et al. [16] put forward a sequential
procedure for optimizing the ejector geometry based on the ejector numerical model in
three dimensions for PEMFC anode recycling. Maghsoodi et al. [17] investigated the impact
of four crucial geometries (nozzle exit position (NXP), mixing chamber length, diffusion
chamber length, and diffusion angle of diffusion chamber) on the ejector performance.
Apart from the four geometries, Yang et al. [18] also investigated two other parameters
(nozzle outlet diameter and mixing chamber diameter) that affect the performance of the
ejector. Pei et al. [19] investigated how the area ratio (the ratio of the mixing chamber
diameter to the nozzle diameter) and NXP affect ejector performance. The results show that
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the ejector’s ejection capability declines rapidly when the area ratio and NXP are too large
or too small. Wang et al. [20] found that nozzle length and nozzle angle have an impact
on the ejector performance. Amin et al. [21] designed a new type of ejector nozzle and
studied the gas-liquid two-phase flow inside the ejector by computational fluid dynamics
(CFD) technology. The results show that the two fluids mix more uniformly and the ejector
has better ejection performance. The aforementioned studies are primarily concerned with
ejector structural optimization and its effects on ejection performance in the PEMFC anode
recycle system.

Some scholars have also conducted investigation on ejectors operation in variable
working conditions. Brunner et al. [22] proposed a variable structure ejector, whose nozzle
structure may be altered to enable the ejector to operate at a wide range with regard to a
low-power PEMFC. The outcomes showed that the ejector performs well during cycles
where the output power is between 7 and 17 kW. Jenssen et al. [23] created a model of the
variable structure ejector for the cascade PEMFC system. One could draw the conclusion
that the ejector in the PEMFC with low output power has a high recirculation ratio. He
et al. [24] combined ejector and blower to increase the operating range of the PEMFC
system. Nikiforow [25] built a control strategy for the three-way solenoid valve to change
the ejector primary flow in the variable working condition of PEMFC. Hwang [9] installed
the solenoid valve and proportional valve on the fuel delivery line of the ejector. This
method can achieve stable hydrogen delivery for the PEMFC system and expand the ejector
working range to a certain extent.

The above-mentioned research results mainly focus on the small power PEMFC under
rated power of 80 kW, but the results cannot be directly generalized to high-power PEMFC
applications for the nonlinear properties of fluids and electrochemistry. With the current
rapid development towards high-power PEMFC, it is important to design an ejector that
can meet the recycling requirements in the dynamic condition of the high-power PEMFC
system. Therefore, this study proposes a part nested four-nozzle (PNEFN) ejector for the
high rated power fuel cell of 170 kW. The four nozzles are designed with 10%, 20%, 20%,
and 50% of the fuel cell rated power. By altering the operation model of the nozzles, the
four-nozzle ejector can enhance the hydrogen recirculation performance to satisfy the
high-power fuel cell’s recycling requirements under varying working conditions.

2. PNFN Ejector Design Method
2.1. Ejector in the PEMFC Operating Theory

The anode hydrogen recirculation system with a single nozzle ejector is depicted in
Figure 1 Diagram of an anode hydrogen recirculation system with a single nozzle ejector.
The ejector is made up of a nozzle, a suction chamber, a mixing chamber with constant
pressure, constant area, and a diffusion chamber. The pressure-reducing valve lowers the
high-pressure hydrogen coming from the hydrogen tank. Next, low-pressure hydrogen
(primary flow (PF)) expands via the nozzle, transforming the hydrogen’s pressure potential
energy into kinetic energy. The secondary flow (unreacted hydrogen (SF)) from the PEMFC
stack anode is sucked into the ejector’s suction chamber. After that, the SF and the PF are
then combined in the mixing chamber. The combined gas then enters the fuel cell anode
after passing through the diffusion chamber.

In the recycling process, the ejector can increase fuel usage rate while also releasing fuel
cell anode water. In the fuel cell system, the relationship between the different hydrogen
mass flows about the ejector is expressed as follows:

Miy = My + M @

where m;, is the mass of hydrogen entering the fuel cell, m, and m, are the hydrogen mass
of the recirculated (unreacted) and consumed in the fuel cell, respectively.
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Figure 1. Diagram of an anode hydrogen recirculation system with a single nozzle ejector.

The hydrogen mass entering the fuel cell in the fuel cell system is greater than the
hydrogen mass that should have theoretically responded. The following equation can be
used to express the hydrogen excess coefficient Ay,, which represents the actual mass of
hydrogen entering the fuel cell:

Mip my + mc my

Hy = p mc+ )

2.2. Structural Design of the PNFN Ejector

It is important that PEMFC rated power, mass flow rate, cell voltage, and other
geometric parameters for the ejector design.
According to fuel cell parameters, the hydrogen PF mass flow m, is calculated

as follows:
o P, stuckMHz

YA
where Py, is the fuel cell’s rated power of the, My, is the hydrogen molar mass, V. and F
are the single cell voltage and Faraday constant, respectively.
Designing the nozzle structure is the key step for the ejector. The following formulas
are used to compute the nozzle throat area A,;:

®)

MpVer
At = —2 4
nt [ 4)
2\ B1
_Px_ -
pr= b= (5) ©

[ S —
Ver = Zm RTP* (6)
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where v, is the critical velocity, k is the ratio of the specific heat of gas, p is the relative
pressure, p, is the PF pressure, p. is the gaseous critical pressure, R is the gas constant, and
Tp* is the gaseous critical temperature.

Aiming at a 170 kW (Pe) high-power fuel cell, this study proposes a new type of four-
nozzle ejector. The conventional single-nozzle ejector is designed under certain operating
points of the fuel cell. When the fuel cell power changes in a large scale, the performance of
the conventional single-nozzle ejector will sharply decrease and therefore, it cannot meet
the flow requirements. So, we design the multi-nozzle ejector to improve the performance
of the ejector under full operating range. We select four nozzles (10%, 20%, 20%, and 50%
of the fuel cell rated power) because this type can meet the whole power requirements
by combining nozzles with different working modes. If the number of nozzles is lower
than four, the ejector cannot work at the whole power range of the fuel cell, and when the
number of nozzles is greater than four, the ejector’s structure will be too complicated.

The nozzle that meets 10% of rated power is called the first nozzle (N1). The second
nozzle (N2) and the third nozzle (N3) are identical nozzle applied to 20% of rated power.
The nozzle of 50% rated power is called the fourth nozzle (N4). Combined with the different
power nozzles, the PNEN ejector can operate throughout the fuel cell’s whole power range.
The operation modes of ejector in different powers based on the number of nozzles working
are shown in Table 1.

Table 1. The ejector operation mode.

Power Operation Nozzle Operation Mode
10% Pe N1 1
20% Pe N2 (or N3) 2
30% Pe N1 and N2 (or N3) 3
40% Pe N2 and N3 4
50% Pe N4 5
60% Pe N4 and N1 6
70% Pe N4 and N2 (or N3) 7
80% Pe N4, N2 (or N3) and N1 8
90% Pe N4, N2 and N3 9
100% Pe N1, N2, N3 and N4 10

In the four-nozzle ejector, the hydrogen supply flow of each nozzle is equal to the
percentage of the hydrogen supply flow of the fuel cell at its rated operating condition, and
the throat area of each nozzle is equal to the percentage of the total throat area. Combined
with the above formula, the throat area of each nozzle is calculated as follows:

Aun = 10% A @)
App = Auz = 20%Ap (8)
Apts = 50%Ap )
Awe = 37D (10)

where Dy is the nozzle (x) diameter, x =1, 2, 3, 4.
The ejector design process is illustrated in Figure 2.
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Figure 2. Design process of the PNEN ejector.

Table 2 shows the diameter of the four nozzles carried out with the above iterative
calculation process.

Table 2. The diameter of the four nozzles.

Nozzles Values

First nozzle diameter D, 1 mm
Second nozzle diameter D,;;» 1.2 mm
Third nozzle diameter D,;;3 1.2 mm
Fourth nozzle diameter D4 2.4 mm

The PEMFC system uses the recirculation ratio (w) to assess the performance of the

ejector, which is defined as:
msg
here m, is the PF mass flow rate, m; is the SF mass flow rate.
The recirculation ratio (w) for the PNFN ejector can be calculated using the
formula below:
s nis

W= -5 = (12)
my Mgy +Mpp + Mgz + Mgy
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where, myy, myy, ms3 and m gy are the mass flow rate of the N1, N2, N3 and N4, respectively.

In addition to the ejector nozzle, the performance and mass flow rate of the ejector are
significantly influenced by other structural factors, such as NXP, mixing chamber diameter,
diffusion chamber length, and others. These values are determined by multiple simulations.
When the minimum recirculation ratio w exceeds 0.50, the ejector design process is over, or
else, redesign the ejector structure. Table 3 displays the values of the PNFN ejector’s other
geometric parameters.

Table 3. The PNFN ejector geometric parameters value.

Parameters Values
Suction chamber length L¢ 37 mm
Nozzle length Lj, 40 mm

Constant-pressure mixing chamber convergence angle 0cpm 21°
Constant-pressure mixing chamber length Ly, 5mm
Constant-area mixing chamber diameter D4, 8 mm
Constant-area mixing chamber length Leg 40 mm
Diffusion chamber length L 80 mm

Diffusion chamber divergence angle 6, 4°

Diffusion chamber outlet diameter D 19.2 mm

The PNFN ejector structure diagram and 3D model diagram are shown in
Figures 3a and 3b, respectively.

FF

N2 NI N4 N3

(a)

\
|

(b)

Figure 3. (a)The PNEN ejector structure diagram; (b) 3D model diagram.
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3. Numerical Model and Simulation
3.1. Governing Equation

To analyze performance and optimize the geometric structure of the ejector by using
computational fluid dynamics (CFD) under various operating conditions. For the numerical
simulation of the ejector, the following assumptions are made:

(1) The walls are considered adiabatic.

(2) The internal gas is considered an ideal gas.

(3) The inner fluid of the ejector is fully mixed.

(4) The inner fluid is regarded as compressible fluid.

The conservation equations governing the ejector can be stated as follows using the
aforementioned presumptions:
Continuity equation:

Vo(pv) —0 (13)

Momentum equation:
Ve(pd7) = ~VP+ Ver +pg (14)

Energy equation:

5
Ve [?(pEHJ)} = Ve [AVT—thIq +7To (15)
q
Species transport equation and the ideal gas relationship:
—
Ve(pvY,) = ~VeJ, (16)
p= P/RT (17)
T
=y (v? +Vo ) - gv.?d] (18)
— Mt T
]EI = — qu/m + Sct) VYL] — DT'qT (19)

The inner fluid of the ejector occurs in various flow phenomena including mixing,
turbulence, backflow, etc. In this paper, the RNG k — ¢ turbulence model is adopted, which
can simulate jet impingement, SF, and whirlwind complex flow phenomena. Because
previous studies [26,27] have accomplished many experiments to compare the SST k — w
turbulence model with the RNG k — ¢ turbulence model for the PEMFC ejector. The results
show that the RNG k — ¢ turbulence model is appropriate for the full working condition
PEMEC ejector model, it is represented as follows:

0 0 0 ok
E(Pk) + g(Pkui) =55 (D‘kﬂeffax) + Gk + Gy —pe — Ym + S (20)
i j j
d 0 d de 3 €2
§(P€) + E(Psui) =5 (“e#effax) + Cls%(ck + C3:Gyp) — CZeP? —Re+Se  (21)
i i j

where, Ci, = 1.42, Cp, = 1.68, Gy represents the turbulent kinetic energy generated, G,
represents the turbulent kinetic energy generated, Y)s represents the fluctuating expansion
to total dissipation ratio in compressible turbulent, a; and a. are the reciprocal of an
effective Prandtl number.

3.2. Grid Generation

Grid generation is one of the important components of CFD and the stability and
precision of the numerical calculation are determined by the grid’s quality. Ansys software
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serves as grid generator and solver for governing equations. The grid numbers will affect
simulation result. For the region with intensive gradient change, the grid density needs to
be encrypted. In order to improve the accuracy of fluid flow simulation, the nozzle outlet
grid needs a fine refinement treatment. Figure 4 shows the final grid results.

Figure 4. The grids of the PNEN ejector model.

3.3. Boundary Conditions

The simulated boundary conditions in this study are set in accordance with the
PEMEC’s real operational settings (Table 4).

Table 4. The actual operating conditions of the PEMFC.

Power (kW) Current (A) Mass Flow Rate of the Hydrogen (g s—1) Fuel Cell Entry Pressure (kPa)
170 495 2.84 270
153 445 2.44 270
136 396 2.16 270
102 297 1.63 260
85 247 1.36 247
68 198 1.08 228
51 148 0.81 205
34 99 0.54 177

The PF inlet and the SF inlet are set to the pressure inlet and the outlet is set to
the outlet pressure. In addition, the PF temperature is 293 K same as the environmental
temperature, the SF temperature and the outlet temperature are both 338 K same as the fuel
cell stack temperature. The fluid that flows near the wall takes the standard wall function
method.

3.4. Grid Independence Verification

The grid independence verification of the models guarantees the accuracy and reli-
ability of the results. Three grid models are studied including sparse grid with 785,242
elements, medium grid with 1,245,316 elements, and encrypted grid with 1,613,454 ele-
ments. The simulated working gas is dry hydrogen, and the results are compared with each
other under the same conditions (the PF pressure, the SF pressure and the outlet pressure
are 7.0 bar, 1.9 bar and 2.1 bar, respectively). Figure 5a shows the static pressure on the
internal axis of the ejector under the three different grid numbers. With varying numbers
of grids, the static pressure trend is the same, and the values for medium and encrypted
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grids are quite close. Figure 5b shows the connection between the recirculation ratio and
model gird number at different operation modes of the ejector. The results show that the
simulation data are also quite close to each other.
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Figure 5. Grid independent validation. (a)The static pressure distribution on the axis under different
grids (Mode 10). (b) The comparison of the recirculation ratio at different operation modes.

Two groups of ejector operation mode are selected to verify the deviation from PF, SE,
and recirculation ratio as shown in Tables 5 and 6. The deviation can be expressed by the
following equation:

o= =l 000, (22)
Xn

where x,, is the nth calculated value.

Table 5. Grid independence validation results (Mode 4).

Grid my(ges 1) (%) mg(ges™1) (%) w (%)
785,242 1.195 - 2312 - 1.935 -

1,245,316 1.229 2.81 2.441 5.54 1.986 2.64

1,613,454 1.221 0.65 2.482 1.64 2.033 2.36

Table 6. Grid independence validation results (Mode 6).

Grid my(ges™) (%) ms(ges™1) (%) w (%)
785,242 1.738 - 3.497 - 2.012 -

1,245,316 1.711 1.55 3.751 7.26 2.192 8.95

1,613,454 1.705 0.35 3.678 1.95 2.157 1.61

From the tables, the deviation becomes smaller when the grid number increases in the
two modes. The deviations of the three factors of the mode 6 between medium and fine
grid are decreased to 0.35%, 1.95%, and 1.61%, respectively. The deviations between the
medium and fine grids are far less than that between the coarse and medium grids.

In CFD numerical simulation, the level of grid quality is related to calculation ac-
curacy and calculation time. Although the higher of the model grid quality and more
accurate results are, the calculation time is longer. Considering the calculation accuracy
and the calculation time, the medium grid model is selected to accomplish the following
numerical simulation.
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4. Experimental Facility and Model Verification
4.1. Experimental Facility

Figure 6a,b are the diagrammatic sketch and system schematic of the experimental
facility. The experimental setup consists of an ejector, a buffer tank, pressure sensors,
mass flow meters, a pressure-reducing valve, a needle valve, an evacuation valve, and
a computer. A 3D printing technology is used to manufacture the ejector and nozzles.
The nozzles need to be switched on in turn to evaluate the performance of each mode.
Considering the safety of the experiment, nitrogen is substituted for hydrogen as the supply
gas. In order to meet the experimental requirements, the gas pressure from the cylinder
needs to be reduced by the pressure-reducing valve. The mass flow meter is used for
measuring the PF mass flow rate and SF mass flow rate, and the pressure sensor is used for
checking the pressure of the ejector inlet and outlet. To achieve simulation of the pressure
drop in the fuel cell stack, evacuation valve, buffer tank, and needle valve are employed.
In addition, the experimental temperature is 293 K, and the flow data and pressure data are
collected and stored in the computer.
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Figure 6. (a) Diagrammatic sketch of the experimental facility. (b) System schematic of the experi-
mental facility.
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4.2. Model Verification

Experimental data is used to validate the CFD model. In the experimental process, the
PF pressure is set at 6.0 bar and 7.0 bar by changing the opening of the pressure-reducing
valve. The SF pressure and outlet pressure are set at 1.9 bar and 2.1 bar by adjusting the
opening of the needle valve and evacuation valve. The experimental conditions are the
same as the simulation conditions. As given in Figure 7, the experimental data agree with
the simulation data and relative errors are within 7%. The deviation perhaps results from
the experimental instrumentation measurement errors and the machining errors of the
ejector prototype. Hence, the simulation model can predict the performance of ejector

accurately.
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Figure 7. Comparison of experiment and simulation data.

5. Results and Analysis

This part investigates the interior flow field and ejector performance using 3D numeri-
cal simulation. The recirculation ratio of ejector is systematically studied under different
power and PF pressure conditions.

5.1. Characteristics of the PNFN Ejector’s Flow

Figure 8 shows two-dimensional velocity image and velocity streamlined diagram of
the PNEN ejector under the different operation modes. The operating conditions are as
follows: the dry hydrogen serves as the working fluid, the PF pressure is 7.0 bar, the SF
pressure is 1.9 bar, the outlet pressure is 2.1 bar. The operation modes are shown on the left
side of Figure 8a.

In the red frame of the two pictures, we can see that inner fluid of the ejector flow along
the central axis and the ejector inner flow mechanism is more stable under three modes.
From the perspective of flow mechanism, the ejector performance is best under these three
modes. The ejector performance is best when the toroidal fourth nozzle and the circular
first nozzle work at the same time in mode 6. The superposition of two flows stream in
the same direction generates higher velocity, consequently, produces lower pressure which
makes the SF be easily sucked. In operation mode 7, the fourth nozzle and the second
nozzle work together. In this case, the vortex and backflow phenomena are not found in
the ejector inner fluid although there is a certain angle between the fourth nozzle and the
second nozzle that may cause partial energy loss. Therefore, the ejector performance is
relatively good in this mode. When the fuel cell power changes, the ejector can work at
these three modes to meet the recycling requirements by changing the PF pressure. In other
modes, either fluid impacts the constant-area mixing chamber wall causing energy losses,
or several streams of fluid crashes causing lots of energy lost, or constant-area mixing
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chamber entrance appears choking phenomenon, resulting in ejector inner appears serious
vortex and backflow phenomenon.
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Figure 8. Velocity flow field diagram of the PNFN ejector. (a) Velocity image. (b) Velocity streamline.

5.2. Performance of the PNFN Ejector

Except structural parameters of the ejector, the PF pressure and outlet pressure signifi-
cantly affects how well the ejector performs. Figure 9 demonstrates the effects of the PF
pressure and the outlet pressure on the recirculation ratio and mass flow of the SF under
the fixed SF pressure of 1.9 bar.
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Figure 9. (a) PF pressure and outlet pressure’s impact on recirculation ratio. (b) The impact of the PF
pressure and outlet pressure on the mass flow of SF.

150



Inventions 2023, 8, 133

As can be seen from the pictures, when the PF pressure is lower than 9 bar, the
recirculation ratio and mass flow of SF are easy to be influenced by the outlet pressure.
When the PF pressure is fixed, the lower the outlet pressure is, the larger recirculation ratio
is. When the outlet pressure is 2.0 bar, each recirculation ratio reaches its maximum value,
in which the lower the PF pressure is, the larger the recirculation ratio can be.

The performance of the ejector is significantly impacted by PF pressure and output
pressure. When the PF pressure is fixed, the ejector performance decreases with the outlet
pressure increasing. The ejector performance is best when the PF pressure is 6.0 bar and
outlet pressure is 2.0 bar.

5.3. Performance of the PEMFC System’s PNEN Ejector in Terms of Recirculation

Figures 10 and 11 illustrate performances of the PNFN ejector under different
operation modes.
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Figure 10. The mass flow of PF and power change at different operation modes.
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Figure 11. The PNFN ejector’s recirculation performance.
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The mass flow of PF and the power range of the PNFN ejector relate to the operation
modes of the ejector. The working range of the ejector is determined by the mass flow of
PF for meeting the power requirement of the PEMFC system. When all the nozzles are
working, the ejector can only work at the power of 150 kW when the PF pressure is 6.0 bar
and beyond the rated power 170 kW of the fuel cell with the PF pressure increases 7.0 bar.
It can be seen in Figure 10 that higher PF pressure makes the rated power can be fulfilled
more easily.

Figure 11 shows the change of recirculation ratio with the ejector operation modes at
different PF pressures. The maximum recirculation ratio is 1.28 when the pressure is 9 bar
and the ejector operates at mode 2. All recirculation ratios reach the maximum value of
2.24 under different PF pressures when the ejector operates in modes 4-6.

The ejector can operate in the 34-220 kW power range by switching operation mode
when the PF pressure is in the range of 7.0 bar to 9.0 bar. In the lower power range,
increasing the PF pressure can increase the ejector’s performance. The PNEN ejector not
only expands the PEMFC’s operating range, but also adjusts the PF pressure to keep the
recirculation ratio above 1.0 which meets the recycling requirement of the PEMFC.

5.4. Performance Comparison of the PNFN and Traditional Ejectors

The traditional ejector is usually designed at a certain operating point of the PEMFC.
The performance of the traditional ejector sharply declines and therefore it is difficult meet
the power requirements when the PEMFC deviates from the rated power. However, the
PNEN ejector can solve the problem and work at a wide power range.

The PNEN ejector at each mode corresponds to a throat diameter of the traditional
ejector that Equation (4) can be used to determine the throat diameter of the traditional
ejector. Table 7 demonstrates the throat diameter of the traditional ejector while other
structures keep fixed.

Table 7. Throat diameter of traditional ejector corresponds to PNEN ejector mode.

Fuel Cell Four-Nozzle Ejector Traditional Ejector

-1
Output Power (kW) Operation Modes PF (ges™) Throat Diameter (mm)
20% Pe 2 0.56 1.4
30% Pe 3 0.81 1.7
40% Pe 4 1.10 1.9
50% Pe 5 1.38 2.0
60% Pe 6 1.66 22
70% Pe 7 1.93 24
80% Pe 8 2.25 25
90% Pe 9 2.49 27
100% Pe 10 2.78 2.8

The PNFN ejector and traditional ejector’s recirculation ratios are displayed in
Figure 12. The two types of ejectors are compared under the same conditions of the
PF pressure of 7.0 bar, the SF pressure of 1.9 bar, and the outlet pressure is 2.1 bar.

The recirculation ratio of the PNEN ejector and the traditional ejector exhibit the
similar trend, as can be shown in Figure 12. The recirculation ratio of the PNEN ejector is
almost equal to that of the corresponding traditional ejector. When the PEMFC’s output
power is low, the PNFN ejector has a better recirculation ratio that is hard for the traditional
ejector to achieve. The performance of the PNEN ejector is good more than the traditional
single nozzle ejector. The PNFN ejector can contain working ranges of the many tradi-
tional ejectors and overcome the problem that the failure of traditional ejector in variable
working conditions.
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Figure 12. Comparison between two type of ejectors.

5.5. Performance Comparison of Different Configuration Four-Nozzle Ejector

The four nozzles have multiple layout styles with the equal mass flow rate. The
ejector performance is largely affected by the ejector nozzle position. The typical nozzle
combination types are compared.

Plan 1, the N4 comprises the N1 with the same central axis. The N2 and the N3 have
axial symmetry that are distributed on both sides of the N4 at angle of 180°, as shown in
Figure 13a.

Figure 13. (a—f) Diagram of plans 1 to 6.

Plan 2, the N4 comprises the N1 with the same central axis. The N2 and the N3 are
distributed on adjacent sides of the N4 at angle of 90°, as shown in Figure 13b.
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Plan 3, the N4 comprises the N2 (or the N3) with the same central axis. The N3 (or the
N2) and the N1 are distributed on opposite sides of the N4 at angle of 180°, as shown in
Figure 13c.

Plan 4, the N4 comprises the N2 (or the N3) with the same central axis. The N3 (or the
N2) and the N1 are distributed on adjacent sides of the N4 at angle of 180°, as shown in
Figure 13d.

Plan 5, the N4 is on the central axis while the N2 and the N3 have axial symmetry
distributed on both sides of the N4 at angle of 180°. The N1 locates at another orientation
with the N2 and N3 at angle of 90°, as shown in Figure 13e.

Plan 6, the N4 is on the central axis. The N2 and the N3 are distributed on adjacent
sides of the N4 at angle of 90°. The N1 is distributed on the other side of the N4 at angle of
90° with the N2 (or the N3), as shown in Figure 13f.

Plan 7, the N4 comprises the N1, the N2 and the N3. The N4 is divided into three
regions with each region angle of 120°. The nozzle is drawn on the central plane of each
region. The angle of the central axis of the adjacent two nozzles is 120°. The diameter of
the N4 is enlarged accordingly in this plan to ensure the fluid flow mass same as in other
plans, as shown in Figure 14.

Figure 14. Diagram of Plan 7.

In Figures 13 and 14, the number 1, 2, 3, and 4 represents the N1, N2, N3, and N4,
respectively, Blue and green arrows represent the x and y axis of the three-dimensional
coordinate axis.

The ejector plans are compared under the same conditions. The dry hydrogen is se-
lected as the working gas under the PF pressure of 7.0 bar, the SF pressure of 1.9 bar, and the
outlet pressure of 2.1 bar. The recirculation ratio is used to assess the ejector’s performance.
Table 8 shows the recirculation ratio value of seven types of ejectors at different operation
modes. Figure 15 is ejector curve of the recirculation ratio with different plans.

Table 8. The values of the recirculation ratio of different plans.

Plans
Plan 1 Plan 2 Plan 3 Plan 4 Plan 5 Plan 6 Plan 7
Modes
3 1.44 1.25 1.24 1.22 1.24 1.28 2.59
4 1.99 1.72 1.74 1.68 2.09 1.57 2.54
5 2.16 2.02 0.96 0.96 1.98 1.97 1.62
6 2.19 2.1 1.63 1.63 1.76 1.78 1.52
7 1.88 1.83 1.68 1.67 1.56 1.53 1.34
8 1.76 1.7 1.76 1.76 1.37 1.37 1.21
9 1.53 1.53 1.83 1.8 1.2 1.2 1.07
10 1.37 1.36 1.67 1.61 1.07 1.07 0.96
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Figure 15. Recirculation ratio curve of the ejector.

It can be seen from the Figure 15 that the performance of Plan 1 is better than that of
Plan 2, Plan 5, and Plan 6 in general. As for Plan 3 and Plan 4, their performance curves
are very close. Their recirculation ratio values are equal to Plan 1 in operation mode 8. In
operation mode 8, the recirculation ratio of Plan 3 and Plan 4 has the minimum value of 0.96.
The performance of Plan 7 is better than Plan 1 in mode 3 and mode 4. The performance
of Plan 1 is far higher than Plan 7 when the operation modes are 5-10. The performance
curve of Plan 7 is descending with the minimum value of 0.96 in mode 10.

By comparing seven types of ejectors, the performance of Plan 3, Plan 4, and Plan 7
are better than that of Plan 1 in individual modes, but performance of Plan 1 is better than
that of the other plans at most modes. In general, Plan 1 as previously mentioned has the
best overall performance.

6. Conclusions

In this study, a new type of part nested four-nozzle (PNFN) ejector is proposed in
order to substitute for the traditional ejector to meet the hydrogen recycle requirement in
the high-power PEMFC system within the full power range. The four nozzles are designed
at 10%, 20%, 20%, and 50% of the PEMFC rated power. The internal flow properties and
recirculation performance of the PNEN ejector are studied using a 3D numerical model of
the device. The PNEN ejector can meet the flow requirements in the high-power fuel cell
full power range by switching the nozzle’s working conditions. The main conclusions are
as follows:

1. The ejector inner flow field is at the most stable state and ejector performance reach the
best value point when the first nozzle and the fourth nozzle (mode 6) work together.
By observing the velocity field image and velocity streamline map, the ejector inner
flow mechanism becomes more complex with the increase of working nozzles.

2. The PNEN ejector with different operation modes can operate in the 34-220 kW power
range with the recirculation ratio above 1.0 when the PF pressure range is between
7-9 bar.

3. The PNEN ejector performs better than the traditional single nozzle ejector in the
whole power range. It's worth noting that the PNFN ejector has better performance
compared to traditional ejectors in the low power zone.

4. The performance of the PNFN ejector (Plan 1) is better than other combined plans by
comparing the typical combined plans of the four nozzles.
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Nomenclature

A area (m?) A stoichiometric ratio/thermal conductivity (W m~! K1)

D diameter (m) U dynamic viscosity (N's m~2)

Dgq,m mass diffusion coefficient (m? s 1) 0 density (kg m—3)

DTyq Thermal diffusion coefficient (m? s—1) w recirculation ratio

E total energy (J kg_l) U dynamic viscosity (N s m~2)

F Faraday’s constant (C mol~1) 0 density (kg m~?)

§ gravitational acceleration (m s~?2) Subscript

Gp Gy turbgienff kinetic energy generation . recirculated hydrogen

(Jm™s77)
h enthalpy (J kg™ 1) c hydrogen consumption
I 7 unit tensordiffusion flux (kg m =2 s~ 1) cam constant-area mixing chamber
k turbulent kinetic energy (m?s72) cpm constant-pressure mixing chamber
L length (m) d diffusion
m mass flow rate (kg s~') Hy hydrogen
M molar weight (kg mol ') i,j direction
P pressure (Pa) nt nozzle throat
Pstack power (W) N1 first nozzle
R gas constant (J mol 1 K~1) N2 second nozzle
Sect Schmidt number N3
T temperature (K) N4 fourth nozzle
Ver critical velocity (m s—1) Abbreviations
v velocity vector (m s~ 1) CFD computational fluid dynamics
Ve single cell voltage (V) NXP nozzle exit position
Y mass fraction PEMFC polymer electrolyte membrane fuel cell
Yum the fluctuating expansion to total PNFN part nested four-nozzle
dissipation ratio in compressible turbulent

Greek letters PF primary flow

e tur?u}ince kinetic energy dissipation rate SF secondary flow
(m=s77)

0 angle (°)

o inverse effective Prandtl numbers

K specific heat ratio
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Abstract: The main composition within a spark-generated bubble primarily consists of vapor, ac-
companied by a minor presence of noncondensable gases. The phase transition exerts a substantial
influence on bubble dynamics throughout various stages, a facet that has been frequently overlooked
in prior research. In this study, we introduce a modified theoretical model aimed at accurately pre-
dicting the multiple oscillations of spark-generated bubbles. Leveraging the Plesset equation, which
integrates second-order corrections for compressibility and non-equilibrium evaporation, we further
incorporate the thermal boundary layer approximation for bubbles, as proposed by Zhong et al. We
employ an adjusted phase transition duration tailored to the unique characteristics of spark-generated
bubbles. Furthermore, we meticulously ascertain initial conditions through repeated gas content
measurements within the bubble. Our proposed theoretical model undergoes rigorous validation
through quantitative comparisons with experimental data, yielding commendable agreement in
modeling the dynamic behavior of bubbles across multiple cycles. Remarkably, we uncover that the
condensation rate significantly governs the behavior of spark bubbles during their initial two cycles.
Finally, we investigate the dependence of spark-generated bubble dynamics on the phase transition
and the presence of air. Air content exhibits a minimal impact on bubble motion prior to the initial
bubble collapse, but plays a role in the bubble’s rebound thereafter.

Keywords: spark-generated bubble; bubble dynamics

1. Introduction

The cavitation phenomenon is the process of formation, development and collapse of
vapor or gas holes inside the liquid or at the liquid—solid interface when the local pressure
in the liquid drops below the saturated vapor pressure, which widely exists in nature
and engineering applications [1-5]. In the cavitation process, cavitation bubble dynamics
as an academic research topic is of great significance for many industrial applications.
Due to the rapid generation, expansion and collapse of cavitation, shock waves and high-
speed microjets are generated, and the impact of the metal material will accelerate the
electrochemical corrosion process and cause material ablation. Additionally, because a
large number of gas molecules gather inside the very small cavitation bubble within a very
short collapse phase, it can even produce local high temperature of thousands of degrees
and high pressure of thousands of standard atmospheric pressures. All of the above may
cause severe damage to structures.

Researchers have conducted many experiments to explore cavitation bubbles dynam-
ics. There are generally three methods to generate cavitation bubbles in the laboratory:
ultrasound, pulsed laser, and electric discharge [5-7]. Underwater electric discharge is
more commonly used because of its controllability and economy, and generated bubbles
are often called spark-generated bubble. The content inside a spark-generated bubble is
mainly vapor and some special non-condensable gas may also exists [8]. Luo and Xu [9]
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used low voltage discharge method to produce cavitation bubbles, and the combination of
high-speed photography and a pressure measurement system allowed for simultaneous
observation and measurement of the evolution of the shock wave and the change in shock
wave strength with the presence of the air bubble in the vicinity. The high-speed imaging
revealed the predominant roles of the relative distance and relative size between the cavi-
tation and air bubbles in the determination of the stratification effect that the air bubble
exerted on the shock wave produced from the first collapse of the cavitation bubble.

The development of theoretical models is also an important part of studying the
dynamic behavior of bubbles, and the current research on cavitation bubbles mainly
focuses on the formation of bubbles, the influence of shock waves and boundary conditions
on the collapse characteristics of bubbles [10-12]. Fujikawa and Akamastu [13] considered
the compressibility, heat transfer, and non-equilibrium evaporation and condensation of
vapors, and proposed an analytical model that showed that evaporation and condensation
strongly affect the bubble dynamics. Han [14] experimentally, numerically and theoretically
investigate the nonlinear interaction between a spark cavitation bubble and the interface of
two immiscible fluids (oil and water) on multiple time scales, but she also only focused
on the first cycle of bubble motion. Thereafter, Zhang [15] established a novel theory for
the dynamics of oscillating bubbles that can simultaneously take into consideration the
effects of boundaries, bubble interaction, ambient flow field, gravity, bubble migration,
fluid compressibility, viscosity, and surface tension, but his theory still does not consider
the effect of phase transitions in vapor.

With the development of bubble dynamics, people began to pay attention to the
condensation of vapor in bubbles [16-24]. Phan [19] used the two-phase heterogeneous
mixing model to simulate the bubble motion of spark-generated cavitation containing vapor,
and by comparing with the experimental data, the results showed that the condensation
phenomenon mainly occurs at the vapor-water interface with a thin boundary layer, the
evaporation phenomenon mainly occurs in the bubble, and the temperature change of the
flow field has little effect on the first two cycles of bubble motion. However, his model
can only predict the first two cycles of bubble motion, and according to our results, the
difference between the predicted radius and experimental data of different models mainly
occurs after two cycles of motion, taking into account the condensation and evaporation
of vapor. Zhong [20] established a laser cavitation bubble model, adopted the modified
Rayleigh—Plesset equation, and established an interpolation function to try to obtain the
optimal initial motion conditions of the bubble for many times, the numerical results were
consistent with the evolution of laser cavitation bubble, and the influence of condensation
coefficient on the bubble motion radius, the maximum temperature and pressure peak at
collapse were discussed, but the model was only applicable to laser cavitation bubbles.
Mustafin [22] presented a numerical technique for studying the collapse and rebound of a
spherical cavitation bubble in an unbounded volume of water. The dynamics of the vapor
in the bubble and the surrounding liquid is governed by the equations of gas dynamics
with allowing for the heat conductivity of the fluids, the heat and mass exchange across the
bubble surface. His theory focuses on verifying the reliability of computational methods
for the new setting of non-reflecting boundary conditions.

As the non-condensable gas in the bubble has damping effects, which can weaken the
pressure wave when the bubble collapses and enhance the bubble rebound, Trummler [25]
used a uniform mixing model with the coupled equation of the state of all components
to study this damping effect, and the numerical results proved that the free air in the
vapor bubble will cause the bubble to bounce stronger and weaken the emitted shock
wave strength. In addition, Sato [26] proved through experiments that hydrogen molecules
will be generated when cavitation bubbles are induced by laser or electric sparks, and the
hydrogen content of different types of cavitation bubbles is determined by monitoring the
dissolved hydrogen concentration in water, and it was found that the mass of dissolved
hydrogen is proportional to the potential energy of the rebound bubbles, indicating that
different types of gas content may change the dynamic behavior of bubbles. Kerboua [27]
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considered the heat loss caused by the chemical reaction during the bubble motion, and the
results showed that considering the chemical reaction leads to a decrease in the temperature
in the bubble and an increase in the pressure peak during collapse. However, none of them
quantified the magnitude of the effect of these non-condensable gases on bubble motion.
In the present study, a modified theoretical model is proposed to accurately predict
multi-oscillations of spark-generated bubbles. This paper is structured as follows. In

Section 2, details about the modified theoretical model and experimental setup are given.

In Section 3, the proposed theoretical model is validated by quantitative comparison with
our experiments. And then the effects of phase transition duration and air content on the
bubble motion are discussed in detail in Section 4. Finally, conclusions are made.

2. Methodology
2.1. A Modified Theoretical Model

First, we assume a spherical bubble with evenly distributed internal temperature and
pressure. Regardless of the change in the density of the liquid medium caused by the
propagation of sound in the liquid, gravity and the chemical reactions that may occur in the
bubbles are ignored. Based on Yasui’s theoretical results [28], it is assumed that there are
two thin hot layers on the surface of the bubble, i.e., inner and outer hot layers, as shown
in Figure 1. The thickness of the inner and outer hot layers are 4; and 6, , respectively. The
heat conduction, evaporation and condensation between the gas inside the bubble and the
flow field only occur in the inner hot layer, and the temperature changes linearly from T
inside the bubble surface T to Tp at the bubble surface in the inner hot layer. We assume
that the temperature T in the outer hot layer is the same as the flow field temperature at
infinity Teo, then there is a temperature difference between the two hot layers.

thermal conduction,
A . .
/" evaporation, condensation

bubble
surface

temperature drop

Figure 1. Two thermal boundary layers on the bubble surface.

A second-order modified Rayleigh—Plesset equation is used, with non-equilibrium
evaporative condensation taken into consideration [29].
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Among them, R, ¢, pj, 0, i, p and p are bubble radius, sound velocity in water, water
density, surface tension coefficient, viscosity, bubble internal pressure, and flow field
pressure at infinity, respectively. i is the net rate of evaporation per unit area per unit time
of bubbles. pg is the average density of the gas in the bubble, satisfying

Mvapornvapor + MairMair
= 4
i VN4 @)

In which, Myapor, Mair, ivapor and 71, are the molar mass of vapor in the bubble, the molar
mass of air, the molecular number of vapor and the number of air molecules, respectively,
and N, is the Avogadro constant.

With the Van der Waals equation, the pressure inside the bubble can be calculated using
the number of vapor molecules and the number of air molecules inside the bubble [28,29].

a
(p+25)@—b) = RgT 5)
in which

2 2
Naj Naj Nyapor Nvapor
a4 = Aair (;u’) + 2 /Aairavapor (f) (P) + Avapor (p) (6)
t t

n¢ nt

2 2
Mai Naj n n
b= bair< ;j) +2y/ bairbvapor< ;f) (;:) + bvapor< nf) @)

Rg and T are the gas constant and the temperature inside the bubble. v is the molar volume
v = NaV/n, ny is the total number of molecules in the bubble 1t = 1,5 + Myapor, and V' is
the bubble volume. The non-equilibrium evaporation and condensation processes of vapor
in the bubble are modeled by a modified Hertz—Knudsen-Langmuir relationship [23].

11l = tileya — Mlcon (8)

M Py (Tliquid>

Tileva = (9)
V27Ry A/ Tliquid
T
Tilcon = ™ Py (10)

V2rRy /Tg

fileva and titcon are the evaporation rate and condensation rate per unit area of bubbles;
respectively; ay is the ratio of the number of vapor molecules penetrating the bubble
wall to the number of vapor molecules hitting the bubble wall, and ay; = 0.04 [30]. The

saturated vapor pressure of water is obtained by pj (Tliquid) = exp(77.345 + 0.0057 Thiquid —

7235/ Tliquid) / Thquidg‘z. Ry is the vapor gas constant, and py is the actual vapor partial
pressure in the bubble. I' is the correction factor, which is set as 1.
The temperature change at the gas-liquid interface is expressed as

aT,
T —Tiquid = Ag\r:R (11)

1 m 2 —a'we
A= o\ 2Ty @ " (12)
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In which 4’ = 0.827. a., k¥ and k are the thermal containment coefficient, the thermal
conductivity of vapor and the Boltzmann constant, respectively. n’ = n;/V indicates the
density of molecules within a bubble. m = (nvapoerapor + ”airMair) /(Nant) indicates
the average molecular mass inside the bubble. 9T, /9r(r = R) represents the temperature
gradient in the inner hot layer J; on the surface of the bubble. Yasui assumes that the
temperature in the thermosphere varies linearly and can therefore be simplified to [27,31,32]

aTliquid | o TB - T
or r=R 51

(13)

The thermal boundary layer é; thickness is the molecular free path. Plesset and Prosperetti
theorize that the thickness of the thermal boundary layer is related to the change of the
radius during the violent collapse of the bubble, and 0T} /dr(r = R) becomes larger only
when the internal temperature of the bubble is high, and the radius of the bubble is small
and about to collapse. In order to calculate the bubble motion period more completely, in
the present study, it is assumed that the temperature of the second thermal layer is equal
to the surrounding temperature, i.e., Tjjquia = Teo. The main reason is that the specific
heat capacity of water is large compared with the internal gas. Additionally, Jebali and
Francois [33] demonstrated that the thermal resistance on the liquid side of the interface
can be neglected. Therefore, Tjjquiq — Teo is always equal to 0 during the bubble motion,
taking the moment when the bubble radius reaches its maximum as the starting point, and
the thickness of the hot layer J; is inversely proportional to the square of the bubble radius,
which is d; ~ 1/R?, while assuming that the heat flux through the liquid-vapor interface is
continuous, i.e., [20]

aTliquid 0T Teo — Tliquid
ks —lr=r = ki3 "=k =2k 5 (14)
_ 2
AT, (Tz—T)R 5)

|r:R ~
or 5,0 R2

which indicates the thickness of the thermal layer 7 at the initial moment. The temperature
in the bubble is updated according to the energy change [18],

E = —47R2RP + 470R? [1itevacyapor (Ty) — titconevapor (Ts)] Na_ | 471’R2K% |,_r + 07 AR (Tg - T4) (16)
vapor r
On the right side of the equation, the first term represents the work carried out by the flow
field on the bubble when it moves, the second term represents the energy reduced by vapor
evaporation condensation, the third term represents the energy of the heat conduction
change between the gas and the flow field in the bubble, and the fourth term represents the
energy change caused by thermal radiation.
The formula for calculating the temperature change in the bubble is

. E

T = ey (17)
where ¢}, = (MairCyair + MyaporCyvapor) / (Mair + Myapor) is the average specific heat capac-
ity of the gas in the bubble.

Sato’s [26] experiments found that due to the collision dissociation and electrolysis of
the spark-generated bubble, the hydrogen mass of the spark-generated bubble is 2.7 times
that of the laser bubble, and the rebound potential energy of the spark-generated bubble
is significantly greater than that of the laser bubble because the potential energy of the
rebound bubble is proportional to the mass of dissolved hydrogen. Therefore, the laser
bubble model that always considers vapor condensation in the calculation process will
overpredict the effect of condensation on the spark-generated bubble, so that the predicted
bubble rebound radius is too small. In our model, when the bubble moves to the maximum
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radius in the second cycle of the spark-generated bubble, that is, the corresponding con-
densation rate is the minimum. After that, the mass transfer between the bubble and the
flow field is ignored, and the gas in the bubble is considered to be an ideal gas, satisfying
the ideal gas equation of state, that is

P— MtotaleT

v (18)

where M, is the total mass of the bubble, including air and vapor. Since it is believed
that the vapor no longer condenses in the subsequent cycle, only considering the influence
of liquid compressibility, the bubble dynamics equation is replaced with a spherical bubble
dynamics equation that only considers compressibility [29,34-36]

1= R)re+ 21— L2 = (14 1k 1(P—Poo)+BP (19)
c 2 3c c )p oc
where P is the derivative of pressure in the bubble over time. At this time, the energy in
the bubble changes to
E = —47R*RP — 1,(T — Two) (20)

The second term on the right side of the equation indicates the energy change caused
by the heat conduction between the bubble and the flow field, x, is the heat transfer
coefficient between the bubble and the water, which is generally 2000~7000 W/ (m? - K).
The bubble temperature can still be updated according to Equation (17).

2.2. Experimental Set-Up

As shown in Figure 2, the present experimental devices include: a high-voltage dis-
charge system, a high-speed camera, an adjustable structure positioning device and lighting
source and a series of equipment [14,37]. We conducted experiments in a transparent water
tank of 30 x 30 x 60 (cm?), using a DC voltage discharge box. When the voltage reaches
the set working conditions, electric discharge occurs and the liquid vaporized by short
circuit of lapping 0.25 mm diameter thin copper wire. And thus a spark-generated bubbles
is formed.

Under this discharge voltage condition, the maximum radius of the oscillating bubble
is about 15~20 mm, and the radius of the copper wire is about 1.25~1.67% of the maximum
bubble radius, indicating a minor effect on the bubble motion. The distance from the bubble
center to the nearest tank wall is greater than 10 times of the maximum bubble radius,
so the bubble can be considered to oscillate in a free field. A high-speed camera with a
resolution of 1 million pixels (Phantom, TMX 6410, form AMETEX, Paoli, Madison, WI,
USA) is used to capture the bubble motion, illuminated by a supplementary light source
placed on the other side of the tank. Two frosted glasses are placed between the tank and
the light source to provide uniform illumination.

We use a combination of a small funnel and a test tube in the water above the copper
wire cross point to collect the air after the bubble collapses. Instead of data fitting to obtain
the initial number of molecules, the initial conditions for spark-generated bubbles are
determined by repeatedly measuring the air content inside a bubble, which is a key factor to
accurately capture the dynamics of a spark-generated bubble during multi-oscillations. Air
in ten same experiments is collected together, and then an average air volume is obtained, in
order to reduce the experimental error. The molecular weight of air is determined by using
the ideal gas equation of state. At the beginning, the pressure in the bubble is considered to
be equal to atmospheric pressure, and the molecular weight of the vapor can be obtained
by calculating the saturated vapor pressure at this time. In order to ensure the reliability of
the experiment, we performed a series of experiments under the same working conditions.
The multi-oscillations of a spark-generated bubble is given in Figure 3. Obviously, in the
fourth cycle, the bubble shape is no longer regular and begins to break.
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Figure 2. Schematic diagram of the experimental setup.

30mm | J / | | !
% b .. / T
O o + o s v
\ b :
=0ms =0.8ms =1 .71f\ns 1=2.21ns =2.5ms =2.7ms
The first cycle The second cycle
] ] ] ]
=3.1ms =3.2ms =3.4ms =3.6ms =3.7ms =3.8ms
The third cycle The fourth cycle

Figure 3. Growth and collapse of spark bubbles. Voltage = 450 V.

3. Validation
3.1. Comparison of Experiments and Theoretical Results

In the present study, equations are solved using the fourth-order Runge—-Kutta method.
In all cases considered in this paper, we take the moment when the bubble radius reaches
maximum R,;, as the start. The other required physical parameters in the model are listed in
Table 1. It is supposed that both the bubble temperature and flow field temperature at this
time are equal to the ambient temperature of 293 K. Because the specific heat capacity of
water is much greater than that of vapor, it can be considered that during the entire bubble
motion Tjiquig = Teo- Since the thermal layer thickness cannot be measured experimentally,

we assume that (51(0) = 0.45 (um) based on Zhong’s hypothesis [20].

Figure 4 compares the experimental results with the Keller-Miksis equation, the Zhong
model, and the present modified theoretical model. In the experiments, the uncertainty of
the measurement is about one pixel (0.04 mm), which is much smaller than the maximum
bubble radius. The Keller-Miksis equation takes fluid compressibility into account during
bubble motion [34]. The bubble radius change in the first period is well predicted by the
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three models, which indicates that the energy dissipation is mainly due to the compressibil-
ity. But in the subsequent motion, the prediction by Keller-Miksis equation significantly
underestimates the energy dissipation, it suggests that mass and heat transfer becomes the
dominant factor for the energy dissipation in the multi-oscillations of the spark-generated
bubble. In the Zhong model, the compressibility, heat conduction and energy dissipation
caused by equilibrium evaporation and condensation are considered at the same time, and
the model matches well with the first two cycles of bubble motion in the experiment, but
the results begins to deviate from the experimental data in the third cycle. It is believed that
dissolved hydrogen content of spark-generated bubbles differs from that of laser-induced
bubbles, leading to the difference in bubble rebound potential energy. Given this, liquid
compressibility, heat conduction and non-equilibrium evaporation and condensation are
considered in the first two cycles, while heat conduction and non-equilibrium evaporation
and condensation are neglected in the subsequent motion. As shown in Figure 4, the
predicted radius with the present modified model agrees well with the experimental data
during the multi-oscillations of the spark-generated bubble, with a maximum error of 2%.
It is believed that the modified theoretical model can better predict multi-oscillations of
spark-generated bubbles. From the comparison above, it is noted that the effect of heat and
mass transfer becomes weaker on the energy dissipation after two cycles of spark-generated
bubble motion. It is believed to be caused by the reduction of vapor molecules in the bubble,

which will be discussed in detail later.

Table 1. Physical properties at 1 (atm) and 20 (°C).

Physical Property Symbol Value Unit
Sound speed in water c 1483 m-s~1
Water density 01 1000 kg -m~3
Surface tension coefficient o 0.072 N-m~!
Water viscosity u 0.001 Pas
Molar weight of vapor Myapor 0.018 kg - mol !
Molar weight of air Mair 0.02897 kg - mol !
Avogadro constant Na 6.02 x 10% mol~!
Gas constant Rg 8.314 J-mol~1.K~!
Intermolecular attraction of air Aair 0.1402 J-m? - mol—2
Intermolecular attraction of vapor Avapor 0.5536 J-m? - mol—2
Volume occupied by air molecules Dair 3.753 x 10~ m?> - mol !
Volume occupied by vapor molecules byapor 3.049 x 1075 m3 - mol~1
Gas constant of vapor Ry 461.52 IE kg_1 K1
Thermal accommodation coefficient Ne 1 -
Thermal conductivity of vapor K 0.02 W-m~1.K!
Thermal conductivity of water k 0.55 W-m1.K1
Boltzmann constant k 1.38 x 1072 J-K1
Stefan-Boltzmann constant oy 5.67 x 1078 W-m2.K*
Flow field temperature Tiquid 293.15 K
Vapor specific heat capacity at constant volume Cvair 1089 J-kg™1 K1
Specific heat capacity of air at constant volume Cyvapor 717 IE l<g*1 K1
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Figure 4. Comparison of bubble radii (Black dots: experimental data points. Green dotted line: Keller-
Miksis equation result. Blue dot line: Zhong model results, where nEO) =14 x10%, ng?g =4 x 1016,
«pr = 0.04. Red line: This paper model results, where ngo) =14 x 107, ng(l)g =4 x10', ap; = 0.04,
(5i0) = 0.45 um. In the Keller-Miksis equation, it is assumed that the bubble movement process is
adiabatic and the initial gas pressure is 101,000 Pa. Zhong model parameters are obtained by best
fitting the measured data of experimental bubble radius).

3.2. Further Discussions

Yasui [28] gives an equation for approximating the energy carried by each vapor
molecule, and the energy carried by the non-equilibrium evaporation of the vapor molecule
can be calculated by

eoapor(T) & 6.272 x 107T — 5.247 x 107 (]) (21)

Figure 5 shows time histories of the total energy taken away by the reduced vapor
molecules if condensation is taken into account during the entire process. It is noted
that the energy loss due to the reduction of vapor molecules in the first collapse is over
100 times that of the second collapse. In the second collapse, the work carried out by the
flow field on the bubbles is not much different from the energy taken away by the vapor
condensation, but if the vapor condensation is considered, the radius of rebound for the
bubbles is too small.

100

energy of vapor molecular(J)

0 05 1 15 2 25 3 3.5
time(s) %107

Figure 5. Total energy loss caused by condensation of vapor molecules.
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Figure 6 compares the predicted time histories of bubble radius with the experi-
mental results at different voltages, and the calculation method of air molecular number
is determined in the same way as in Figure 4. The standard evaporation coefficient is

ap = 0.04 4 0.005, and the thickness of the vapor thermal layer is (51(0) = 0.45 um. It can be
seen that the experimental results in the first three cycles are well reproduced using the
present modified model.
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Figure 6. Comparison of experimental measurement radius and predicted radius (Black dots: ex-
perimental data points. Blue dot line: our model results, (a) voltage = 450 V, Rpax1 = 14.2 mm,
Teotiapset = 1.38 ms, Rmax2 = 4.96 mm, Teopigpser = 2.24 mS, Rmaxs = 4.96 mm, Tepp10pse3 = 2.83 ms;
(b) voltage = 450 V, Rmax1 = 12 mm, Tppiapser = 1.18 ms, Rmax2 = 412 mm, Tppjigpser = 2.04 ms,
Rmax3 = 3.24 mm, Tyyjqpse3 = 2.83 ms; (c) voltage = 450 V, Ripax1 = 14.4 mm, Typpppse1 = 1.42 ms,
Rmax2 = 3.86 mm, Teppapser = 2.2 mS, Rmaxz = 2.46 mm, Tegjapses = 2.88 ms; (d) voltage =450V,
Rmax1 = 16 mm, Tipjpser = 1.68 ms, Rmaxo = 4.82 mm, Tyyjigpser = 2.66 ms, Rpax3 = 3.16 mm,
Teotlapses = 3-32 ms).

4. Results and Discussion
4.1. Effect of Phase Transition Duration

We take the spark-generated bubble with an initial radius of Rp = 16 mm induced
by voltage 450 V DC as an example to study the motion of bubbles containing 0.25% air
content in a free field. In the model prediction result plot, the maximum temperature and
maximum pressure in the bubble reach their maximum at the second collapse moment.
To meet the initial conditions for the application of the Rayleigh—Plesset equation, the
phase transition process is taken into account after the bubble reaches the maximum radius
for the first time [19]. According to the Hertz—Knudsen-Langmuir modified relationship,
the evaporation process is mainly determined by the ambient temperature. The tempera-
ture change of flow field during the transient bubble motion can be ignored, and Phan’s
research [19] proves that the evaporation process has little effect on the bubble motion
compared with the condensation process; therefore, it is assumed that the evaporation rate
remains constant during the entire phase transition process, taking 7iteya = 0.04 kg/(m? - s).
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The model assumes that the gas inside the bubble is composed only of condensable
vapor and non-condensable air. But in practice, N», O, and H,O in extreme cases, such
as extremely high pressure and temperature conditions when bubbles collapse, chemical
reactions and recombination processes will occur to generate NO,, NO, etc., which may
lead to a decrease in pressure peaks in the bubble movement cycle. These reaction products
are soluble in water, and their presence may reduce the pressure peak when the bubble
collapses, that is the occurrence of chemical reaction at the collapse moment can enhance
the rebound potential energy of the bubble [25]. However, it is hard to quantitatively
calculate the influence of chemical reactions on bubble motion, according to the work by
Zhong and Phan et al. [19,20], the highest temperature and pressure is reached at the second
bubble collapse. Presumably, it is considered that chemical reactions occur at the end of
the second cycle, we consider this effect by ignoring vapor non-equilibrium evaporation
and condensation after the bubble reaches the maximum radius of the second cycle, as is
shown of the condensation rate curve in Figure 7.
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Figure 7. Prediction of mass transfer rate during bubble motion.

Effect of phase transition duration on radius, pressure and temperature of the bubble
multi-cycles motion are given in Figure 8a—c. The pressure and temperature peaks inside
the bubble are observed at the second collapse moment. If the phase transition is considered
during the whole bubble motion, the pressure and temperature in the bubble can reach a
maximum of 1237 MPa and 20,000 K, respectively. Because if the phase transition keeps
happening, the number of vapor molecules undergoing phase transition at the bubble
collapse moment will increase significantly, it causes a stronger energy change. The stronger
energy change obviously may lead to a sharp increase in the pressure and temperature
peaks, far greater than the pressure and temperature peaks of 358.5 MPa and 6200 K in
the present model. It is believed that the pressure and temperature peaks predicted by the
present model are more reasonable.
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4.2. Effect of Air Content

Time histories of bubble radius, temperature and pressure with different air contents
are given in Figure 9a—c. As the total number of gas molecules in all working conditions
remains unchanged, the increase in air content indicates the decrease in the number of
vapor molecules. As shown in Figure 9, the curves before the first collapse are basically
coincident, indicating that air content has little effect on the bubble motion before the first
collapse, and phase transition (the decrease in the number of vapor molecules) mainly
occurs at the collapse moment.

As air content increases, the mix-gases bubble motion tends to be similar to an air
bubble. The decrease in the vapor molecules leads to a slower energy dissipation, so a
larger rebound bubble potential energy and increased rebound radius are expected. Since
the maximum pressure and temperature at the collapse moment are mainly determined by
the intensity of energy change, a larger air content (a decrease in the vapor molecules) leads
to a decrease in the intensity of the energy change. Therefore, the pressure and temperature
peaks at the first and second collapse moments decrease with the increase in the air content.
It is also noted that the bubble oscillation period increases with the air content.

Since the mixture in the bubble is considered an ideal gas after the vapor condensation
is stopped, the pressure and temperature of the bubble are updated using the ideal gas
state formula. As air content increases, the mix-gases bubble motion tends to be similar to
an air bubble. The decrease in the vapor molecules leads to a slower energy dissipation, so
a larger rebound bubble potential energy and increased rebound radius are expected. Since
the maximum pressure and temperature at the collapse moment are mainly determined by
the intensity of the energy change, a larger air content (the decrease in the vapor molecules)
leads to a decrease in the intensity of the energy change. Therefore, the pressure and
temperature peaks at the first and second collapse moments decrease with the increase
in the air content. It is also noted that the bubble oscillation period increases with the
air content.
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5. Conclusions

In this study, we have introduced a modified theoretical model designed to capture
the multi-oscillation behavior of spark-generated bubbles. Tailoring our approach to the
unique characteristics of these bubbles, we have incorporated a modified phase transition
duration. Our model builds upon the Plesset bubble dynamics equation, which has been
augmented by Fujikawa and Akamatsu, and also integrates the surface temperature gradi-
ent approximation proposed by Zhong et al. Additionally, we have diligently determined
the initial conditions through repeated measurements of gas content within the bubble.
Through rigorous validation involving quantitative comparisons with experimental data,
our proposed theoretical model has demonstrated commendable accuracy in simulating
the dynamic behavior of bubbles across multiple cycles.

Our calculations have revealed that when factoring in the phase change effect, bubble
collapse becomes highly energetic, with rapid increases in internal pressure and tempera-
ture at the finally stage of the bubble. Notably, the vapor condensation rate experiences
fluctuations during both the collapse and rebound stages of the bubble. As the concen-
tration of air within the bubble increases, it fosters more pronounced rebound behavior.
Starting from the second cycle, we observe a decrease in the rate of maximum radius decay.
This phenomenon is attributed to the rising air content, diminishing vapor concentration,
and a lower energy decay rate per bubble collapse compared to pure vapor bubbles. This,
in turn, accounts for the decreasing peak pressure and temperature of the bubble with
increasing air content.

It is important to acknowledge that our model employs a uniform thermal boundary
layer thickness across different bubbles, chosen to optimize simulation results according
to Zhong et al. However, this choice may not precisely mirror real-world conditions. In
future work, we aim to refine our model, considering variations in thermal boundary layer
thickness for different bubble scenarios, which could impact the heat conduction efficiency
of bubbles and their flow dynamics.
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Abstract: Micrometer-sized particles are widely introduced as fluid flow markers in experimental
studies of convective flows. The tracks of such particles demonstrate a high contrast in the opti-
cal range and well illustrate the direction of fluid flow at local vortices. This study addresses the
theoretical justification on the use of large particles for obtaining vortex phenomena and its char-
acterization in stenotic arteries by the Echo Particle Velocimetry method. Calcite particles with an
average diameter of 0.15 mm were chosen as a marker of streamlines using a medical ultrasound
device. The Euler-Euler model of particle motion was applied to simulate the mechanical behavior
of calcite particles and 20 pm aluminum particles. The accuracy of flow measurement at vortex
regions was evaluated by computational fluid dynamics methods. The simulation results of vortex
zone formation obtained by Azuma and Fukushima (1976) for aluminum particles with the use of
the optical velocimetry method and calcite particles were compared. An error in determining the
size of the vortex zone behind of stenosis does not exceed 5%. We concluded that the application of
large-size particles for the needs of in vitro studies of local hemodynamics is possible.

Keywords: hemodynamics; computer modeling; particle velocimetry; stenotic vessel

1. Introduction

The high mortality rate in the world from cardiovascular diseases has lead to numer-
ous studies of hemodynamic flows in coronary vessels. Distortions of the blood vessel
lumen, including physiologic bifurcations and bends, can cause localized blood flow dis-
turbances. The abnormal hemodynamic forces associated with these disturbances may
play an important role in the pathogenesis of focal vascular lesions such as atherosclerosis,
extrinsic thrombus, poststenotic dilatation, and aneurysm [1-5]. In particular, a number
of studies have demonstrated the appearance of flow separation, vortices and turbulence,
and flow recirculation in the post-stenotic region [6-9]. These findings are of great interest
for studying the contribution of hemodynamic factors to the formation of stenosis.

In recent decades, the development of CFD (Computational Fluids Dynamic) methods
has resulted in an increase in the number of works on the modeling of local hemodynamics,
including ones with the use of patient-specific data [10-25]. To account for the rheology
of blood and the interaction of liquid and solid with the walls of blood vessels, many
complex multiphase and multiparametric models have been developed [26-29]. These
models, based mainly on the numerical solution of the Navier-Stokes equations, allow the
complete detailed reconstruction of the local hemodynamics in the area of stenosis.
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One of the most interesting features of the local hemodynamics in damaged arteries
is the formation of a low-velocity vortex behind the stenosis. Due to the non-Newtonian
nature of blood, the vortex zone is associated with a local increase in viscosity and lower
near-wall shear stresses [9,15,30-35]. The complex blood rheological effects result in the
appearance of a cell-free layer (CFL) [19,36] with a lower viscosity compared to the core
region. The thickness of CFL significantly affects the velocity profiles and dimensions
of the vortex zone. The quantitative characterization of the vortex zone is important for
the development of stenosis theory, diagnostics, and clinical applications. As the nature
of the CFL is still not clear, the size of the vortex region is difficult to predict without in
silico simulations.

In general, a reliable investigation on the effect of local hemodynamics in vessels with
stenosis on the development of disease and its treatment methods requires an integrated
approach combining in vivo, in vitro, and in silico studies (Figure 1).

I
!
In vivo observation Complex in silico . e . !
In vitro verification |
of coronary vessels |:> models for local |:> ) i
. . . . experiments !
with stenosis hemodynamic studies !
I
I
I
S !
In silico evaluation of Methods of flow i
. . !
the specific regions <j measurement and |-—*
detection accuracy control

Figure 1. Algorithm for the study of specific local hemodynamic characteristics using a complex approach.

Since the complex models of local hemodynamics usually contain a number of empiri-
cal coefficients, in vitro experiments of model verification are necessary. For this purpose,
optical particle velocimetry (PV) [37-42] and ultrasonic PV (Echo-PV) [43,44] technologies
are widely used. The optical PV method operates with a fine contrast impurity (polystyrene,
polyamide, or glass beads with size 0.2-100 pum). Such methods are highly accurate and
informative for assessing local hemodynamics. The main disadvantage of optical methods
is the requirement for optical transparency of the vessel wall and fluid. In contrast, the
Echo-PV method allows measurements in optically opaque media, making it most suitable
for flow studies in phantom vessels or in vivo.

At the same time, Echo-PV requires particles with a high reflectivity of ultrasonic
waves. In particular, polystyrene beads of approximately 100 pm in diameter or air mi-
crobubbles of the same size are suitable for in vitro or in vivo studies, respectively [45].
Meanwhile, the accuracy of the optical PV method for assessing the peculiarities of vortex
zone behind the stenosis has been confirmed experimentally [1], while the suitability of
the Echo-PV method for this purpose is not yet determined. Therefore, the last stage in the
methodological chain presented in Figure 1 is necessary to evaluate the accuracy of vortex
zone formalization by Echo-PV using large echo contrast particles as stream markers.

This study addresses the theoretical justification on the use of large particles for
obtaining vortex phenomena and its characterization in stenotic arteries by the Echo-PV
method. First, we assessed the echogenicity of calcite particles with an average diameter
of approximately 0.15 mm as a marker of streamlines. We show that such particles are
well visualized by a medical ultrasound device and can be used to detect the vortex zone
behind the stenosis. Then, we applied the Euler-Euler model of particle motion to simulate
the mechanical behavior of calcite particles at the experimental conditions and compared
the results of our simulations with the data of a classic in vitro study by Azuma and
Fukushima [1] obtained with aluminum microparticles of 20 pm in diameter and their
optical imaging. Finally, we show that large particles provide an error in the measured
dimensions of the vortex zone within 5%.
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2. Materials and Methods
2.1. Experimental Setup for Particle Echogenicity Testing in a Fluid Flow

To evaluate the ability of particle visualization in fluid flow through vessels of com-
plex geometry by ultrasonography, an experimental setup of laboratory design was used.
A piece of silicon tube with an inner diameter of 6 mm was inserted into a silicone tube
with a higher inner diameter (8 mm) to simulate arterial stenosis. The silicon tube was
connected to a reservoir filled with a suspension containing distilled water and calcite
particles with a volume fraction of 0.1%. The calcite particles KoelgaCarb KM-200 (JSC
«Koelgamramor», Chelyabinsk, Russia) were close to spherical shape, with a diameter
0.1-0.2 mm. The fluid flow rate of 500 mL/s was set by the height of the water column.
The constant level of the water column in the reservoir was provided by the continuous
addition of suspension into the reservoir from a buffer tank with the help of a peristaltic
pump. For details of the hydrodynamic system, see [46].

A fragment of the silicon tube with a model stenosis was immersed in a polystyrene cu-
vette filled with 500 mL of water. A SIEMENS 7.5L.45s Prima/Adara linear transducer of an
ultrasonic medical device Sonoline Adara (Siemens, Munich, Germany) was immersed in
the same cuvette at a distance of 40 mm from the silicone tube. The following hardware set-
tings of the ultrasonic apparatus were used: dynamic range—66 dB, operating frequency—
10 MHz, wavelength—0.15 mm, gain—19 dB, and power—50%. Two-dimensional images
of the samples were recorded by video for several seconds at a rate of 25 frames per second
and resolution of 720 x 480 pixels. The brightness was measured in gray scale in a range
from 30 to 255 arbitrary units with the use of specially designed software. For details of the
echolocation, see [47]. Calcite particles were captured and showed good echogenicity, so it
was possible to capture the tracks of individual particles (Figure 2).

Figure 2. Tracking of a calcite particle in a vortex post-stenotic flow and reconstruction of the particle
trajectory. 1,2—silicone tube walls, 3—calcite particle, 4—boundary for a silicone tube with an inner
diameter of 6 mm and the beginning of the poststenotic area. Presented frames were sequentially
taken with an interval of 1 ms.

2.2. Liquid—Particle Model: Equations Describing the Processes in the Dispersed and Liquid Phases

A model for the propagation of marker particles in fluid flow was developed using
the the Euler-Euler concept. Due to the small impurity concentration, the influence of
particles on the fluid flows can be neglected. The model takes into account the change of
hydrodynamic force on the particles from the liquid side as its diameter increases through
coefficient Cp (Equations (3) and (4)) in the drag force.

The advection equation for the dispersed phase can be written as

?
a—’z LV (Vyn) =0, (1)

where 1 [m™3] is the concentration of the dispersed phase (concentration of aluminum
particles and calcite particles) and V; [m s™1] is the velocity of its motion.
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The momentum transfer of the dispersed phase (aluminum particles, calcite parti-
cles) is expressed by the non-homogeneous convection equations for the conservative

variable V n:

(V. 4
md(T?H) +my(nVy-V)Vy = —H%VP—FPD, ®

md?
FD = HPCCD?“/C - Vd|(Vc - Vd)-

In Equation (2), m,[kg] is the local mass of particles, d[m] is the particle diameter, P
[Pa] is the fluid pressure measured relative to the hydrostatic pressure, p. [kg m 3] is the
density of the continuous phase, Fp [N m™3] is the drag force, Cp is the drag coefficient,
and V,[m s™!] is the velocity of continuous phase.

The movement of dispersed phase particles is primarily determined by the drag force,
Fp, which prevents the movement. The drag coefficient in the equation for Fp shows the
relationship between the drag force and the inertial forces of the supporting medium. Cp
depends on many parameters, but it has been shown that, for particles of a particular shape,
it is a function of only the Reynolds number (Re) [48]. The Reynolds number is the ratio
of the inertial forces to the internal friction forces arising from the particle motion. In the
range of small values of Re, the inertial forces make a negligibly small contribution to the
drag force, which is completely determined by the viscosity of the fluid.

It has been found that the Cp coefficient is approximately constant when the inertial
forces are much larger than the internal friction forces (large values of Re). However, as can
be seen from Figure 3, Cp increases significantly as Re decreases.

1072 1 10° 104 10°
Re
Figure 3. Dependence of hydrodynamic drag coefficient of particles as a function of Reynolds
number [49].

Figure 3 is the result of numerous experiments with sphere-shaped particles and can
be divided into three regions: (1) Re > 500, where Cp =~ 0.44 and approximately constant
(Newton’s law is fulfilled); (2) intermediate region (0.2 < Re < 500), where C; depends
significantly on Re; (3) Re < 0.2, where Cp = 24/ Re (Stokes law).

In the range of small values of Re, the inertial forces make a negligibly small contribu-
tion to the drag force, which is completely determined by the viscosity of the fluid.

The applicability of Stokes law is limited by the velocity of particles in fluid: the
motion must be so slow that the inertial forces are small compared to the drag forces. Large
particles are capable of accelerated motion. The rapid movement of particles can lead to
the development of local micro-turbulence, in which the Stokes law is no longer observed.

In this study, for each dispersed phase (aluminum particles, calcite particles), Re was
calculated in order to select a model for the drag coefficient based on the calculations.
For aluminum particles with a diameter of 20 pm, Re = 0.19, for calcium particles with a
diameter of 200 pm, Re = 1.9. From the results, it can be seen that, for aluminum particles,
Stokes law is satisfied and the drag coefficient can be calculated as Equation (3). For larger
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calcite particles, the Stokes law is not fulfilled and the resistance coefficient, Cp, depends
significantly on Re in the intermediate region (see Figure 3). For calcite particles, the drag
coefficient was calculated using the empirical Formula (4) obtained by Klyachko [50] for
the range 0.2 < Re < 500.

For the drag coefficient of the aluminum particle cloud, the following expression [51]

is used:

24
Cp=— A44.
D= Res +0 3)

The dependence of Cp(Re) for the calcite particle cloud was described using the
empirical Klyachko formula [50]:

Cr— 24 4
P~ Rey " Rl @
In Equations (3) and (4), Re is defined as

_ pelVe = Vald
He ’

Re @)

where }i. is the molecular viscosity dynamic coefficient of the continuous phase, [kg m ™1 s71].
For liquid fraction, the continuity equation can be written as

9
% + V- (@cpcVe) =0, (6)
where ¢ is the relative volume of the liquid phase. The momentum equation takes the
form of: 5 v
WOLY) | (gepe(Ve-V)Ve) = ~eVp + V- (9e7) ~ o,

T = ‘MCZS, (7)

_ 1w, @,
5‘2@@+wi‘

In Equation (7), T[Pa] is the viscous stress tensor, jic[kg m~! s71] is the dynamic
coefficient of molecular viscosity of liquid phase, and S[s~!] is the absolute value of the
generalized velocity gradient.

2.3. Design and Procedure of Simulations

Figure 4 represents a sketch of the computational domain used in simulations.

L L, ) 2L
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Figure 4. A sketch of the modeled pipe with stenosis. For reasons of symmetry of the solution, only a
half of the pipe is considered below. In our simulations, we consider R = 13.15 mm, L = 50 mm,
and Lg = 2.63 mm.

In this liquid—particle model, we consider four types of boundary conditions, which
are presented in Table 1.
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Table 1. Boundary conditions for numerical simulations.

Term Method

Wall type boundary condition No-slip condition

Symmetry type boundary condition = Impermeability condition

Inlet type boundary condition Condition with a defined velocity field at the boundary

Free outlet type boundary condition =~ Condition with a zero static pressure gradient

The boundary condition on the left (see Figure 4) is normal for the boundary V. ;, =
Vinax(1 — (y/ R)?) for the fluid, where V4 is the velocity at the center of the flow. The con-
centration of the dispersed phase, #, corresponds to a value of 0.074%. The boundary
conditions on the right follows the zero gradient condition for static pressure, P, and
dispersed phase concentration, n. We consider the upper boundary as a rigid wall with
a no-slip velocity effect. The lower limit corresponds to a rigid wall without the no-slip
effect. This approach is valid [15] and can be used for laminar flows in a straight axisym-
metric channel. In this paper, the time step was calculated at each iteration based on the
Courant-Friedrichs-Lewy condition (CFL) [52]. The shape of stenosis was determined by

the proportion
R[1-G{Ly(x—L)— (x—L)*}], L<x<L+Lg
y(x): R, x < Lorx>L+ Lg (8)
R272 S
G = ( 1y22(x f)),

and corresponds to the stenosis with overlap of G = 0.6.
Parameters for the liquid—particle model are presented in Table 2.

Table 2. Parameters for the liquid—particle model.

Parameter Value Unit
0c 1055 kg/m3
Ue 0.004 Pas

d (Aluminum particles) 20 pm

d (Calcite particles) 200 pm

0 (Aluminum particles) 2700 kg/m?
o (Calcite particles) 2710 kg/m?
my (Aluminum particles) 11.3 x 10712 kg

m, (Calcite particles) 9.7 x 1077 kg

To solve Equations (2)—(7), we use the finite-volume numerical scheme for a hexagonal
mesh implemented in the FlowVision © CFD software (version 3.13.02) [53]. This software
uses the original stable implicit velocity-pressure split algorithm to solve the momentum
and pressure equations. In describing the particle dynamics, we used an Eulerian approach
in which the dispersed and continuous phase interacted as interpenetrating continuous
media. All computer simulations were executed on an HPC server with 2 x 64-core
processors AMD EPYC 7763 (3.2 GHz).

Test calculations were performed to investigate mesh convergence and number of
hexogonal cells. The initial grid was constructed to be non-uniform, with thickening in
the vortex formation area (Figure 5), which allowed a clearer representation of the flow
dynamics in the poststenotic region. The size of the minimum computational cell in the
vortex area was 0.1 mm. The calculations were performed for a model with aluminum
particles and the parameter of vortex area and mean velocity of particles was investigated;
the results are presented in Table 3 and show that the difference between the results for
the 414,000 and 850,000 mesh was less than 10%. This indicates that the chosen grid is
sufficiently acceptable for this model.
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Figure 5. Non-uniform computational grid with condensation in the vortex formation region.

Table 3. Results of the mesh independence study.

Mesh Size (k) Mean Velocity Particles (m/s) Vortex Area (m?)
117 0.00523 0.00016728

320 0.00542 0.0001616

414 0.00557 0.000162

850 0.00598 0.000162

3. Results and Discussion
3.1. Obtaining the Vortex Zone by Echo-PV Tracking of Calcite Particles

As was shown in Figure 2 (see Section 2.1), calcite particles are clearly visualized using
medical ultrasound. The brightness of the particles by gray scale is 7-8 times greater than
the brightness of the surrounding water (30—40 arbitrary units). In addition, the motion
of particles in a fluid flow is also well determined. Figure 6 presents an example of the
vortex zone visualization at the same experimental conditions. One can see the absence of
particles in the upper part of the area behind the stenosis so that the shape and size of the
zone are clearly visible.

Figure 6. A typical example of vortex zone visualization by echolocation of calcite particles (0.1-0.2 mm in
diameter) in the area of modeled arterial stenosis. On the left is the gray scale (B—brightness), on the
right is the scale bar of dimension (D).

In general, calcite particles are a well-suited substance for Echo-PV technology to
evaluate the vortex zone in stenotic arteries. The high echogenicity of particles is ensured
due to the optimal density and size of the material. Additionally, the particle size is at least
an order greater than the dimensions of blood cells (~10 pm). This implies no significant
effects of particle—cell interaction on the trajectory of particle motion.
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Recently, modern Ultrasound Localization Microscopy (ULM) technology with higher
spatial-temporal resolution was introduced for Echo-PV. ULM operates with the scattered
ultrasonic vibrations reflected from microbubbles used as an echo contrast agent [54].
The size of a single microbubble is in the range of 3-10 pm. ULM uses high-speed record-
ing of reflected echo signals (up to 20,000 frames/s). Specially developed visualization
algorithms are applied to obtain the location of each microbubble and their motion from
frame to frame. As a result, ULM provides the spatial resolution of 5-20 pm.

The ULM method is a promising tool for in vivo measurements, in particular for
microvascular mapping [55-57]. However, the motion of microbubbles depends on their
mechanical interaction with blood cells. Entry of bubbles into a region with vortices and
high shear stresses may result in the coalescence, fission, or dissolution of microbubbles,
which potentially affects the accuracy of streamline detection in the vortex zones. Thus,
the verification of ULM accuracy for the determination of local hemodynamic peculiarities
is necessary. Perhaps the development of more complex models than those for solid
particles will be needed for this purpose.

It is noteworthy that the limitations of the medical ultrasound used in this work in
relation to the advantages of the ULM method for in vitro Echo-PV for vessels can be
overcome by scaling up the vessel size of the phantom, maintaining the dimensions of
the post-stenotic vortex zone. Further in vitro studies to confirm the feasibility of such a
large-scale transition are planned.

3.2. Computer Simulations and Accuracy Investigation

The results of the comparison of simulation and experiment are summarized below.

Figure 7 shows the result of field simulations of 20-um aluminum particles (as used in
the experiment) and 200-pm calcite particles. The modeling results are superimposed on
the photo of particle motion during the Azuma experiment [1]. We note a good qualitative
correspondence of the distribution of the volume fraction of model particles with the
density and trajectories of real particles.

01 8 16 23 31 39 47 55 62 70 78 x10™

P

Figure 7. Distribution of particles volume fraction ¢ = ﬁ near the area of stenosis, where V;; is
the reduced volume of dispersed phase and V. is the volume of continuous phase. Upper panel:
model with aluminum particles; lower panel: model with calcite particles. The simulation results
were compared with the experimental data [1].
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However, the analysis of the velocities of model particles (Figure 8) shows that larger
particles are not as well captured by the slow vortex behind the stenosis. The drag force
grows slower than the inertia with increasing particle size. Therefore, the inertia of larger
calcite particles begins to dominate and straightens the particle trajectory in the vortex
zone. At the same time, the motion of small aluminum particles is to a greater extent
determined by drag force, which entrains the particles following the streamlines inside the
post-stenotic vortex zone. This leads to the circulation trajectories of the calcite particles
in this region becoming indistinct. We can see this effect in Figure 6. At the same time,
the small aluminum particles in the model give clear circulation streamlines, which agrees
with the Azuma experiment.

001 0.9 1.7 2.6 3.5 43 52 6 69 7.8 8.6 x10”
Vi, mfs

Figure 8. The streamlines represent the velocity of the dispersed phase, V;. Upper panel: model with
aluminum particles; lower panel: model with calcite particles. The simulation results were compared
with the experimental data [1].

A comparison of the particle velocity absolute value (Figure 9) shows that, regardless
of the size, the particles are captured by the flow equally well (differences do not exceed
0.1% of the fluid velocity). However, in the poststenotic region (highlighted in the red box
and magnified), the circulating vortex contours determined by the gradient method are
significantly different.

To evaluate the quantitative difference between the methods using calcite and alu-
minum particles, we prepared a template of the measured parameters of the poststenotic
zone. Figure 10 schematically shows the contour for the circulating vortices, which was
determined by the gradient method (Figure 9).

Using this template, the results of the simulations were processed and the results
were summarized.

Table 4 quantifies the poststenotic circulation region. The largest deviation is observed
for the parameters “Length” and “y3”. This is due to the fact that larger calcite particles
have greater inertia and are not as well captured by the vortex. As can be seen, the use
of large calcite particles for detection does not lead to a serious increase in the size of the
vortex region (up to 5%), which is significant for the verification process. Note that the
largest error is observed in determining the length of the vortex zone. This is explained by
the effect of the greater inertia of large calcite particles, which, as was shown earlier, rarely
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get into the vortex zone and envelope it. Thus, this zone is closed later than when using
small aluminum particles.

o1 areppp———UpLEE L L

Figure 9. Difference between velocities of aluminum particles and calcite particles, AV}, near the area
of stenosis. The poststenotic region for which the isolines reflecting the volume fraction of particles
@ = 15 x 107° were considered is included in the red box. Dashed line: model with aluminum
particles; dotted line: model with calcite particles.
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Figure 10. Schematic representation of the circulating vortex contour for the poststenotic region.
Parameters x; and x; are coordinates along the symmetry axis of the vessel, which characterize the
position of the separation point and the attachment point of the boundary layer. The parameters y;,
Y2, and y3 characterize the vortex width that was measured at the beginning, middle, and end of the
vortex area. The “Length” quantity defines the length of the vortex zone.

Table 4. Comparison of the model with aluminum particles and the model with calcite particles.
Parameters for comparison are presented in the scheme (see Figure 10).

Parameter (m) Aluminum Particles Calcite Particles Difference (%)
X7 0.0673 0.0679 0.88

X 0.094 0.096 2.08

Length 0.0267 0.0281 4.98

n 0.0038 0.00379 0.26

Yo 0.00395 0.00389 1.51

Y3 0.0020 0.0019 5

Experimentation and modelling allows us to formulate a number of limitations for the
Echo-PV technique under consideration.

The method has significant dependence on the characteristics of ultrasonic equipment
(low resolution and noise make it difficult to restore particle tracks and smear the boundary
of the vortex zone), the liquid environment must be pre-cleaned and degassed to reduce
noise, and the fluid pump must provide an even flow of fluid in the area of occlusion.
For phantom vessels, this condition is not a big problem, but in the case of in vivo it is
much more difficult to provide them.
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Particle (marker) size should significantly exceed the size of blood cells and aggregates.
If the size of the marker is comparable to the size of an erythrocyte, the track of the marker
will be largely determined, not by the fluid flow, but by interaction with blood cells. For this
reason, the PV technique with large (>100 um) particles is more relevant for detecting flows
in vessels. On the other hand, the use of large particles leads to a nonlinear dependence
of the hydrodynamic and rheological forces on the velocity. Therefore, the accuracy of
in vivo detection will strongly depend on the shape of the vessel, the properties of the
liquid, and the properties of the ultrasound machine.

For asymmetric vessels, the choice of projection and depth of acoustic focusing will
play a key role. It is likely that several measurements in different projections will be
required. Finally, it should be taken into account that, especially in low-velocity fluid flows,
the role of gravity will increase.

For in vitro experiments in phantom vessels, any available particle materials with
sufficient echogenicity can be used. However, in vivo experiments require confirmation
of the safety of materials and their concentration. It is very difficult to select large solid
particles with such properties. In in vivo practice, gas bubbles are commonly used as
tracers [58,59]. However, gas bubbles have several disadvantages. Solid particles have
stronger acoustic backscattering and higher echo intensity compared to gas bubbles. This
enhanced acoustic response allows for more reliable and accurate detection of solids, even
under difficult flow conditions or in the presence of background noise. Gas bubbles, on the
other hand, can have weaker acoustic signals, resulting in lower detection sensitivity
and possible measurement errors. Particulate matter allows for better control of particle
characteristics such as size, shape, and density that directly affect the accuracy of velocity
measurements. Gas bubbles, due to their inherent variability in size and shape, can
introduce uncertainty and errors in velocity measurements. Thus, additional theoretical
and clinical studies are needed to select a particle material that has a sufficiently strong
acoustic response, has stable and controllable characteristics, and can provide high accuracy
in measuring localized vortex flows.

4. Conclusions

This paper presents a theoretical study of the Echo-PTV method for tracing streamlines
and segmentation of the low-velocity vortex zone in vessels with stenosis. A mathematical
model of the particle motion in a liquid flow was developed, and computer simulations
were carried out for two experimental conditions. The first is the formation of a vortex
zone by means of large-size calcite particles (100-200 pm in diameter) and the second—
small-size microparticles of aluminum (20 pm in diameter) [1]. The possibility of calcite
particles detection using the echolocation method was confirmed experimentally. Despite
the fundamental difference between particle visualization methods (optical or Echo-PV),
an error in determining the size of the vortex zone does not exceed 5%. Thus, calcite
particles meet the requirements of Echo-PV technology for the in vitro verification of
complex hemodynamic models.

Finally, this study is a first step towards applying the proposed methodology in clinical
practice. Further in vitro studies are needed. We plan to compare the simulation results
mentioned in this study with in vitro experimental findings that can be obtained using the
Echo-PV methodology. In particular, the effects of various experimental variables (stenosis
size and shape, flow rate, fluid viscosity, particle nature, etc.) on local flow features will be
the focus of our next investigations.
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Abstract: The low-frequency vibro-acoustic characteristics of a mechanical equipment—floating raft—
cylindrical shell—underwater acoustic field coupled system with nonlinear supports are studied in
this paper. Firstly, the state space equations were established by a modal superposition theory for
the coupled system, and a modal parameter identification method was deduced and verified for the
cylindrical shell—underwater acoustic field coupled subsystem. On this basis, the formulas were
derived for transmitted power flow in the coupled system, and the nonlinear stiffness constitutive
relation of the vibration isolation supports was expressed by softening and hardening characteristics.
Finally, dynamic simulations were carried out by the Runge—Kutta method to analyze the effect
of nonlinear stiffness characteristic parameters on the low-frequency vibration modes and vibro-
acoustic transfer characteristics in the coupled system. The research shows that a superharmonic
phenomenon is common in the steady vibration mode of the coupled system with a nonlinear
softening (or hardening) stiffness characteristic under harmonic excitation. The stronger the softening
(or hardening) stiffness characteristic is, the more complex the vibration form is, and the smaller (or
larger) the low-frequency vibro-acoustic transfer level in resonance regions is.

Keywords: support stiffness nonlinearity; cylindrical shell; modal parameter identification; low-
frequency vibration; transmitted power flow; vibro-acoustic transfer characteristics

1. Introduction

Nonlinear vibration mode is an important factor to be considered in the study of low-
frequency vibration isolation for underwater cylindrical shell systems. Due to relatively
high vibration energy at low frequencies, the elastic support, which presents linear stiffness
in an original micro-amplitude vibration mode, will show nonlinear characteristics. Strictly
speaking, stiffness characteristics of various elastic vibration isolation elements are nonlin-
ear. In a micro-amplitude vibration mode, a vibration isolator has a certain linear stiffness
working interval. Stiffness characteristics are nonlinear if amplitude is sufficiently large.

In recent years, many scholars have studied the vibration characteristics of nonlinear
vibration isolation systems. Smirnov et al. [1] studied and compared the efficiency of linear
and nonlinear vibration isolation systems. Santhosh [2] studied the dynamic performance
of an asymmetric nonlinear vibration isolation mechanism under harmonic excitation.
Dutta et al. [3] analyzed a nonlinear vibration isolator with magnetorheological fluid
dampers and cubic nonlinear springs to determine the effectiveness of isolation during
force or displacement excitation. Suman et al. [4] proposed a nonlinear vibration control
device based on a negative stiffness mechanism, which can improve the isolation ability of
the vibration suspension system in the low-frequency range. Araki et al. [5] proposed a
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vertical quasi-zero stiffness (QZS) vibration isolator with adjustable restoring force. Zhao
etal. [6,7] successively designed QZS vibration isolators with two and three pairs of inclined
springs. Ye et al. [8] proposed a QZS system based on a cam—toller mechanism. Chang
et al. [9] proposed a QZS dynamic shock absorber. Bouna et al. [10] studied the vibration
control of multi-span girder bridges under the excitation of pier foundation vibration by
using nonlinear QZS isolators. Drezet et al. [11] proposed a nonlinear vibration energy
harvester based on the concept of high static and low dynamic stiffness (HSLDS). Lu
et al. [12-14] studied an orthogonal six-degree-of-freedom vibration isolation system with
HSLDS and an electromagnetic Stewart platform to suppress the low-frequency vibration
of high-precision instruments, provided modal coefficients by improved Fourier series
and the Rayleigh—Ritz method, and studied the nonlinear energy transfer of flexible
plates with arbitrary boundaries coupled to HSLDS isolators. Sun et al. [15] proposed a
method for designing HSLDS mounts based on target force curves, which are obtained by
placing negative stiffness structures in parallel with positive stiffness linear springs. Yao
et al. [16] proposed an HSLDS isolator with a cam—roller—spring mechanism, in which
the cam profile can be specially designed to suit different operating requirements. Chong
et al. [17] designed a nonlinear X-combined structure with HSLDS in a large displacement
range, which avoided negative stiffness and instability factors and improved its vibration
isolation characteristics.

Chaos is a unique dynamical behavior of nonlinear systems. Leutcho et al. [18]
systematically studied a new type of chaotic system with single parametric nonlinearity.
Yan et al. [19] proposed a novel bi-state nonlinear vibration isolator, whose motion can
be either periodic or chaotic. Rahman et al. [20] proposed a new fractional-order chaotic
system containing multiple nonlinear terms, which can excite hidden chaotic attractors or
self-excited chaotic attractors depending on the chosen system parameters or the value of its
fractional-order derivative. Li et al. [21] proposed an SRN feature extraction method com-
bining maximum relevance minimum redundancy, which can effectively classify different
chaotic signals. Karimov et al. [22] proposed a novel implementation of the chaotic Duffing
oscillator as a simple mechanical system with a translational movement. Dreau et al. [23]
introduced a stochastic modeling method for nonlinear systems with response surface
discontinuity, which improved the efficiency of multi-variate polynomial chaos expansion.

The power flow characteristic is an important index to study nonlinear vibration
isolation. Cassidy et al. [24] proposed a general nonlinear control synthesis method for
power flow constrained energy harvesters, which is analytically guaranteed to be superior
to the optimal static admittance in the steady state random response. Silva et al. [25]
proposed a technique for evaluating and optimizing vibrational power flow involving
beam-and-plate coupling. Varghese et al. [26] applied the combined transient power flow
balancing and acceleration matching techniques to detect and quantify the crack dam-
age of beam structures at different positions. Yang et al. [27,28] successively studied the
power flow and force transmissibility characteristics of a two-degree-of-freedom nonlinear
vibration isolation system and a coupled nonlinear oscillator. Ren et al. [29] compared
the power transmission between rigid, single-stage isolation and double-stage isolation
gearbox installation configurations with the vibration power flow of the system as the eval-
uation index. Zhang et al. [30] proposed a power flow analysis method for quantitatively
evaluating the dynamic performance of a nonlinear energy sink in the frequency domain.
Xu et al. [31] analyzed the bending vibration and power flow of axially loaded beams with
arbitrary boundaries and nonuniform elastic foundations via energy principle in conjunc-
tion with the Rayleigh—Ritz procedure. Mahapatra et al. [32] studied the influence of
general coupling conditions on the vibration and power flow characteristics of a two-plate
composite plate structure.

There has been a lot of literature on the dynamics of nonlinear vibration isolation
systems at home and abroad and, especially, the application of quasi-zero stiffness or high
static and low dynamic stiffness nonlinear vibration isolators for low-frequency vibration
control has become a research hotspot in the last decade. However, compared with the
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wide application of nonlinear vibration isolators, the mechanism of vibro-acoustic transfer
in nonlinear vibration isolation systems, especially the influence of nonlinear factors in
low-frequency vibration modes, has not been fully studied. In this paper, the low-frequency
vibro-acoustic characteristics of a mechanical equipment—floating raft—underwater cylin-
drical shell coupled system with nonlinear stiffness supports are studied. It can not only
provide theoretical guidance for low-frequency vibration analysis, diagnosis, and design
of dynamics of underwater nonlinear coupled systems but also provide reference for the
design of nonlinear vibration isolators.

The rest of this paper is organized as follows. In Section 2, based on the parametric
modeling of an admittance method of a mechanical equipment—floating raft—cylindrical
shell—underwater acoustic field coupled system, the state space equations of the sub-
systems are established by using modal identification and modal superposition theories;
and then the nonlinear stiffness constitutive relation of the vibration isolation supports is
expressed by softening and hardening characteristics, and the calculation method of trans-
mitted power flow is derived. In Section 3, the influence of nonlinear stiffness characteristic
parameters on the vibro-acoustic characteristics of the coupled system is studied by using
MATLAB numerical simulation. Finally, some conclusions are presented in Section 4.

2. Materials and Methods

2.1. Model of a Mechanical Equipment—Floating Raft—Cylindrical Shell—Underwater Acoustic
Field Coupled System

Figure 1 describes the model of a mechanical equipment—floating raft—cylindrical
shell—underwater acoustic field coupled system.
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Figure 1. The model of a mechanical equipment—floating raft—cylindrical shell—underwater
acoustic field coupled system: (a) —x direction; (b) z direction; (c) complex coupled system with
nonlinear connecting elements.

As shown in Figure 1a,b, vibration source mechanical equipment A; and A; (simu-
lating multiple units) are installed on a floating raft R. Each unit is connected to the raft
frame through four elastic supports, and the raft frame is connected to a cylindrical shell
through four elastic supports. A rectangular coordinate system Oxyz is established, where
the Oz axis is the center line of the cylinder and Oy is the vertical direction. To simplify
analysis, only the vertical translational vibration and the rotational vibration around the
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Oz and Ox axes of the system are considered. Therefore, vertical excitation forces Fy, F,
and excitation torques T, T, around the Oz axis are applied at the center of mass of each
unit. The units A;, A, and the floating raft R are all rigid bodies symmetrical about the
yOz plane. In Figure 1a,b, by, by, h1z, oz, hiy, hay, H,, Hy, and Ly are the installation size
parameters of the system, and ¢4, 03, 03, and 04 are the connection points of the lower
vibration isolation supports with the cylindrical shell.

Figure 1c abstracts the complex coupled system with nonlinear connecting elements.
A (the vibration source subsystem) is subjected to I excitations Fe;, (1 =1, 2, ..., [) and
has displacement responses we;, at the excitations. A is connected to R (the raft frame)
by g elastic connecting elements. At the connection points of the elastic elements with
A and R, there are excitation forces F5; and Fy; (i =1, 2, ..., ), as well as displacement

responses wp; and wy;. The elastic elements have constitutive relation f;(;, (Si), where
6; =wu; — wy. Similarly, R is connected to Y (the cylindrical shell-underwater acoustic
field coupled subsystem) by r elastic connecting elements. At the connection points of
the elastic elements with R and Y, there are excitation forces Fy; and Fy; G=1,2,...,1),
as well as displacement responses wy,; and wy;. The elastic elements have constitutive
relation g;(x;, x;), where x; = wp; — wy;. For specific practical problems, the number of
elastic coupled elements in series in Figure 1c can be increased or decreased according to
different modeling needs.

2.2. State Space Model of the Coupled System

For the unit A; in Figure 1, its vertical vibration displacement is represented
by y1; its angular displacement around the Ox axis is represented by 61,; and its an-
gular displacement around the Oy axis is represented by 61,. Define a state variable

upq = [uq, o, uz, g, us, ug)" = (1, 01x, 012, V1, le, Glz]T, then the state space of the unit A;
equation is

i 00010 0]y 0 0

i 0000 1 0||u 0 0

as| 00 0 0 0 1f]|us 0 o | .

il =100 0 0 0 of|ug| T | —LuF/m Fyymy | = Aouar T fan(F1) + fin (1)
il5 00 0 0 0 O Us Zl'Fl/]lx 0

Ug 0 0 0 0 0 0] Lus —X1-F1/ 12 T/ 1z

where F; = [Fa1, Faz, Fas, Fas]T is an excitation force column vector of the unit A; to
its four supports; my, 1y, and [, are the mass of the unit A; and the moment of in-
ertia that bypasses its centroid and is parallel to the axis of Ox and Oz, respectively;
X1 = [0.5h1x, O.Shlx, —0.5h1x, —O.Shlx],' Zl = [—0.5}112, O.5h1z, —0.5h1z, 0.5h1z]; 11 x4 denotes
a 4-dimensional row vector with all elements 1; fo1(F;) denotes a vector function with
respect to Fy; fin1 is a known external input vector function; Ay is a constant matrix.
Similarly, for the unit Ay, its vertical vibration displacement is represented by y,; its
angular displacement around the Ox axis is represented by 6,,; and its angular displacement
around the Oy axis is represented by 6,,. Define a state variable ua» = [uz, us, ug, 19, u11, upn]T

= [y2, 02y, 022, Vo, 92x, QQZ]T, then the state space equation of the unit A is

a2 = Ao'uaz + far(F2) + fina(t) 2)

where Fy = [Fas, Fag, Fa7, Fag]t is an excitation force column vector of the unit A, to
its four supports; fa2(F2) =10,0,0, —I1x4-Fa/my, Zy-Fy/ ]2y, —X,-F>/]».]T denotes a vec-
tor function with respect to Fy; fino = [0, 0, 0, Fo/my, 0, T/ J22]T is a known external
input vector function; my, J»y, and [, are the mass of the unit A, and the moment of
inertia that bypasses its centroid and is parallel to the axis of Ox and Oz, respectively;
X, =[0.5hy, 0.5hy,, —0.5hy,, —0.5h5,]; Zo = [—0.5hy,, 0.5h,,, —0.5hy,, 0.5h,].
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Combining the units A; and A; into the vibration source equipment subsystem,
Equations (1) and (2) are merged into the following state space equation:

UA1
UA2

UA1
UA?

_[Ao O6x6
Osxe Ao

+ [];Algilﬂ + I:J;inl(t):| = A-up +fA(F1/P2) +fin(t> (3)

A2 2 (f)

For the raft frame R, its vertical vibration displacement is represented by yg; its angular
displacement around the Ox axis is represented by 6g,; and its angular displacement around
the Oy axis is represented by 0g,. Define a state variable ug = [uR1, tra, Ur3, Ur4, URS, uge]”

= [yr, Orx, ORz, YR/ QRX, QRZ]T, then the state space equation of the raft frame R is

Z;lR1 00 01 O0O0 UR1 0
ZLIRZ 00 0 010 UR2 0
. I;tR3 . 0 0 0 0 01 UR3 0 o .
MR= il T 10 0 0 0 0 0f Juga| | s (B—Fy)/mg |~ A0 T R(FuFp) @)
URs 0 00 0 0 Of]urs (Zro'Fy — Zg1°Ft)/ Jrx
URe 0 0 0 0 0 0] Lugrs (Xr1-Ft — Xro-Fp) / Jr=

where F; = [Fy, Fio, F3, Fu, Fis, Fis, Fi7, Fig]l" and F,, = [Fp1, Fpp, Foa, Foa]T are excitation
force column vectors of the upper supports to the raft frame and the raft frame to the lower
supports, respectively; mg, Jry, and Jr, are the mass of the raft frame and the moment
of inertia that bypasses its centroid and is parallel to the axis of Ox and Oz, respectively;
XRrj =[0.5h1y, 0.5h1y, —0.5h1y, —0.5h1y, 0.5hyy, 0.5hy,, —0.5hpy, —0.5h0,]; Xro = [0.5Hy, 0.5H,,
—0.5H,, —0.5Hx]; ZR1 = [—bl — 0.5]/112, —b1 + 0.5]’11Z, —b1 — 0.51’112, —b1 + O.5hlz, bz — 0.5]’[22,
bz + 0.5]’122, bz — 0.5]”122, bz + O.ShZZ],' Zro = [-0.5H;, 0.5H,, —0.5H, 0-5Hz]}fR(Ft/ Fb) denotes
a vector function about Fy, Fj,.

For the connection supports between the vibration source equipment and the raft
frame, ignoring the effect of their mass, the power/response transfer relation is

Fi=Fai=fi(0, &), (i=1,2,...,8) ®)

where §; = wp; — wy, and there are linear relationships between w,;, wy and the state
variables u and ug:

T T - T T
wa1 = Ulyq — M2%1 + Ma?Tflf wa1 = Uglyq — u521T+ M6X1T
wpr = Uzlyg —ugZs +ugX;, war = ugolyny — unnZy +upX; (6)
_ T T T T
wi = URrilgx1 — URpZyy + UrR3 Xy, Wi = uUrglgx1 — URsZRy + UReXRq

where wa1 = [wa1, Wa2, Was, Wasl'; waz = [Was, Was, Wa7, Was]T; Wi = [wy, wp, W, W,

T
W5, Wie, Wiz, W] -
Letwp = [wa1}, was']T, then Equation (5) is expressed as:

Fp = [ij — F = f(wa(ua) — wi(ur), a (up) — wi(ug)) = f(ua,ug) %

Similarly, for the connection supports between the raft frame and the cylindrical shell,
ignoring the effect of their mass, the power/response transfer relation is

R =F;j=gj(x;, x;), =123 4) 8
where &; = wp; — wy; and there is a linear relationship between wy; and the state variable
UR:

wy, = ur1lyx — uroZh, +ursXgy, Wy = uralyxs — ursZE, + ure X, 9)

where wy, = [Wy1, Wha, W3, Wpal -
The cylindrical shell is a continuum, and its modal parameters of all orders can be
solved analytically. Further, a state space equation is established by using the modal param-
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eters. The above is a common method for dealing with continuum problems. However, the
cylindrical shell coupled with the external underwater acoustic field becomes a dissipative
system, so it is difficult to obtain an analytical expression of the modal parameters through
theoretical deduction. In view of the above problem, a discrete numerical solution of
displacement admittance functions is first calculated for the cylindrical shell—underwater
acoustic field coupled subsystem by referring to Equations (11)—(18) in the literature [33].
Then, analytical expressions are fitted according to the admittance functions data, and
then system modal parameters are identified from the expressions. Finally, a state space
equation is established by using these modal parameters.

For the modal parameter identification method and modeling process mentioned
above, please refer to Appendix A. Here, the state space equation after modeling is directly
given for the cylindrical shell—underwater acoustic field coupled subsystem:

uc = Scuc +6cFy (10)

where uc = [ucy, ucy, ucs, - - - ucf]T is a state variable (f is first f-order modes intercepted for
the low-frequency vibration problem); Fy = [Fy1, Fy2, Fy3, Fy4]T is an excitation force column
vector of the connection supports to the cylindrical shell; Sc = diag[sc1, sc2, Sc3/- - - Scfl
is a diagonal matrix composed of poles sc; obtained by modal parameter identification
(scisorted by Isci | < Iscal < Iscal <...< Iscrl); @ is a matrix composed of identified
modal parameter @ij (i=1,2, ... fis modal order; j = 1, 2, 3, 4 is the position of the
connection point between the lower support and the cylindrical shell), and

P P12 P13 Pu
P P Pz P
D= |P P2 Pz P (11)

@1 @2 @3 @4
The functional relation between wy; and the state space variable uc is
wy = 2Re{5€uc} = 2(Re{6€}-Re{uC} — Im{@é}{m{uc}) (12)

where wy = [wy1, wys, Wys, wy4]T.

By combining the state space equations (Equations (3), (4), and (10)) of the vibration
source equipment, raft frame, and cylindrical shell into one, the total state space equation
of the system is formed. Then, through the constitutive equation of the elastic elements
(Equations (5) and (8)), the subsystems can be connected into a whole.

2.3. Expression of Nonlinear Stiffness for Vibration Isolation Supports

In Equations (5) and (8), the constitutive relation of the elastic supports is only ex-
pressed in general terms, which can be a linear or nonlinear function. For the nonlinear
stiffness characteristics of vibration isolation supports, they are generally classified qualita-
tively into two categories: softening and hardening characteristics, as shown in Figure 2a,b.
The blue curve in Figure 2 indicates the nonlinear stiffness characteristics expressed by
a piecewise linear method, where Jj is an approximate linear stiffness working interval
control parameter, and K; and Kj; are approximate stiffness control parameters inside and
outside the linear working interval, respectively. In practical problems, the transition from
linear to nonlinear generally has a gradual process, rather than a sudden change, and the
piecewise curve is not easy to deal with in numerical calculation because of its unsmooth-
ness. So, the piecewise turning function is modified to a smooth transition function, as
shown by the red curve in Figure 2.
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Figure 2. Nonlinear stiffness characteristics and their control parameters: (a) softening characteristic;
(b) hardening characteristic.

The softening and hardening characteristics are expressed in this paper as
Equations (13) and (14), respectively:

|T|+Kicr [3 1+(T/C2)3_1] Ki|t|—c1 [3 1+(T/C2)3—1]
VITKE sgn(7), h= e sgn(T)
1= 1K+K5<2C2r52 = \/14—750, T= \T|sgn( ) (13)

[(Kict/e2)> +1] |2 = 3(1/1+ K Jo] + Kaen ) 72 +3(,/1+K2|5\+1<1c1) | — (,/1+1<2\5|+1<1c1) + (Kie1)? =0

where sgn(7) is the sign function; ¢; and c; are shape control parameters determined
by Kj, Ky, and dy; T is a parameter variable related to the positive real root | 7| of the
polynomial equation.

I7l-Kex [3 1+(7/52)3*1] Ki|t|+er [3 1+(T/cz)371]
\/@ Sgn(T)’ FI = m Sgn(T)
1= 1&125(12 €2/C = \/@50, T = |T|sgn(d) (14)

[(K161/02)3 - 1] k& +3(~ 1+ K25 — K1c1> 172 - 3(,/1 +K2[5) - K1c1)2|r| + (,/1 + K25 — K1c1>3 (K =0

It is assumed that the three groups of vibration isolation supports have the same
constitutive relation under the unit Aj, the unit Ay, and the floating raft R. The K; of
the three groups of vibration isolators are denoted as Ka11 = Re{ky}, Ka21 = Re{ky}, and
KRy = Re{kr}, respectively, where kq, k, and kg are the linear complex stiffness. The K; of the
three groups of isolators (denoted as Ka12, Ka2z, and Kry, respectively) is set as « (stiffness
ratio) times Ky, that is, Ka12 = aKa11, Kazs = aKan1, and Krp = aKgq, where a € [0.1, 3.0]
(softening characteristic when a < 1.0 and hardening characteristic when & > 1.0). The
6o (denoted as 610, d20, and JRrg, respectively) of the three groups of isolators is esti-
mated to be B times their respective static settlement after installation of the units, that
is, 619 = Ppmy1g/Reldky}, oo = Pmyg/Refdky}, and drg = (1 + my + mg)g/Reldkr}, where
B €10.2,5.0]. In addition, the structural damping coefficients of the vibration isolators are
approximately converted to the equivalent viscous damping coefficients by ¢ = Im{k;}/ w1,
cp =Imiky} /w1, and cg = Im{kg}/wq (Where wj is the fundamental frequency of the system).

2.4. Evaluation Index of Vibro-Acoustic Transfer Characteristics for the Nonlinear Coupled System

The transmitted power flow (which refers to the vibrational power flow transferred to
the cylindrical shell through the supports under the floating raft in this paper) can reflect
the process of vibration energy transfer and conversion into underwater acoustic radiation
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of the coupled system [34], which can be regarded as a comprehensive reflection of the
vibro-acoustic transfer characteristics.

For the coupled system shown in Figure 1, the instantaneous power of the excitation
Fy acting on the cylindrical shell by the vibration isolation support is

I(t) = Fy-wy (15)
The vibrational power flow is the average power of the excitation over a period
T=2m1/w:
! TI t)dt 16
Pr=g [ 10) (16)
Similar to this, the time average power is introduced:
_ 1/t
I(t) = ;/ I(t)dt (17)
Jo
The initial value I(t) can be obtained by the above equation.
I li ! tI dt = limI I 1
(0) =timy [ 1(z)d = limI (1) = 1(0) = 0 (18)

The derivative of time ¢ on both sides of Equation (17) is calculated:

1(t) = —tlz_/ot (x)ar 4 1) - 2020 (19)

From the above equation, combined with Equations (3), (4), (10), and (15), the initial

value I(t) can be obtained:

-T
1(0) = %1136 <F§~z’vy + F;iby) = %%g% (F;-ZRe{ @CSCuC} + 8" (wy — wp, wy — wy) wy> =0 (20)
where the initial values of the system state variables u, ur, and uc have been set to be 0
(the system is in a static state).
On the other hand, assuming that the vibration enters the steady state after a certain
time f( and has a period T, it can be seen from Equation (17) that for any natural number N,
the following equation holds:

- _ to+NT
(to + NT)I(to + NT) — toI(ty) = / " I()de = / I(t)dt = NTPy (1)
J0
Therefore, the vibration power flow can be calculated by the time average power:
_ to _
Pr=T(to+T) + = [T(to +T) —T(t0)] (22)

If t is large enough, the system still does not exhibit perfect periodic oscillation. But as
long as there is a mathematical expectation in Equation (16), then Equation (22) still holds.
At this time, T can be understood as some kind of virtual value related to the excitation
period, and Pr still represents the average power level of the excitation. Then, Equation (22)
is rewritten as:

Pr = [(T+to)I(tg + T) — toI(to)] /T (23)

3. Results and Discussion

Based on the theories in Section 2, the effect of the nonlinear stiffness control pa-
rameters of the vibration isolation supports on the low-frequency vibration modes and
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vibro-acoustic transfer characteristics of the coupled system are analyzed by numerical
simulation methods in the following.

To obtain sufficient amplitude for the system to fully demonstrate its nonlinear vibra-
tion characteristics, the amplitude of the excitation force applied to the units A; and A; is
set to 500 N. The values of the variable stiffness isolators and system structural parameters
involved in the numerical simulations are set as shown in Tables 1 and 2, and other control

parameters are shown in Appendix B.

Table 1. Control parameter settings of variable stiffness vibration isolator.

Control Parameters Symbols Units Values Remarks
5
Stiffness control parameters in the Kan N/m 20 % 105
approximate linear working interval Kaz N/m 27 x 10
Kr1 N/m 8.6 x 10°
] 5
Stiffness control parameters outside Kanz N/m 2.0 x 105 xe .[0'1' 301 -
. .. Kano N/m w-2.7 x 10 « < 1, softening characteristic
the linear working interval . -
Kgro N/m «-8.6 x 10° « > 1, hardening characteristic
. L 510 m B-6.125 x 1074
Linear working interval length b0 m B6.352 x 104 B e[02,50]
control parameters 4
ORo m B-6.267 x 10
c1 kg/s 159.155
Damping coefficients o kg/s 214.859
CR kg/s 684.366
Table 2. System structure parameter settings.
System Structure Parameters Symbols Units Values
Elastic modulus E N/m? 2.1 x 1011
: 3 3
Characteristic parameters .Denélty . P kg/m 78 x 10
L Poisson’s ratio u 0.28
of the cylindrical shell AR
Dissipation factor ¢ 0.01
Length, radius, thickness Lad m 2,0.4,0.02
Mass of the unit A m kg 50
S ‘ Mass of the unit A, My kg 70
tru}clture Paran;et}el:rs ° Mass of the raft frame R MR kg 100
the ur;;tfs and the Moment of inertia of the unit A; Jix, J1z Kg-m2 1,05
ratt frame Moment of inertia of the unit A, Jox, 22 Kg-m2 15,1
Moment of inertia of the raft frame R Trx, IRz Kg~1’n2 85,25
Linear complex stiffness Support stiffness of the unit A; k1 N/m 2.0 x 10° x (1+0.17)
of the vibration Support stiffness of the unit A, ko N/m 2.7 x 10° x (1+0.17)
isolation supports Support stiffness of the raft frame R kr N/m 8.6 x 10° x (1+0.1j)
Centroid positioning of the unit A b1 m 0.25
Centroid positioning of the unit A, by m 0.25
Installation position Centroid positioning of the raft
LR m 0.8
parameters frame R
Support spacing of the unit A; Ny, M1z m 0.2,0.3
Support spacing of the unit A, hoy, hos m 0.2,0.3
Support spacing of the raft frame R Hy, H, m 0.35,0.7

3.1. Modal Parameter Identification for the Cylindrical Shell—Underwater Acoustic Field
Coupled Subsystem

Taking the displacement derivative functions Hyy, Hy2, and Hi4 as examples, their
fitting spectra obtained from the modal parameter identification method are compared
with the numerical spectra obtained by the calculation method in the literature [33], as
shown in Figure 3. It can be seen that the fitting results can match well with the original
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data, and the difference between the two is mainly related to the modal truncation (residual
admittance) and the computational error of the original data.
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Figure 3. Comparison of the fitting spectra and the numerical spectra: (a) Hy1; (b) Hip; (¢) Hia.

The first 10 orders of poles identified for the cylindrical shell—underwater acoustic
field coupled subsystem and their corresponding modal frequencies are listed in Table 3.
The values of the modal parameters @ij at the support connection points are listed in Table 4.

Table 3. The first 10 orders of poles and modal frequencies of the cylindrical shell—underwater
acoustic field coupled subsystem.

Orders i Poles sc;, sc; * Modal Frequencies f¢; (Hz)
1 —0.366 + 8.277 x 10%j 131.73
2 —0.574 4+ 1.219 x 103 194.95
3 —0.660 + 1.672 x 10%j 266.24
4 —0.924 4 1.906 x 103 j 303.33
5 —1.246 +2.302 x 10%j 366.30
6 —1.753 £ 2.364 x 10%j 376.21
7 —1.307 +2.621 x 103 417.11
8 ~1.586 + 3.065 x 10%j 487.86
9 —3.624 4 3.304 x 103 525.88
10 —2.863 x 10% £ 1.973 x 10%j 553.34

* The poles sc; and s¢;" are a pair of conjugate complex numbers.

Table 4. The values of the modal parameters @i]- at the support connection points.

Orders i j=1 j=2 j=3 j=4
i=1 0.475 — 4.630j 0.686 — 0.703j 0.104 — 0.117 0.163 — 0.172]
i=2 0.462 — 0.429] 0.601 — 0.647j —0.317 +0.312 —0.448 + 0.469 j
i=3 0.436 — 0.208 0.271 — 0.328j 0.068 — 0.226 0.214 — 0.335j
i=4 0.510 — 0.529] —0.274 +0.240 j —0.398 + 0.384 j 0.170 — 0.169j
i=5 0.367 — 0.352] 0.402 — 0.441 —0.347 +0.339j —0.453 +0.479j
i=6 0.159 — 0.407 j —0.342 + 0.117 0.412 — 0.031 0.006 + 0.032j
i=7 0.473 — 0.475] —0.218 + 0.218j —0.464 + 0.464 j 0.215 — 0.215j
i=8 0.357 — 0.356 j —0.317 + 0.318j —0.261 +0.261j 0.233 — 0.234
i=9 0.470 — 0.434 —0.254 + 0.271j —0.361 + 0.357j 0.248 — 0.270j
i=10 0.716 — 0.762 0.082 — 0.105] —0.244 + 0.233j —0.053 +0.012

3.2. Effect of Nonlinear Stiffness with Softening Characteristic on the Low-Frequency
Vibro-Acoustic Characteristics for the Coupled System

3.2.1. Effect of Stiffness Ratio «

Figure 4 shows the bifurcation diagrams of the average vibration displacement and
velocity for the coupled system when B is 1.0 and « is 1.0, 0.9, 0.7, 0.5, 0.3, and 0.1, respec-
tively. Taking o = 0.1 as an example, the discontinuity points near 6.75 Hz in the figure are

500
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caused by the system resonating at the natural frequency, while the other discontinuity
points are caused by the simulation program setting different steps in different frequency
bands to improve the calculation efficiency. The discontinuity points in Figure 4 and in the
bifurcation diagram below are the same and will not be explained one by one. It can be
seen from Figure 4 that the steady vibration of the coupled system with nonlinear softening
stiffness supports is single-periodic motion.

=3
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Figure 4. Effect of the strength variation of the nonlinear softening stiffness characteristic on the
periodic bifurcation properties for the coupled system (B = 1.0): (a) bifurcation diagram of the average
vibration displacement; (b) bifurcation diagram of the average vibration velocity.

Figure 5 shows the motion phase diagrams of the coupled system corresponding
to the resonance frequencies of Figure 4. According to Figure 5a—d, when the softening
characteristic is weak (« = 0.9), the units A1, Ap and the raft frame all are presented as
approximate harmonic vibration modes. As the stiffness ratio decreases, the motion phase
diagrams gradually show irregular closed graphics, indicating that the motions of the units
A1, Aj and the raft frame are still single-periodic, but there are superharmonic components.
According to Figure 5e, the vibration form at the connection points of the lower vibration
isolators with the cylindrical shell is much more complex than that of the units Ay, A;
and the raft frame, and the smaller the «, the more complex the vibration form. When « is
equal to 0.1, the motion phase diagrams have become disordered or even chaotic. It can
also be seen from Figure 5 that in a certain range of stiffness ratio « < 1.0, the resonance
displacement amplitudes of the units Aj, A, and the raft frame are larger than those of
« = 1.0 (linear stiffness), and the smaller the «, the larger the amplitudes. The resonance
velocity amplitudes show the opposite trend. In contrast, at the connection points of the
lower vibration isolators with the cylindrical shell, the amplitudes of both the resonance
displacement and resonance velocity decrease with the decrease in a. But the above law no
longer holds when « decreases to a certain extent, as shown in Figure 5e, which is broken
when « is equal to 0.1.

In addition, it can be found from Figure 5 that, when the vibration isolation supports
have softening stiffness characteristics, the motion laws at the connection points of the
upper vibration isolators with units A; and A, are basically the same, and the motion laws
at the connection points of the upper and lower vibration isolators with the raft frame are
also basically similar. In fact, through the simulation analysis, it can be seen that the above
laws are also established when the vibration isolation supports have hardening stiffness
characteristics. Therefore, in the following, only the motion phase diagrams are shown
and analyzed at the connection points of the upper vibration isolators with the unit Aj, the
lower vibration isolators with the raft frame, and the lower vibration isolators with the
cylindrical shell.
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Figure 5. Effect of the strength variation of the nonlinear softening stiffness characteristic on the
low-frequency vibration modes for the coupled system (B = 1.0): (a) motion phase diagram at the
connection points of the upper vibration isolators with the unit A;; (b) motion phase diagram at the
connection points of the upper vibration isolators with the unit A; (c) motion phase diagram at the
connection points of the upper vibration isolators with the raft frame; (d) motion phase diagram at
the connection points of the lower vibration isolators with the raft frame; (e) motion phase diagram
at the connection points of the lower vibration isolators with the cylindrical shell.

Figure 6 shows the transmitted power flow spectrum through the lower vibration
isolators input to the cylindrical shell in the coupled system when g is 1.0 and « is 1.0, 0.9,
0.7, 0.5, 0.3, and 0.1, respectively. As can be seen from Figure 6, compared to the linear
stiffness, the softening nonlinear characteristic of the support stiffness makes the resonance
region of the system shift to lower frequencies, and the resonance peak and the second
peak decrease. The smaller « is, the more significant the above effect is.

or —a=1.0

—a=0.9

20 —a=0.7

= 0 J a=05

= —a=0.3

; =20 a=0.1
B -407

=
£ -60f
=80
=100

10 20 30 40 50 60
Frequency (Hz)

Figure 6. Effect of the strength variation of the nonlinear softening stiffness characteristic on the
vibro-acoustic transfer characteristics for the coupled system (8 = 1.0).
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3.2.2. Effect of Approximate Linear Working Interval Length Control Parameter 3

Figure 7 shows the bifurcation diagrams of the average vibration displacement and
velocity for the coupled system when « is 0.5 and B is 5.0, 3.0, 2.0, 1.0, and 0.2, respectively.
Comparing Figure 7 with Figure 4, it can be seen that the two are quite similar, and the
steady state vibration of the coupled system is still single-periodic motion.
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Figure 7. Effect of the length variation of the approximate linear working interval on the periodic
bifurcation properties for the coupled system (« = 0.5): (a) bifurcation diagram of the average vibration

displacement; (b) bifurcation diagram of the average vibration velocity.

Figure 8 shows the motion phase diagrams of the coupled system corresponding to
the resonance frequencies of Figure 7. Since the stiffness ratio a = 0.5 here has determined
that the vibration isolation supports have softening stiffness characteristics, reducing
the approximate linear working interval will further strengthen their nonlinear stiffness
characteristics. The results are that the amplitudes of the resonance displacement and
resonance velocity of the unit, the raft frame, and the connection points of the lower
vibration isolators with the cylindrical shell generally tend to increase with the decrease
in B. From the perspective of motion form, the motion phase diagram of the unit is
approximately a closed ellipse, that is, it is approximately a harmonic vibration. The
motion phase diagram of the raft frame is irregular and closed, indicating that it contains
strong superharmonic components. The motion phase diagram at the connection points of
the lower vibration isolators with the cylindrical shell is relatively complex, indicating that
the superharmonic components are complex and strong, and the phase diagram trajectory
tends to be messy or even chaotic due to the enhancement of the nonlinear softening

characteristic.
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Figure 8. Effect of the length variation of the approximate linear working interval on the low-
frequency vibration modes for the coupled system (a = 0.5): (a) motion phase diagram at the
connection points of the upper vibration isolators with the unit A;; (b) motion phase diagram at the
connection points of the lower vibration isolators with the raft frame; (c) motion phase diagram at
the connection points of the lower vibration isolators with the cylindrical shell.
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Figure 9 shows the transmitted power flow spectrum in the coupled system when «
is 0.5 and $is 5.0, 3.0, 2.0, 1.0, and 0.2, respectively. Comparing Figure 9 with Figure 6,
it can be seen that the effect of reducing B is similar to that of reducing «. Both of them
enhance the nonlinear softening stiffness effect and make the resonance region move to the
lower frequency for the coupled system. Reducing « has a more obvious effect on reducing
the fundamental frequency of the system and also weakens the resonance sharpness. But
reducing B is more effective for reducing the transmitted power flow at higher frequencies
after the fundamental frequency. For example, when « is equal to 0.5 and B is equal to 0.2 in
Figure 9, the transmitted power flow level is significantly reduced on the band after the
fundamental frequency and, especially, the second peak tends to disappear.
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Figure 9. Effect of the length variation of the approximate linear working interval on the vibro-
acoustic transfer characteristics for the coupled system (« = 0.5).

3.3. Effect of Nonlinear Stiffness with Hardening Characteristic on the Low-Frequency
Vibro-Acoustic Characteristics for the Coupled System

3.3.1. Effect of Stiffness Ratio «

Figure 10 shows the bifurcation diagrams of the average vibration displacement and
velocity for the coupled system when Bis 1 and a is 1.0, 1.2, 1.5, 2.0, 2.5, and 3.0, respectively.
It can be seen that the steady vibration of the coupled system with nonlinear hardening
stiffness supports is dominated by single-periodic motion, but when the nonlinear harden-
ing characteristic is enhanced (x = 2.0, 2.5, 3.0), aperiodic motion (quasi-periodic or chaotic)
appears in a frequency band after the fundamental frequency resonance region.
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Figure 10. Effect of the strength variation of the nonlinear hardening stiffness characteristic on the
periodic bifurcation properties for the coupled system (8 = 1.0): (a) bifurcation diagram of the average
vibration displacement; (b) bifurcation diagram of the average vibration velocity.

Figure 11 shows the motion phase diagrams of the coupled system corresponding
to the resonance frequencies of Figure 10. According to Figure 11a, when the hardening
characteristic is weak (« = 1.2, 1.5, 2.0), the unit is presented as an approximate harmonic
vibration mode. But as the stiffness ratio further increases (x = 2.5, 3.0), the motion phase
diagrams gradually become nonelliptical closed graphics, indicating that the motion of
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Velocity (m/s)

the unit is still single-periodic, but there are superharmonic components. According to
Figure 5b,c, the motion phase diagrams of the raft and the connection points of the lower
vibration isolators with the cylindrical shell are all irregular closed graphics, indicating that
their vibration modes are all single-period motion with superharmonics, and the vibration
form at the connection points of the lower vibration isolators with the cylindrical shell is
particularly complex. Through the calculation and analysis at different frequencies, it can
be found that the above vibration modes and laws are universal in the coupled system
with hardening characteristic stiffness supports. It can also be seen from Figure 11 that,
when stiffness ratio « > 1.0, the resonance displacement amplitudes of the unit and the raft
frame are smaller than those of « = 1.0 (linear stiffness), and the larger the «, the smaller
the amplitudes. The resonance velocity amplitudes have no consistent change rule. In
contrast, at the connection points of the lower vibration isolators with the cylindrical shell,
the amplitudes of both the resonance displacement and resonance velocity increase with
the increase in #. But they do not conform when « is equal to 3.0, indicating that the above
law only holds in a certain range of a > 1.0.
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Figure 11. Effect of the strength variation of the nonlinear hardening stiffness characteristic on the
low-frequency vibration modes for the coupled system (B = 1.0): (a) motion phase diagram at the
connection points of the upper vibration isolators with the unit Ay; (b) motion phase diagram at the
connection points of the lower vibration isolators with the raft frame; (c) motion phase diagram at
the connection points of the lower vibration isolators with the cylindrical shell.

Figure 12 shows the transmitted power flow spectrum in the coupled system when p
is1.0and wis 1.0, 1.2, 1.5, 2.0, 2.5, and 3.0, respectively. Comparing Figure 12 with Figure 6,
it can be seen that the hardening and softening characteristics of the support stiffness have
a significantly opposite effect on the transmitted power flow of the coupled system. The
hardening nonlinear characteristic of the support stiffness makes the resonance region of
the system shift to higher frequencies, and the resonance peak and the second peak increase

slightly. The larger « is, the more significant the above effect is.
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Figure 12. Effect of the strength variation of the nonlinear hardening stiffness characteristic on the

vibro-acoustic transfer characteristics for the coupled system (5 = 1.0).
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3.3.2. Effect of Approximate Linear Working Interval Length Control Parameter 3

Figure 13 shows the bifurcation diagrams of the average vibration displacement and
velocity for the coupled system when « is 1.5 and B is 5.0, 3.0, 2.0, 1.0, and 0.2, respectively.
Comparing Figure 13 with Figure 10, it can be seen that the two are quite similar, and the
steady state vibration of the coupled system is always single-periodic motion when « is

equal to 1.5.
-3

2% 10 0.5 W - B=50
s : - p=3.0
§ 1 /f” 2 041 - g::.u
B o™ E p=10
£0 — 2 03} . =0.2
ol E x '
Tl % ' =50 s 02f o
& ¥ - B=3.0 = o
5 B=2.0 % &
wt-b-z - B=10 = 0.1 b
] w /
z B=0.2 = S e—
>-3 < 0 W ————— -
< e

-4 -0.1 o
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Frequency (Hz) Frequency (Hz)
(@) (b)

Figure 13. Effect of the length variation of the approximate linear working interval on the periodic
bifurcation properties for the coupled system (x = 1.5): (a) bifurcation diagram of the average vibration
displacement; (b) bifurcation diagram of the average vibration velocity.

Figure 14 shows the motion phase diagrams of the coupled system corresponding
to the resonance frequencies of Figure 13. In the case of a given «, the amplitudes of the
resonance displacement and resonance velocity of the unit and the raft frame generally
tend to decrease with the decrease in . From the perspective of motion form, the motion
phase diagram of the unit is approximately a closed ellipse, that is, it is approximately a
harmonic vibration. The motion phase diagram of the raft frame has obvious irregularity,
indicating that it contains strong superharmonic components. The motion phase diagram
at the connection points of the lower vibration isolators with the cylindrical shell is the most
complex, and with the decrease in f, the stability of the phase diagram orbits deteriorates
and tends to be messy or even chaotic.
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Figure 14. Effect of the length variation of the approximate linear working interval on the low-
frequency vibration modes for the coupled system (x = 1.5): (a) motion phase diagram at the
connection points of the upper vibration isolators with the unit A;; (b) motion phase diagram at the
connection points of the lower vibration isolators with the raft frame; (c) motion phase diagram at
the connection points of the lower vibration isolators with the cylindrical shell.

Figure 15 shows the transmitted power flow spectrum in the coupled system when « is
1.5and Bis 5.0, 3.0, 2.0, 1.0, and 0.2, respectively. Comparing Figure 15 with Figure 12, it can
be seen that the effect of reducing B is similar to that of increasing «. Both of them enhance
the nonlinear hardening stiffness effect and make the resonance region move to the higher
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frequency for the coupled system. Increasing « leads to a larger range of fundamental
frequency variation of the system. But decreasing B extends the effect of nonlinear stiffness
characteristics to higher frequencies. For example, when « is equal to 1.5 and B is equal
to 0.2 in Figure 15, the effect of the nonlinear hardening characteristics of the vibration
isolators extends significantly to higher frequency bands, increasing the transmitted power
flow level on the band after the fundamental frequency for the coupled system.
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Figure 15. Effect of the length variation of the approximate linear working interval on the vibro-
acoustic transfer characteristics for the coupled system (x = 1.5).

4. Conclusions

The present study was designed to study the effect of support stiffness nonlinearity on
the low-frequency vibro-acoustic characteristics for the mechanical equipment—floating
raft—cylindrical shell—underwater acoustic field coupled system. Firstly, the state space
equations were established for the coupled system containing the vibration isolation sup-
ports with nonlinear stiffness characteristics, and in this process, the modal parameter
identification method was deduced theoretically and verified by numerical simulation for
the cylindrical shell—underwater acoustic field coupled subsystem. Then, the nonlinear
stiffness constitutive relation was expressed in general by the softening and hardening
characteristics for the vibration isolation supports, and the calculation formulas of the
transmitted power flow in the nonlinear vibration isolation system were deduced. Finally,
applying the Runge—Kutta method for the dynamics simulation, the effect of the variation
of the nonlinear stiffness characteristics parameters on the low-frequency vibration modes
and vibro-acoustic transfer characteristics was analyzed and discussed for the coupled
system. The main findings are as follows:

1. For the coupled system with a nonlinear softening stiffness characteristic of the vibra-
tion isolation supports, the steady state vibration mode under harmonic excitation
is single-periodic motion, but the superharmonic phenomenon is common. And
the smaller the stiffness ratio is, the more superharmonic components are and the
more complex the vibration form is. Compared with the linear stiffness case, the
softening nonlinear stiffness can reduce the fundamental frequency and decrease the
low-frequency vibro-acoustic transmission level within and after the resonance region
for the vibration isolation system. And the stronger the softening characteristic is, the
more significant the above effect is;

2. For the coupled system with a nonlinear hardening stiffness characteristic of the
vibration isolation supports, the vibration mode under harmonic excitation is single-
periodic motion at most frequencies, and the existence of superharmonics is its main
vibration feature. And the larger the stiffness ratio is, the more superharmonic com-
ponents are and the more complex the vibration form is. In a frequency band slightly
higher than the fundamental frequency, it may show a nonperiodic motion mode
(quasi-periodic or chaotic). Compared with the linear stiffness case, the hardening
nonlinear stiffness can increase the fundamental frequency, broaden the resonance
band and slightly raise the low-frequency vibro-acoustic transmission level within
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and after the resonance region for the vibration isolation system. And the stronger
the hardening characteristic is, the more significant the above effect is;

3.  For the determined nonlinear stiffness ratio, the variation of the length of the approxi-
mate linear working interval has no effect on the periodicity of the vibration of the
coupled system. For the coupled system with a nonlinear softening stiffness charac-
teristic of the vibration isolation supports, the smaller the length of the approximately
linear working interval is, the lower the low-frequency vibro-acoustic transfer level
after the fundamental frequency resonance region is; while for the coupled system
with a nonlinear hardening stiffness characteristic of the vibration isolation supports,
the smaller the length of the approximately linear working interval is, the higher the
low-frequency vibro-acoustic transfer level after the fundamental frequency resonance
region is.
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Appendix A. State Space Model of the Cylindrical Shell—Underwater Acoustic Field
Coupled Subsystem

Appendix A.1. Solutions of the Admittance Functions for the Coupled Subsystem

A cylindrical coordinate system Or¢z is established on the middle surface of the
cylindrical shell. Let the coordinate origin be located at the center of the left end face
of the cylindrical shell, r and z be the distance from the spatial point o(r, ¢, z) to the
central axis of the cylindrical shell and the left end face, respectively, and ¢ be the angle of
o(r, ¢, z) deviating from the vertical direction. The transformation relationship between the
cylindrical coordinates and the rectangular coordinates: x = rcos¢, y = rsing, z = z.

Let the length, thickness, and central radius of the cylindrical shell be L, d, and 4,
respectively, and the density, elastic modulus, and Poisson’s ratio of the material of the
cylindrical shell be p, E, and y, respectively. A harmonic excitation force F,-el/“!along
the Oz axis direction is applied to the inside of the cylindrical shell at e(¢@e, ze). Let
u(z, ¢, t) = U(z, p)-e“t, v(z, ¢, t) = V(z, ¢)-&1“!, and w(z, ¢, t) = W(z, ¢)-e/“! denote the
vibration displacement of the point (¢, z) on the cylindrical shell in z, ¢, and r coordinate
directions, respectively. Then, u, v, and w satisfy the following differential equations
of motion:

S1(u,0,w) + pd-0%u/ot? = F,-0(¢ — @e)-6(z — ze)-elt
So(u,v,w) + pd-0%v/3t> = 0 (A1)
S3(u,v,w) + pd-0*w/ot? = —p(r, ¢,2)|,_,

where p is the radiated underwater acoustic pressure generated outside the cylindrical shell
due to its vibration; S1, Sy, and S3 are differential operators, and

_ Ed o 1-p 92 1+p 22V oW
S](U,V,W)——l_ {( 2+TW)U+T;BZBQ+%7}
_ Ed [1+p 22U 2 19 2o
So(U,V,W) = —1= e {% aza<p+< 5 a + 2a¢2>V+ﬁ%<1_ﬁV )w} (A2)
_ _Ed |pou , 1 9 d? o2 1 d? o4
Sy UV, W) = 158 (B804 12 (1- £92)V + (& + 5V W]
2 _ o2 1 9% 4 _ o 1 o4
where V —@-F;ZW,V az4+a28223¢ +a4a(P
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The pressure p = P(r, ¢, z)-e/* of the underwater acoustic field outside the cylindrical
shell satisfies the Helmholtz equation:

V2P +K*P =0 (A3)

There are boundary conditions on the interface between the cylindrical shell and the
external underwater acoustic field:

[<S) 3
oP|  _ Jpow? ozk 1121 qjxiHigg cos[j(@ — ge)] Sin(%) (0<z<L)
]: K= =

arl,_, (A%)

0(z<O0orz>1L)

where p is the density of the acoustic field medium; ij (G, k=1, 2,3, 4) denotes a
displacement admittance function, which means that when a unit excitation is applied
along the direction of the support force at the connection point ¢y of the support and the
cylindrical shell, the displacement response is generated at the connection point 0;.

The displacement admittance matrix of the cylindrical shell—underwater acoustic
field coupled subsystem is denoted by:

H(jew) = [H] (A5)

4x4

For the calculation of the admittance functions of the cylindrical shell—underwater
acoustic field coupled subsystem, see also Equations (11)—-(18) in [33]. It can be seen from
these equations that, due to the complexity of the calculation formulas, only discrete
numerical solutions of the admittance functions can be given. Figure Al shows examples
of calculated results for the admittance functions of the cylindrical shell along the support
direction (taking Hq1, Hip, and Hiy4 as examples).
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Figure A1. Examples of the calculation results for the admittance along the support direction: (a) Hyy;
(b) H1z; (c) Hig.

Appendix A.2. Modal Parameter Identification of the Coupled Subsystem

Since the main focus is on low-frequency vibration problems in this paper, only the
first f-order modes are intercepted. Also, the admittance function is expressed as a ratio of
two polynomial functions:

Hp(ieo) ~ 209" 1+ o ()" 24 -+ aafie) oy
()™ + bu1(jw)™ "+ -+ ba(jw) + by
wherej,kA= 1,2,3,4n=2f+1,m=2f — 1.
Let H]-k (jw) be the discrete numerical spectrum of H]-k(jw) obtained by theoretical
calculation, and for a number of frequencies w1, wy,ws3, ..., Wy, there are H ki = ; ik (jwi),
(i=1,2,..., N). Noting that a = [a1, ap, ..., an]t, b =[by, by, ... bn_1]1%, pi =11, jw;, .

(A6)

oy
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(]wl) ]/ qi= jkl [1 ]wl/ “ ey (jwi)n_z]/ hi = (jwi)n_l H]'k,i/ e, =p;a _qlb_ hil P= [Plz p2, .-
ps]T, Q=lq1,92 .- qs] and h =[hy, hy, ..., hs]T, the matrix expression and the total mean

squared error can be obtained:
e=Pa—Qb—h (A7)

J =e'e" = xTAgx — 2Bx + |h|? (A8)

a PT P* - PT Q*

’ A= T p* TAHx |7
b -Q'P QQ

= [h PR +hP;— (h Qr +h QI)} , Pr and Py are the real and imaginary parts of P,
respectively; Qr and Qg are the real and imaginary parts of Q, respectively; hg and hy are
the real and imaginary parts of h, respectively; Ay is the real part of A.

Consider the total mean squared error J as a function of x. To obtain a minimum of J,
let the gradient of Equation (A8) to x be 0:

where the superscript “*’ represents conjugation relation; x = [

V]=Arx—B' =0=x=Ay'B" (A9)

The polynomial coefficients of the admittance function numerator and denominator
can be fitted using the above equation.

Appendix A.3. Establishment of State Space Equation for the Coupled Subsystem

For a continuous structure, its vibration displacement response w(c, t) can be expressed
in the form of vibration model superposition:

0,1) = ilpi(a)qi(t) (A10)

where 9;(0) is the ith-order vibration mode function and g;(t) is the ith-order modal coordinate.
A modal damping ratio ¢; is introduced, and the modal coordinate equation is obtained
by using the orthogonality of the vibration mode function:

G; + 28wig; + wiq; = ZF i(oy), (i=1,2,..) (A11)

where w; is the i-th order modal frequency; Fj(t) is the concentrated excitation force of the
cylindrical shell subjected to the support at point ¢; (j = 1, 2, 3, 4); ; = ;//M is the
regular vibration mode function; M; = [ ms ?(0)do is the i-th order modal mass, my is
the areal density.

According to Equations (A10) and (A11), the admittance function can be expressed as:

f ()T,
(i) ~ 37 2@ ( 1 1

— (A12)
i=1j24/1 = Gw; \jw + Giwi —j\/1 = Gwi  jw + Giw; +j,/1 = GFw;
According to the above relation, if H(jw) is known, each Hy(jw) has the same poles

= —Ciw; +j\/1— Clzwi, (i=1,2,...,f). Since |s;| = wj;, the poles are sorted by Is1 | <
Isy| < Is3l <..., and the modal parameters are determined as follows:

w; = [si|, & = —Re{s;}/[si (A13)

ilor) = \fi2m{si}- (- (o — 50—, (A14)
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(05

j2im{s;}- [Hy-(jow —s;)],,_ j2Im{s;}
= J _\/[HH [ 1-(jw — )]]w s, (A15)

lPi(‘ﬁ) (]w - si)]jw:s,
Substituting the above relations into Equations (A11) and (A10), the modal coordinate

equation and the modal superposition formula of vibration displacement expressed in
terms of the admittance functions are obtained:

i, — 2Re{s;}d; + |si|*qi = \/j2Im{s;} ZF © s ,(i=1,2,..., f) (A16)
\/Hll (o = 5i)ljeo—s,

f T

The above theories are based on proportional damping assumption, and the vibration
mode function is a real function by default. But applying Equation (A14) in practical
analysis mostly yields complex numbers, that is, complex modes appear. If the complex
modes are substituted into Equations (A11) or (A16), the modal coordinate equation will
be made to have complex terms, and ultimately the displacement response obtained
from Equation (A17) will also become a complex number, which is inconsistent with its
physical meaning. Considering the universality of complex modes in this kind of problem,
Equations (A11), (A12), and (A17) are modified as:

LG
ik
RULLS (A18)
1:21](4}—51 ZZ{]w—si
'Zl$ljpj( )
EYEE! 1 [v1]
0
¢ Fi(t
vz: B 5f § Uj*f _ jzl it (A19)
. i Il EE®
: : j=1
il | sl |
¥ ¢5F(b)
Lj=1 J

w (0, t) Z2[Re{vl }Re{¢,]}—Im{ui(t)}.lm{@j}],(j:1,2, 3,4)  (A20)

where the poles s; and si i=1,2,...f)arethef pairs of conjugate latent roots obtained
in solving the eigenvalue problem for the state space equation; v; is obtained by variable
substitution g = ®v;® is a complex modal matrix consisting of ®; and ®;"; ®; and ®;
are complex eigenvectors corresponding to s; and s;’; 51']' is obtained by using the residue

HiGo=si)|,,,_,, a7 Hiy- (jw=s}) \jw:s;
— " 7 an L=
Hi-(jo=5i) lj=s; K Hiy-(jw—s;)|

method, ﬁ‘j =
jw:sl*

The upper part and the lower part of Equation (A19) are repeated (conjugate relation),
so only the upper part is abbreviated to a state space equation:

1c = Scuc +acl:y (A21)
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where uc = [ucy, uco, ucs, - .., qu]T is a state variable; Fy = [Fy1, Fyp, Fys, Fy4]T is an
excitation force column vector of the connection supports to the cylindrical shell; Sc =
diag[sc1, sca, Sc3,- - - Scrl is a diagonal matrix composed of poles (sorted by Isc1 | < Isca |
<lscal <...<lIscrl); @ is a matrix consisting of the modal parameter Eij, and

P P2 P13 Pu
P P P53 P
D= |Pn1 P2 Pz P (A22)

@fl $f2 $f3 ¢f4
The functional relation between wy; and the state space variable uc is
wy = 2Re{5€uc} =2 (Re{@é}l{e{uc} - Im{@é}-lm{uc}) (A23)
where wy = [wy1, Wy, wys, wy4]T.

Appendix B. Control Parameters in Simulation Calculation

MATLAB is used in the simulation calculation in this paper. The specific theory of
mathematical operations has been described in detail in Section 2 and Appendix A. Here,
some control parameters related to computational convergence are supplemented.

As mentioned above, the displacement response of the coupled system at any time
t is wa1 = [wa1, WAz, Wa3, WaslT, WAz = [Was, Wae, W7, Was]T, Wi = [ Wy, we, wg, Wy,
Wis, We, W7, Wis]", Wy = [Wp1, Wy, W3, Wa]T, and wy = [wyy, wya, wy3, wy4]". The above
displacement responses are assembled into a total displacement vector

T
y

there isatimety =t + T, the displacement response is w’, and the velocity response is

T
w = |why, wh,, wi, w, w } whose corresponding velocity vector is w. Suppose

w . Considering w’ and W as two points in phase space, according to Poincaré mapping
theory, if these two points can coincide, then the system has a period T. However, due to
the error caused by the precision of numerical calculation, it is difficult to strictly meet this
condition. Therefore, a tolerance criterion ¢ is set so that:

M <e (A24)

If the displacement responses w and w’ satisfy the above condition, the calculation is
considered to be convergent, that is, the motion of the system is periodic (T is a period).
Otherwise, it is divergent, that is, the motion of the system is nonperiodic (quasi-periodic
or chaotic).

Similarly, the velocity responses w and w should also satisfy the condition, that is:

Hw'iv
2

[,
The above tolerance criterion ¢ is set to 1.0 x 1072 in the simulation example of
this paper.
Figure A2 shows the convergence process of simulation calculation under & = 0.5 and
B =1.0 as an example of the connection points of the upper vibration isolators with unit A;.

It can be seen from Figure A2a,b that convergence is obtained when t = 1.7 s. Figure A2c
shows a sequence of state as it move to the attractor.

<e (A25)
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Figure A2. The convergence process of the calculation at the connection points of the upper vibration
isolators with the unit A; (« = 0.5, B = 1.0): (a) time that the displacement response calculation took to
obtain convergence; (b) time that the velocity response calculation took to obtain convergence; (c) the
sequence of state as it moves to the attractor.
Similarly, at the connection points of the upper vibration isolators with the unit A,,
the upper vibration isolators with the raft frame, the lower vibration isolators with the
raft frame, and the lower vibration isolators with the cylindrical shell, and under other
nonlinear stiffness conditions, simulation calculation of the periodic motion has similar
convergence properties, which will not be shown here one by one.
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Abstract: A mathematical model of the working processes occurring in the gas cap has been devel-
oped on the basic fundamental laws of conservation of energy, mass and motion, and the equation
of state, both taking into account the change in the mass of the gas due to phase transitions and the
solubility of the gas in the liquid, and without taking them into account with a dividing element. In
addition, there was developed a mathematical model of the liquid flow from the gas cap through a
pipeline of constant cross section. It was found from the results of a numerical experiment that to
reduce the feed irregularity, it is necessary to increase the length of the pipeline and the crankshaft
revolutions, in addition to the known ratio of the volume of gas in the cap to the working volume
of the pump; an increase in discharge pressure and an increase in the diameter of the connecting
pipeline increases the feed irregularity.

Keywords: piston pump; gas cap; discharge pressure; connecting hydraulic lines; irregularity

1. Introduction

For many centuries, piston pumps have been widely used in industry and in everyday
life, but one of their most important characteristics is the irregularity of pump flow. The
regularity of the pump flow largely determines the regularity of the movement of the
working element of the hydraulic motor, and, consequently, its reliability and efficiency.

The analysis of the scientific literature showed that most of them aimed at reducing
flow, and pressure fluctuations caused by positive displacement pumps are associated with
the geometric optimization of the machine itself. The researchers paid attention to the
design of the inlet of axial piston pumps to ensure a smooth transition of fluid pressure
between the suction and discharge phases, and vice versa [1-3]. In gear pumps, engineers
have used special grooves in the side sleeves to improve machine performance and reduce
pressure pulsations [4-9].

Another way to reduce intake and pressure pulsations is to use external devices in
addition to the pump and hydraulic system [10-12]. These solutions can be divided into
two groups: active damping systems and passive damping systems, which this article is
devoted to.

Active methods involve the use of externally powered, controlled mechanisms. The
method presented in [13,14] consists of high-frequency action on the angle of an oscillating
plate in an axial piston pump through a switching valve, to soften the liquid intake. Various
research efforts are investigating the application of piezoelectric actuators to control pistons,
thereby neutralizing reverse flow by generating an anti-phase flow signal [14-16].

Their advantage is that they give effective results regardless of pressure and RPM
(revolution per minute) settings, but they tend to be complex and expensive.

Passive methods are simpler and cheaper, because they do not require external control
or power and do not need sensors for measurements. Mostly, passive methods dampen
flow pulsations using elastic components that interact with the flow. However, they are
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often designed to provide maximum performance within a certain operating range, beyond
which their efficiency decreases.

Shan’s study [17] demonstrates the above, and it stated where a spring accumulator
is used to reduce the fundamental harmonic of the flow pulsation generated by an axial
piston pump. The mechanism additionally uses the phase characteristics of suction and
discharge flow pulsations, as well as pressure pulsations to improve performance. As an
alternative, there was proposed a separate approach [16] in which the length and stiffness
of elastic pipes are optimized in a hydraulic circuit to reduce pulsations.

This article investigates the potential of gas-filled bladder accumulators as a pas-
sive device to reduce flow and pressure pulsations. The practice of introducing accu-
mulators into hydraulic systems to reduce noise and irregularities carried by the fluid is
widespread [18,19]. By acting as a low-pass filter in a liquid-filled line, the accumulator can
compensate for peaks, both negative and positive, occurring in the flow, by accumulating
or intaking an excess or deficiency of liquid.

Many works devoted to the study of the operation of gas caps are performed on the
calculation and analysis of the operation of air caps and they can be divided into three
groups. The first group implements a mechanical approach; its fundamental work on
the calculation of the gas cap is [4,20]. As the research was carried out when there were
no computers and no development of the version of numerical methods of mathematical
analysis, the author had to use assumptions to obtain analytical solutions. These studies
were reduced to the study of the dynamics of the liquid level in the gas cap under the
assumption that the water column is a material point.

It should be noted that gas caps are also used to dampen oscillatory processes in
connecting hydraulic and pneumatic pipelines. These works include the study and damp-
ing of hydraulic shock [21-23]; the study and damping of oscillatory pressure processes
in pipelines of reciprocating and compressor units [24-26]. An oscillatory approach is
implemented in these works with consideration of resonance phenomena. In most cases,
the solution of these issues was carried out using an analogy with electrical systems [27].

It should be noted that in a real gas cap there are processes of heat and mass transfer
between the gas and the working fluid, and heat exchange processes between the gas
and the cap surface at variable values of the heat transfer coefficient. Moreover, there is
unsteady movement of a viscous fluid in the connecting pipelines, including the turbulent
flow mode. To solve such a complex problem, it is necessary to use an approach based on
the basic laws of thermodynamics, mass transfer, fluid and gas mechanics. This approach is
the third main approach and it brings the mathematical model closer to reality and obtains
the results closest to reality. It is proposed to place a gas cap directly in the pump cylinder,
which will increase the efficiency of its operation while increasing the uniformity of the
pump flow and reducing the weight and size indicators of the pumping unit [28]. Thus, in
this paper, the task is to develop a mathematical model of the working processes of a gas
cap installed on the discharge of a piston pump, based on the general laws of fluid and gas
mechanics, and the theory of heat and mass transfer, to conduct a numerical experiment
on its basis, in order to analyze the influence of the main geometric dimensions (relative
volume of the gas cap, diameter and length of the connecting pipeline), as well as the
number of revolutions and its discharge pressure on the pump flow irregularity.

2. Materials and Methods

In general, when developing a mathematical model of the working processes in the
gas cap of a piston pump, four main objects can be distinguished: the piston pump (1), the
connecting pipeline (2) between the pump and gas cap, the gas cap (3) and the connecting
pipeline from the gas cap (4) (see Figure 1).

212



Inventions 2023, 8, 95

, c'/c ! 3
Meavisa  avpa | 1a ol chiz
le \ PrvMm ) °
2 4
Y7 ool |
/ 1 i
w Ol My, @ % E",,f
___________ s .

T T T N, 2 !
lop1 2 0) | |
pp dop Q1 (0F Oi lpp2

e rd N rd B EE N
=] = I L |
A
1 w11

WiQi

W2,p2

Figure 1. Design scheme of the gas cap of the piston pump.

The piston pump provides liquid supply from the working chamber to the gas cap
through connecting pipeline 2. When performing calculations, we assume that the decrease
in the volume of the delivered liquid due to leaks, underfilling of the working chambers and
compressibility is negligible. Then, the liquid delivered to the cap can be determined as:

From working chamber 1

S . A d?
Qi =v1fm = %wl (smq)l + zlsznZgol) Tl 1)
From working chamber 2
S - Ay 712
Q) =vfue = %wz (sznq02 + Zzsmzq;z) TZ )
From i-th working chamber
Shi . A 7Td?
Q= Unifni = %OJZ‘ (sm(pi + zlSan(pl) 4’ )

In most practical cases, Sp; = Spo = Spi, A1 = Ao =Ny, @2 = f(@1); i = f(¢1)-

2.1. Mathematical Model of Working Processes in the Gas Cap

We consider the most general case, when there is no dividing element between the gas
phase and the liquid phase in the gas cap.

The calculation of thermodynamic parameters in the gas phase of the air cap is
similar to the calculation of the change in thermodynamic parameters in the processes of
compression and expansion in a reciprocating compressor with a liquid piston.

Currently, three main approaches are used to calculate the working processes in
reciprocating compressors: polytropic approximation, mathematical models with lumped
parameters and mathematical models with distributed parameters [29].

The gas cap is a stage of a reciprocating compressor with a liquid piston. Mathematical
models with distributed parameters determine the main thermodynamic parameters at any
point in the volume of compressible gas. However, their application is limited by changing
the computational grid at each moment of time, which requires time to implement this
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approach and efforts to compile this program. Due to the low speed of the liquid piston
compared to the speed of sound, with which pressure surges propagate, the resulting
uneven distribution of thermodynamic parameters quickly disappears and, accordingly, its
value tends to zero. For this reason, when calculating the working processes of reciprocating
compressors, mathematical models with lumped parameters are used [29]. The developed
mathematical model of working processes in a gas cap is based on the fundamental
equations of conservation of energy, mass and motion, and considers many factors that are
not taken into account in other models, namely: first-order phase transitions (condensation—
evaporation), change in the heat transfer coefficient between gas and the walls of the gas
cap in time, and change in the heat transfer coefficient between the liquid and the walls of
the gas cap.

The main assumptions made are considered and their detailed analysis is given in [29].
Among the assumptions made, the following can be distinguished: the working processes
are balanced and reversible, the compressible gas is homogeneous and there is no uneven
distribution of temperatures and pressures in the compressible gas. The mathematical
model with lumped parameters is based on the general equations of conservation of energy,
mass, volume and the equation of state.

Taking into account that the kinetic energy of added and separated masses is insignifi-
cant, the energy conservation equation is transformed into the first law of thermodynamics
of a body of variable mass for an open thermodynamic system in the presence of first-order
phase transitions and gas solubility. Then,

dU = dQ — dL + i 0adMypag — ipaedMypo + igrdMgr — idMgo )

The elementary external heat transfer is determined in accordance with the Newton—
Rahman law, as

dQ = aF; (Tyy — T)dT 4 aF>(Ty — T)dT (5)
_ Tyt (F)dE
where F; = ”ng + md.ly, (B = 7TTEI%); Twl = [Fl% is temperature averaged over the

surface of the walls in the cap (T, is determined experimentally [29]).

The determination of the heat transfer coefficient in the cylinders of reciprocating
compressors is carried out experimentally for single-acting reciprocating compressors with
a diameter of (0.1 < 0.22) m; number of revolutions (1000 =- 1500) rpm, the Prilutsky—Fotin
formula is widely used in the form [30]:

Nu(¢) = ARe*(¢) +B (6)
where Nu = %% js Nusselt number; Re = ?;Lw—/dpc is Reynolds number.
The free surface velocity in the gas cap can be determined using the continuity equation
for the liquid phase.

dM,, = Z dMewi — dMow — dehad + deho - dMgr + dMgO (7)

where ) dMqyi = py-dT ) Q; is the mass of liquid entering the gas cap from the
pump cylinders.
Considering (7), vy is determined as

_dMy,
"= Fdro, ®
The deformation work dL is determined as
dL = pdV )
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The elementary change in the volume of the gas phase in the cap over dt time can be
determined as
dV = —vyFdr (10)

The mass of the gas phase in the cap: The change in the mass of the gas phase in the cap
without external leaks through the leaks of the cap is due to condensation or evaporation
of the working fluid (phase transitions of the first order). In this case, mass transfer is
carried out by concentration diffusion, thermal and barodiffusion. Taking into account the
accepted assumption of constant pressure and temperature throughout all of the gas cap,
there will be no thermal nor barodiffusion.

Taking into account that the mutual motion of the phases in the gas cap is negligibly
small, then to calculate the mass flows during concentration diffusion, we use Fick’s
first law:

dMpp = BprF2(Cw — C)dr (11)

Values C,, and C; can be determined as
Cw = Pogt/ (RsTw) (12)

C = ps/(RST) (13)

where p,;,; is steam elasticity pressure at the surface of a liquid (is a function of the
temperature of the liquid and the curvature of the interface and is determined by the
Clausius—Claiperon equation [31]).

The mass transfer coefficient ), is determined based on [32]

x

:Bph = W (14)

It should be noted that the solubility of gas in liquid is generally described by the
Henry equation and increases with increasing pressure.

Thus, taking into account the above, the equation for the conservation of the mass of
the gas phase in the cap can be written:

dM = dehad — deho + dMgr — dMgo (15)

State equation: It is well known that air follows the equation of state of an ideal gas
up to 10 MPa and temperature up to 600 K. In this case, we have

pV = MRT (16)

and also, taking into account that the specific internal energy and specific enthalpy for an
ideal gas depend only on temperature, we have

dU = d(MC,T) = CyTdM + C, TdM (17)
i=CpT (18)

U
p=(k- 1)V (19)

If the pressure in the gas cap is more than 10 MPa, it is necessary to introduce the
compressibility factor into the equation of state and use one of the existing equations of
state for an ideal gas: van der Waals, Berthelot, Dupre, Clausius or Vukalovich—Kirillin.
It must be remembered that for a real gas, u = f(v,T) and i = f(p,T), where v = % is

specific volume.
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If there is a dividing element, there will be no mass transfer processes and the system
of equations to calculate changes in thermodynamic parameters will be written as

dU =dQ — pdV
AV = —(ZdMpwi — dMsw )/ pw (20)
p=(k-1)U/V
T =pV/(MR)
Liquid phase: the pressure in the liquid phase is defined as
pw =P+ Ap (21)
Overpressure Ap is due to the elastic force of the dividing element:
AP _ Wels _ Cstf(lW - ZWO) (22)

F, F,

If there is no dividing element then p,, = p.

To determine the temperature of the liquid in the cap, we use the energy conservation
equation, if there is no dividing element.

The studies carried out prove that the pressure fluctuations do not exceed 5% in
the cap [10] from the average pressure in the cap. The liquid enters the gas cap being
compressed in the pump. We calculate the relative change in the volume of a liquid due to
its compressibility. We assume that the nominal pressure at the outlet of the piston pump
is 40 MPa. Accordingly, the increase in pressure in the gas cap will be 2 MPa. Then, the
relative change in volume will be equal to % = % = % =0.1%, i.e., the relative change
in volume is much less than one percent and can be neglected without loss of accuracy in
the results.

dUy, = de - Pdec + Ziadwidei — iodMow + iphaddehad - Z']zzhodl\/[pho + igrdMgr - iodMgo (23)

Taking into account that the liquid compression in the gas cap is negligibly small,
then dVy, = 0 and the deformation work is equal to 0. The total internal energy can be
determined as

Uy = uw-My, (24)
Consequently,
duy, is written as
_ [ouy Jduy
duy = (avw)Tde + (aTw>deTW (26)

Considering that the fluid is incompressible and dv,, = 0, Equation (25) is converted to:
dUy = CyMydTy + Cy TywdMy, (27)

where (g%—w) = Cy—specific heat capacity of a liquid.
W/ v

Taking into account (27), the equation for determining the change in liquid temperature
can be written as:

1 ) ) . . . .
dTyw = C.M {de + 2 fadwidMwi — i0dMow + lphaddehad - lphOdehO + lgrdMgr - lodeo} (28)
wiViw

For a gas cap with a dividing element, Equation (28) is converted to:

1

dT,, =
Y CwMy

(de + Z ladwidMwi — iOdeOw) (29)
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In Equations (28) and (29), the specific enthalpies are determined as

ladwi = CoTaais iow = CoTw (30)
The elementary external heat transfer dQ,, is determined as

dQy, = @wFy (Ty — Tw)dt (31)

The heat transfer coefficient ay, for convective heat transfer depends on the flow mode
for a round pipe and is defined as [33] for laminar fluid flow:

_ bt
Ay = di’ {0.33R694;3Prg,‘43 (Pry/ Prwl)o'zﬂ (32)
Cc

and for turbulent flow mode:

T = [ 0.021RESSPr 3 (Proy / Pro) % (33)
c

where Re,, = % is the Reynolds number; Pry, = % is the Prandtl number; and Pry,;

is the Prandtl number at wall temperature.
The heat exchange surface with a cylindrical shape of the cap is determined as

rd?
2

Mass Conservation Equation: if there is no dividing element in the cap, it is determined
by Equation (7); in another case we have

dMy = ZdMadwi — dMow (35)

2.2. Mathematical Model of Liquid Flow in the Pipeline from the Gas Cap

Currently, various models are used to describe the flow of liquid in a pipeline, ranging
from the simplest ones based on the energy conservation equation (Bernoulli), both without
taking into account inertial pressure losses and taking them into account, to complex ones
using two-parameter turbulence models: k-¢, k-w, SST and others.

When developing a mathematical model of fluid flow in a connecting pipeline, we use
the principle of hierarchy and consider the calculation of the flow based on the Bernoulli
equation and the unsteady one-dimensional flow of a viscous incompressible fluid.

In accordance with [4,20], the integral of the Bernoulli equation can be written as

P} p v? 0 1 0Vpp2
/ B P L P A1+ XAk =0 (36)
Lypa ol ) 28 Y Jlpp 9T

2
where XAh; = (Zé‘i + App2 tfl‘;—z) Ué’—? head losses due to local and hydraulic resistance
along the length.

The solution of this equation was carried out in [34].

Without taking into account the forces of inertia, the equation for determining the

velocity of the liquid in the pipeline is written as:

2g[(z1pp2 + ﬁ) - (22pp2 + ffdgﬂ

Upp2 = I (37)
(Ao, +221)
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The coefficient of friction along the length A, is a function of the Reynolds num-
ber [35] and, accordingly, v,,2. As a result, Equation (37) must be solved at each time step
by the successive approximations method.

The system of differential equations for describing an unsteady one-dimensional flow
of a viscous incompressible liquid can be written as a system of equations of motion and
continuity [36-38]:

9Qupp2

a}’i /\ppZPw

Pw—57 +fpp2§ + WprpTPZleTP2| =0 (38)
2
L A
fop2 0x 0T 39

We recommend to solve this system by the method of “characteristics”.

Boundary conditions at the ends of the pipeline are adjacent, on the one hand, to the
gas cap, and on the other side to the consumer of the liquid in the form of pressures: in the
gas cap—py; at the consumer of the liquid—p,;.

Having defined v,,2 or Qupp2, the value of dM,y, is determined as

dMow = PwVpp2 fpp2dT = Qupp2PwdT (40)

2.3. Verification of the Developed Model

Currently, there are two research methods: experimental and theoretical. Both research
methods have an error in determining the true results. Until now, the experimental method
is believed to correspond to reality most accurately, and the developed models have been
verified on the results of experimental studies. In general, we also consider such an
approach proper if a comprehensive assessment of the error in the determination of results
in the experiment has been carried out. In some cases, the error in experimental studies
exceeds the error in the mathematical models based on the known laws of conservation of
energy, mass and motion. If experimental verification is not available, then the developed
mathematical mode can be verified by the following methods:

1 Compare it with the results of experimental studies of other authors.
2 Compare it with the results of theoretical studies of other authors.

Both approaches are not available in this work. There are no complete results of
experimental studies on the influence of the main design and operational parameters of the
gas cap in the literature, and those that exist are theoretical and experimental results that
correspond to the results obtained in this article (see Bashta, T. M. Displacement pumps and
hydraulic engines of hydraulic systems: textbook for universities/T. M. Bashta.—Moscow:
Mashinostroenie, 1974.—606 p.) [10]. When using the results obtained on other mathemati-
cal models, there is a question of how much the existing developed mathematical models
are closer to real results than the data. In our opinion, they are further from reality, because
mainly they use the theory of oscillatory processes, which do not consider many physical
phenomena (heat and mass transfer, etc.).

3. Results and Discussion

We conducted a numerical experiment to analyze the influence of the main operational
and design parameters on the irregular pump flow and the ongoing work processes in the
gas cap. As a study object we took a single-acting piston pump with the following main
dimensions: piston stroke—0.1 m; piston diameter—0.1 m; the ratio of the piston stroke to
twice the length of the connecting rod—~0.2. The piston pump was connected to a gas cap
by a pipeline with a diameter of 0.03 m and a length of 0.5 m. The gas cap had a dividing
element with an infinitesimal rigidity. We chose water and air as the working fluid. The gas
cap was made in the form of a cylinder 0.6 m long. When the volume of the gas cap was
changed, its diameter was changed. The initial height of the liquid level was chosen equal
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to 1/3 of the total height of the tank. To simplify the calculations and due to the smallness
of its change, the temperature of the liquid in the cap was assumed to be 293 K, and the
average surface temperature of the cap walls was assumed to be 300 K. The gas cap helped
to maintain a constant pressure over time (pq) by a pipeline, the inner diameter and length
of which varied, and the value of the roughness of the inner walls remained constant and
equal to 0.000005 m. The preliminary analysis of the impact on the working processes
in the cap and the irregular pump flow established that the crankshaft revolutions of the
pump and the discharge pressure can be taken as independent operational parameters. We
chose as the main geometric parameters: the volume of the gas cap due to a change in its
diameter, and the diameter and length of the connecting pipeline. Thus, we obtained five
independent variables: pg, Nrev, dppz, lppz,Vg /Vh-
V¢ /Vy, is the ratio of the initial gas volume to the working volume V}, of the pump.

As response functions, we chose: feed irregularity (A = %), maximum fluid

.02”P(¢)d¢)

flow (Qiuax), minimum flow rate (Q,;,), the average pressure in the cap (p,, = o

27
and the average gas temperature in the cap (Tsy = W).

The classical plan with fractional replicas was chosen for the numerical experiment.

3.1. Features of the Implementation of the Mathematical Model

In general, the developed mathematical model is a set of first-order differential equa-
tions of total derivatives. This system does not have an analytical solution and well-known
numerical methods can be used to solve it; for example, Euler, Runge-Kutta (of different
orders of accuracy), Adamson, Monte Carlo, etc. In this article, the Euler method was used
when solving differential equations.

As a base point, we take a point with the following independent variables: V¢ /V}, = 64;
lpp2 =2m; dpp2 =0.03 m; nrey = 300 rpm. The calculation starts from the crankshaft rotation
angle ¢ = 77; in this case, the pressure and temperature in the gas cap were set arbitrarily,
while the pressure in the gas cap was set not much higher than the discharge pressure (pq),
and the temperature was set equal to the temperature of the liquid. The instantaneous
supply of liquid from the pump cylinder through pipeline 2 to gas cap 3 was calculated.
Then the gas cap and pipeline 4 were calculated. When calculating the pipeline, an
equation was used to determine the fluid flow rate without taking into account inertial
losses. The calculation was carried out with a step according to the crankshaft rotation
angle Ap = 27t/7200. After the calculation for one rotation of the crankshaft, the initial
and final pressure values in the gas cap were compared. If the difference in the obtained
pressures was less than 1 kPa, the calculation was stopped; if not, the calculation was
started anew, while the obtained final thermodynamic parameters of the gas and liquid in
the cap became the initial ones. In most of the calculation options performed, the number
of iterations did not exceed 25.

When determining the fluid flow rate in pipeline 4, the number of iterations was
limited to 50, while the discrepancy in determining the rate was set to less than 1%. During
the calculation, at each iteration, the value of the maximum flow rate in pipeline 4 during
the crankshaft rotation from 0 to 27t was determined—Qmax, the minimum value of the
liquid flow rate—Qmnn, and the average integral value of the liquid flow rate—Qay.

3.2. Analysis of the Influence of the Ratio of the Initial Volume of the Gas Phase to the Working
Volume of the Pump (Vo/V},)

In accordance with the previously obtained results in [1,4], an increase in the ratio
V¢ /Vy, leads to a decrease in the irregularity of the pump flow (see Figure 2). The resulting
dependence is hyperbolic in nature. From the presented results, we can conclude that an
acceptable feed irregularity (less than 10%) is achieved at V¢/V}, more than 70%.

The dependences of the minimum and maximum values of the liquid flow in pipeline
4 presented in Figure 3 established that these dependences are parabolic in nature and
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their change decreases significantly, starting from V¢ /V}, > 50. Increasing V¢ /V}, leads to a
decrease in the average pressure (pay) and average gas temperature in the cap.

0.60

0.50 A\
N\

0.40
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\\

0.20 ~——

0.10

0.00

10 20 30 40 50 60 70
Vg/Vh

Figure 2. The dependence of the irregularity of the liquid supply on the ratio of the initial value of
the volume of the gas phase to the working volume.

6.0

10 20 30 40 50 60 70
Vg/Vh

Figure 3. Dependence of the maximum and minimum liquid flow rate from the gas cap on the ratio
of the initial value of the gas phase volume to the working volume (1—Quax; 2—Qin)-

Figure 4 presents Ap = p;p, — pg and T,y depending on the ratio V¢ /Vy,. The obtained
dependences are close to linear. Values p;»(Ap) and T,y change insignificantly and are
about 5 kPa and about 0.6 K with the increasing V¢ /Vy, from 16 to 64.

3.3. Analysis of the Influence of the Crankshaft Revolutions

Increasing the crankshaft revolutions increases the amount of liquid entering the gas
cap per unit time. This leads to a decrease in feed irregularity (see Figure 5). The presented
dependence has a clearly non-linear nature, close to parabolic. At a speed greater than
350 rpm, A becomes less than 10%. With the increase in 11, values, Quuax and Q,;y, increase
almost linearly, and the difference between them decreases. As the number of revolutions
increases, pso (Ap) and Tay increase almost linearly (see Figure 6). Increasing Ap with an
increase in the number of revolutions from 200 rpm to 400 rpm is 70 kPa, the value of Tay
is even more significant and is about 5 K. An increase in T,y is due to an increase in the
frequency of fluctuations in the liquid level in the gas cap. Thus, increasing 7., leads to a
significant increase in p,, and T,y with a decrease in feed irregularity.
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Figure 4. Dependence of the difference between the average pressure and the pressure in the cap
(Ap), the average temperature of the gas in the cap from the ratio of the initial value of the volume of
the gas phase to the working volume (1—Ap; 2—Ty).
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Figure 5. The dependence of the irregularity of liquid supply on the crankshaft revolutions.
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Figure 6. Dependence of the difference between the average pressure and the pressure in the cap
(Ap), average gas temperature in the cap from the crankshaft revolutions (1—Ap; 2—Tpy).
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3.4. Discharge Pressure Analysis

With an increase in discharge pressure, the feed irregularity increases linearly (see
Figure 7). This dependence is very significant. So, with an increase in discharge pressure
from 1 MPa to 3 MPa, an increase in the feed irregularity occurs from 13.9% to 36.57%, i.e.,
also almost by 3 times.

0.40
0.35 ~
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0.30

0.25 -'/
0.20 /
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0.15 -
0.10
0.05
0.00
0.5 1.0 1.5 2.0 25 3.0 3.5

P4, MPa

Figure 7. The dependence of the feed irregularity on the discharge pressure.

An increase in pressure in the gas cap is equivalent to a decrease in the volume of gas
in it, and this, in turn, leads to an increase in the feed irregularity.

With an increase in discharge pressure, Qx and Q,,;, also change almost linearly:
Qmax increases, but Q,,;,, decreases. With an increase in discharge pressure, Ap increases
very slightly from 51.3 kPa to 54.83 kPa. The average temperature T, in a gas cap with
increasing p; decreases. This is due to an increase in the gas density, which leads to an
increase in the Re number and an increase in the heat transfer coefficient.

3.5. Analysis of the Influence of the Geometric Dimensions of Connecting Pipeline 4

Increasing the diameter of the pipeline increases the liquid flow rate from the gas
cap, which increases pressure fluctuations in the cap and fluid flow fluctuations from the
gas cap. Quax With an increase in dppz increases parabolically and Q,,;, also decreases
parabolically (see Figure 8). There is also a parabolic increase in feed irregularity with the
dypy increase. It should be noted that the size of the pipeline diameter has a very significant
effect on the feed irregularity (see Figure 9). An increase in the diameter of the pipeline
leads to a decrease in the average pressure in the cap and the average temperature. We
observe a significant decrease p;, by almost 100 kPa and temperature by 7.5 (see Figure 10).

An increase in the length of pipeline 4 leads to a decrease in the feed irregularity (see
Figure 11). An increase in the length of the pipeline increases the hydraulic resistance,
which leads to a decrease in the fluid velocity and its flow rate. Thus, an increase in
the length of a pipeline is similar to a decrease in its diameter. The presented results
allow us to conclude that the increase in length does not have a significant effect on the
feed irregularity.

The decrease in feed irregularity is due to a decrease in Qy;qx and increase in Q,;,, (see
Figure 12). An increase in the length of the pipeline leads to a linear increase in the average
pressure p,, and temperature T, (see Figure 13). It should be noted that the increase in psy
and Ty, is insignificant.
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Figure 8. Dependence of the maximum and minimum liquid flow rate from the gas cap on the
diameter of connecting pipeline 4 (1—Quax; 2—Qin)-
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Figure 9. The dependence of the feed irregularity on the diameter of connecting pipeline 4.
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Figure 10. Dependence of the difference between the average pressure and the pressure in the cap
(Ap), average gas temperature in the cap from the diameter of connecting pipeline 4 (1—Ap; 2—Tpy).
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Figure 11. The dependence of the feed irregularity on the length of connecting pipeline 4.
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Figure 12. Dependence of the maximum and minimum liquid flow rate from the gas cap on the
length of connecting pipeline 4 (1—Qax; 2—Qin)-
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Figure 13. Dependence of the difference between the average pressure and the pressure in the cap
(Ap), average gas temperature in the cap from the length of connecting pipeline 4 (1—Ap; 2—T,y).
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3.6. Ranking the Influence of Independent Variables on Feed Irregularity

It is important for constructors and designers of positive displacement pumps with
gas caps to know which independent variables to pay attention to in order to obtain the
minimum non-uniformity of the pumping unit. As a result, it is necessary to rank the
influence of independent variables on the feed irregularity of the pumping unit.

The ranking will be carried out in relation to the relative feed irregularity to the
relative independent argument ﬁ—g, where Ad = 5’”’”5% s AXY = W The results of
the ranking are presented in Table 1.

Table 1. The results of the ranking.

X dpp Vg/Vh Nyrey Pa lpp
A6/ AX 3.073 0.955 0.94 0.899 0.371

The presented results allow us to draw the following conclusions:

The diameter of pipeline 4 has the greatest influence on the feed irregularity;
The relative initial gas volume V,/V}, is only the second value, although it is consid-
ered as the main in existing works;

e The crankshaft revolutions and the discharge pressure have approximately the
same effect;
Pipeline 4 length has the least effect;
Thus, it is important for developers, designers and those involved in the operation
of pumping units with gas caps to determine the diameter of the supply pipe (this
recommendation is not available in the existing literature), and to determine the ratio
of the initial gas volume in the cap to the working volume of the pump chamber (this
recommendation is in the technical literature).

=~

. Conclusions

We developed a mathematical model based on a thermodynamic approach which
allowed detailed consideration of work processes occurring in the gas cap on the
basic fundamental laws of conservation of energy, mass and motion, and the equation
of state, both taking into account the change in the mass of the gas due to phase
transitions and the solubility of the gas in the liquid, and without taking them into
account (if there is a separating element). To close the developed mathematical model
of working processes in the gas cap and to determine the maximum and minimum
fluid flows from the pump, a mathematical model of the fluid flow from the gas cap
through a pipeline of constant cross section has been developed;

2. It was found on the numerical experiment that to reduce the feed irregularity, it
is necessary to increase the length of the pipeline and the crankshaft revolutions,
in addition to the known ratio of the initial gas volume in the cap to the pump
displacement; an increase in discharge pressure and an increase in the diameter of the
connecting pipeline increases the feed irregularity;

3. The ranking of the influence of the analyzed independent variables on the feed
irregularity proved that the diameter of the connecting pipeline has the greatest
influence, then the ratio of the initial volume of gas in the cap to the volume of the
working chamber of the pump. Regarding operating parameters, the crankshaft
revolutions of the pump and the discharge pressure have approximately the same
influence, and the length of the connecting pipeline has the least influence. The
crankshaft revolutions of the pump and the discharge pressure of the pump have
approximately the same effect on the feed irregularity of the pump. The length of the
connecting pipeline between the gas cap has the least impact.
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Nomenclature

The nomenclature of the paper is shown below:
Unl,Un2,Uyi 1,2 and i-th piston speed

fu1, fn2, fni  areas of these pistons

w1, Wy, W; angular velocities

Sh1,Sh2,Sp;  full piston strokes

dqi,d, d; piston diameters

P1, P2, P; angles of crankshafts rotation

A1, A, A ratio of piston strokes to crank lengths

du elementary change in the total internal energy of the gas phase in the cap

dQ elementary external heat exchange

dL elementary contour work

Iphad specific enthalpy of the added steam due to liquid evaporation

ipho specific enthalpy of the separated steam during condensation

dMppaq elementary mass added to the gas phase of the cap due to first-order phase transitions

dMpp, elementary mass separated from the gas phase of the cap due to phase transitions of
the first order

igr specific enthalpy of a gas released from a liquid

io specific enthalpy of a gas dissolved in a liquid

dMg; elementary mass of gas released from a liquid

dMp, elementary mass of gas dissolved in a liquid

F1 the heat exchange surface of the liquid

dc cap diameter

Iy length of the generatrix of the cylinder of the gas cap in contact with the gas

P free surface area of a liquid

Tw liquid temperature

A gas thermal conductivity coefficient

A x, B constant coefficients (A = 0.2 + 0.235, x = 0.8 + 0.86, B = 500 - 800)

1 dynamic viscosity coefficient

Pw liquid density

dt elementary time

dMyw mass of liquid separated over time dt from the gas cap

Cuw steam concentration on the liquid surface

(@) average steam concentration in the gas phase

Bpg mass transfer coefficient

R steam gas constant

Ps partial steam pressure

ar thermal diffusivity

Cp specific isobaric heat capacity of gas

D diffusion coefficient (is a function of pressure and temperature)

Cstf dividing element stiffness

Lw current position of the liquid level
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Lwo the initial position of the liquid level (in most practical cases, the liquid occupies 1/3
of the cap)

Ly pipeline 4 length

z center of gravity coordinate

j=pwg liquid specific gravity

g acceleration of gravity

App2 coefficient of hydraulic friction along the length

dppz pipeline 4 inner diameter

PN sum of local coefficients (sudden expansion, sudden contraction, flow turn, etc.)

Zipp2, Zopp2  centers of gravity of control sections

P4 fluid pressure

Qupp2 volume flow of liquid in pipeline 4

fpp2 cross-sectional area of the connecting pipeline

a sound speed
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Abstract: Flow chemistry offers several advantages for performing chemical reactions and has
become an important area of research. It may seem that sufficient knowledge has already been
acquired on this topic to understand how to choose the design of microreactor/micromixer and flow
rate in order to achieve the desired outcome of a reaction. However, some experimental data are
difficult to explain based on commonly accepted concepts of chemical reactivity and performance
of microfluidic systems. In this mini review, we attempt to identify such data and offer a rational
explanation of unusual results based on the supramer approach. We demonstrate that variation in
flow regime (determined by mixer design and flow rate) can either improve or worsen the reactivity
and lead to completely different products, including stereoisomers. It is not necessary to mix the
reagents with maximum efficiency. The real challenge is to mix reagents the right way since at a too
high or too low flow rate (in the particular mixer), the molecules of reagents are incorrectly presented
on the surface of supramers, leading to altered stereoselectivity, or form tight supramers, in which
most of the molecules are located inside the supramer core and are inaccessible for attack, leading to
low yields.

Keywords: microfluidics; flow chemistry; mixer design; flow rate; mixing efficiency; supramers;
supramolecular chirality; chemical reactions; glycosylation; stereoselectivity

1. Introduction

Over the past decades, chemistry in flow became a powerful tool of modern organic
and inorganic chemistry, and many publications devoted to the study of chemical reactions
in flow appeared. Dozens of reviews have been published on flow chemistry. Here, we
mentioned only some of them [1-20], in which a reader can find further references on
specific topics. The most comprehensive coverage and critical analysis of the recent flow
chemistry accounts can be found in an outstanding review [11], in which an in-depth
analysis of almost every aspect of performing chemical experiments in flow accompanied
by invaluable advice on how one can control the reaction parameters to achieve the desired
result is presented.

Flow chemistry (aka microfluidics [2]) offers several advantages for performing chem-
ical reactions such as minimizing of accident risks and cheaper production of chemicals to
name a few [7,11,13,17-19]:

e  Flow chemistry facilitates the optimization of reactions at a much faster rate, result-
ing in a reduction in costs and time. Reaction time, temperature, ratio of reagents,
concentration, and reagents themselves can all be rapidly modified. One reaction can
be followed by another, separated by solvent, increasing throughput. Automated
flow chemistry allows for rapid variation of reaction conditions on a very small scale
(<100 puL).
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e  Performing reactions in flow can be safer than in batch reactors, since only a small
portion of reactive or hazardous material is transformed to product at any particu-
lar moment.

e  The use of flow chemistry has the advantage of enhanced heat and mass transfer,
which can result in faster reaction rates and higher yields.

e  Flow reactors provide excellent reaction selectivity and allow for preparation of prod-
ucts that are not accessible under batch conditions.

Successful attempts to generalize the basic principles and fundamentals of flow chem-
istry [11] and to standardize the description of reactions in flow [14] have been advanced.
Ten key issues in modern flow chemistry have been identified and discussed in detail [6].
Various designs of microreactors [3] and their classification [13] have been considered (for a
more detailed discussion, vide infra). A state-of-the-art, future perspectives and challenges
in creating reconfigurable microfluidic platforms, which would allow a user to easily tailor
a microfluidic system for a specific application and “to tune a microscale experiment with
the capacity to make real-time decisions”, has been reviewed [16].

There are many examples of the successful use of flow reactors for conducting re-
actions of various classes [1,11,13,15,18], including those useful for production of active
pharmaceutical ingredients [17]. Functional group interconversion reactions have been
successfully performed in continuous flow reactors [15]. Flow technology was found to be
unexpectedly efficient in supramolecular chemistry [12,20]. A new paradigm for synthesis
of natural products including carbohydrates has been proposed [4,5,9,10], which is based
on performing traditional organic reactions under microfluidic conditions.

Among many parameters [11] the design of the microreactor/micromixer [11,21-25]
and flow rate used are considered as the key factors that determine the outcome of a
reaction performed in flow. One may think that sufficient knowledge has already been
acquired [11] on this topic to understand how to select appropriate experimental conditions
to achieve the desired reaction result.

However, only few researchers publish the “negative” results that could demonstrate
their “inability” to forecast the result of a particular experiment; many researchers tend
to modify the initial objectives of research after obtaining the positive results (“much
of good science is opportunistic and revisionist”, as G. Whitesides put it [26]). For this
understandable reason, reports of detailed studies of the influence of the design of the
microreactor/micromixer and/or flow rate on the outcome of the real-life reactions (as
opposed to the studies of “test reactions” in flow, vide infra), performed by practicing
organic chemists (rather than by experts in chemical engineering), are rare. Conditions for
successful practically important chemical transformations in flow are mostly reported.

This situation creates a “research gap” between reports on successes or failures of
reactions, performed under specific conditions in flow, and understanding the reasons lying
behind. Moreover, some experimental data are difficult to explain based on commonly
accepted concepts of chemical reactivity (in general) and performance of microfluidic
systems (in particular). In this mini review, we attempt to identify such data and offer a
rational explanation of unusual results based on the supramer approach (vide infra) [27].

2. Mixing Performance

Typical microfluidic systems are featured by low Reynolds numbers (Re, [28])
(Re < 1000 [1,8,29]) that would generally suggest a laminar flow, even in reactors in
which biphasic reactions proceed [30], and guarantee that there is no turbulence and there-
fore no back-mixing in the reactor [8]. This notion may create the wrong impression that
mass transfer of reactants in microfluidic systems is controlled by diffusion only; in fact,
convection/advection can also contribute significantly to the mass transfer in these systems
(vide infra).

It is clear, even from general considerations, that the reagents need to be mixed
well for the effective reaction to occur [29,31-37]. This review is limited to discussion
of passive [29,35,36] mixing that does not rely on external energy input. This mixing is
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realized within mixing devices (micromixers), which often serve also as microreactors (for
this reason, hereinafter we denote them as “microreactors/micromixers”).

Many studies [21,29,35-92] were dedicated to modeling various types of micromix-
ers/microreactors and determining their mixing efficiency (mixing quality) theoretically
and/or experimentally using a set of test reactions [39,57,63]. This widely used “chemical”
approach for accessing the mixing efficiency, unlike purely physical approaches like flow
imaging, is based on the implicit supposition that the dependence of outcome of a chemi-
cal reaction, performed in flow, on mixing conditions is determined by mixing efficiency
of the micromixer/microreactor used. We emphasize that most experimental studies of
mixing efficiency of different micromixers/microreactors are in fact providing informa-
tion on chemical reactivity in the reactions performed under flow conditions using these
micromixers/microreactors. This means that the observed dependence of conversion of
the starting compound and product yield on mixing conditions may reflect not only the
mixing issues (as usually believed) but also the influence of other (unknown) factors that
are affected by changing the mixing mode. This opens the way for alternative views on
chemical reactivity as exemplified by application of the supramer approach [27] to the flow
chemistry (vide infra).

The mixing performance of different types of mixers has been previously compared [21,
35,36,43,53,57,69,70,72,79,93]. The main message for the practicing synthetic chemist from
these studies is that the mixing quality is controlled by the flow regime in the mixing device.
Importantly, the flow regimes may differ considerably for different mixers; for the same
mixer flow regimes may also vary depending on the flow rate (an example is shown in
Figure 1).
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Figure 1. Summary of the steady flow regimes and mixing quality (5) as a function of the Reynolds
number (Re) in T-shaped and arrow-shaped micromixers. Adapted with permission from [79].

In most studies mainly the Reynolds number was used to describe the flow regime (but
occasionally other numbers were used [94]). However, the Reynolds number alone is not
necessarily always trustworthy for estimating mixing quality in micromixers/microreactors.
It was demonstrated that mixing quality of a simple and widely used T-shaped micromixer
sharply increases in the “engulfment flow regime”, featured by the increased vorticity
(Figure 2) hence mixing quality, which occurs at the high flow rates even in the low
Reynolds number range (Re ~ 200) (Figure 3) [43]. It was concluded that the Reynolds
number is not suitable for identification of the flow regime, since it varies a lot for different
mixer geometries under similar flow regimes [43].
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Figure 2. Streamlines inside a T-shaped micromixer (channel widths 300 and 600 pum) at different
mass flows. View is into the mixing channel (left (red) and right (blue) are the inlet channels).
Reproduced from [43] with permission from Elsevier.
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Figure 3. Mixing quality (o) over the Reynolds number (Re) for a T-shaped micromixer. Reproduced
from [43] with permission from Elsevier.

Using examples of micromixers/microreactors of varying complexity (from the most
studied simple T-shaped micromixers [35,43,44,46,48,49,53,58,60,69,70,72,74,76,79-85,88,
91] to more sophisticated “split-and-recombine” microreactors [35-37,47,51,70,91,95,96]),
it was shown that regardless of the value of the Reynolds number, mixing can be ef-
fective at least in some flow regimes. Especially effective is the so called “chaotic mix-
ing/advection” [3,29,31,42,96]. Operation conditions of passive mixers based on chaotic
advection can be distributed around the characteristic lines in the Pe—Re diagram for a wide
range of Reynolds numbers (see Figure 4). Importantly, the passive micromixers work well
either at low Reynolds numbers and low Peclet numbers (bottom left corner in Figure 4)
or at high Reynolds numbers in the transition regime to turbulence (top right corner in
Figure 4). Noteworthy, chaotic micromixers can be designed for use in a wide range of
Reynolds numbers. Importantly, mixing with chaotic advection does not depend on the
Péclet number [29].
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Figure 4. The Pe-Re diagram. The Reynolds number (Re) describes the flow regime in the mixing
channel (Re is a convenient parameter for predicting whether a flow regime will be laminar or
turbulent), while the Péclet number (Pe) represents the ratio between convection/advection and
diffusion (when Pe << 1, then diffusive effects dominate over convective/advective transport, whilst
the opposite is generally true for Pe >> 1). Adapted with permission from [29]. © IOP Publishing. All
rights reserved.

Among many different micromixers designed for microflow systems, a Comet X-01
micromixer should be highlighted. This mixer has previously been used to perform and
optimize various reactions [4,97-114]. Inside this mixer, the flow is split into three and
merged back into one (repeated five times) (see Figure 5 and supporting information file
for Ref. [113]) remotely resembling that in the previously mentioned “split-and-recombine”
microreactor [35-37,47,51,70,91,95,96]) featured by “chaotic mixing” [3,29,31,42,96], which
ensures efficient mixing regardless of the Reynolds number [3]. The unique design of the
Comet X-01 micromixer made possible the discovery of unprecedented results described
later in this review (vide infra).

Concluding this section, we must stress that current knowledge suggests the impor-
tance of mixing issues in chemical reactions to be related to the relative values of the mixing
times as compared to the reaction times. For a detailed discussion and recommendations
for choosing the design of the commercially available micromixers suitable for specific
applications see [57].

The effects of mixing on the outcome of the sufficiently slow chemical reaction per-
formed in flow can usually be neglected. If the reaction time is significantly longer than
the mixing time, it can be considered that the reaction takes place under homogeneous
environment (“homogeneous concentration field”). In such a situation, enhancing the
mixing performance cannot increase the conversion rate [57].
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Figure 5. Flow reactor, based on Comet X-01 micromixer, used for glycosylation experiments. S1,
S2—syringes. Internal volume of Comet X-01 micromixer—0.1 mL, that of outlet capillary—0.785 mL.
Reproduced with permission from [114].

At the same time, fast and ultrafast reactions (as compared to mixing of reagents)
should be extremely sensitive to changes in mixing efficiency which is determined by
the flow regime realized in the mixer of specific design at the indicated flow rate. In this
situation “the reaction takes place in a heterogeneous concentration field with multilamellae
structures which are determined by the mixing process. The length scales of these structures
as well as the time scale of their generation can have a strong influence on the conversion
rate. In the case of a reaction system with competitive parallel or consecutive reactions,
mixing time can also affect the selectivity of this system, especially if parallel reactions
proceed at a different time scale” [57].

For this reason, many studies report the influence of both parameters (mixer design
and the flow rate) on the reaction outcome, and they will be discussed together in the next
section. Note that until recently, most of the reports on flow chemistry dealt with conversion
of the starting material and product(s) yield as measures of the reaction progress. Issues of
stereoselective formation of stereoisomers were mainly neglected; the rare examples will
be mentioned below.

3. Influence of Mixer Design and Flow Rate on Reaction Outcome

The flow rate plays an important role in flow reactions. There is a lot of evidence that
flow rate can influence the reaction yield. There are cases when the yield increases both
with a decrease [110,115] and with an increase [116-119] in the flow rate.

A change of flow rate with constant path length after mixing expectedly results in the
change of reagents residence time (vide infra). A decrease in flow rate usually leads to an
increase in product yield due to increase in residence time. However, in some cases due to
increased residence time, the number of side processes leading to formation of undesirable
products may also increase leading to a decrease in the yield of the target product. There
are situations in which an increase in the flow rate (hence, the Reynolds number) leads to
an increase in product yield [113]. However, increasing the flow rate is not a panacea: if the
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flow rate is too high, then the reactants simply will not have enough time to react inside the
reactor. It is generally accepted that for the optimal course of the reaction, it is necessary to
find a golden mean between these extremes.

The crucial role of mixing efficiency, determined by the mixer design (vide supra), for
chemical reactions performed under flow conditions was demonstrated for C-N cross-
coupling reactions (Schemes 1 and 2) [120]. In one case, the capillary reactor contained
grains around which the reaction solutions flow. In this case, in the thin films formed
between the grains, mixing occurs efficiently, and the reaction is complete within 6 min. In
another case, there was a free capillary in which conditions for effective mixing were not
created. As a result, the yield after the same time was relatively small (Figure 6).

CO,Et
[Pd]

TBAB, blphenyl
aq KOH (2.0 M)
OMe COzEt 100 °C

Scheme 1. Palladium-catalyzed C-N cross-coupling reaction performed in flow with packed bed and
open tube reactor (see Figure 6) [120].

[Pd]
NH; TBAB TBAB, bipheny!
aqKOH (2.0 M)
MeO 80 -G

Scheme 2. C-N cross-coupling palladium-catalyzed reaction performed in flow with various packed
bed volumes (see Figure 7) [120].
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Figure 6. An example of the crucial role of mixing efficiency: the reaction (see Scheme 1) proceeds in
high yield only when packed bed capillary is used for mixing reagents. Time indicated designates the
residence time. Adapted with permission from [120]. Copyright © 2010 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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Figure 7. Comparison of the packed beds differing in size: the reaction (see Scheme 2) proceeds in
high yield if the large packed bed capillary is used for the reaction proceeds (see also Figure 6). Time
indicated designates the residence time. Adapted with permission from [120]. Copyright © 2010
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

More than that, a study of a similar reaction [120] showed that the yield depends on
packed bed volume (Scheme 2, Figure 7). When the size of the packed bed was decreased,
the yield of the reaction was decreased too. Note the maxima on the plots of the yield
against the residence time. Since it was demonstrated that the product was not degrading
over time the authors attributed the decrease in yield to changes in mixing performance at
low flow rates (larger residence time).

An increase in the mixing efficiency often leads to an improvement of the reaction
outcome. A remarkable example is the preparation of ['! C]raclopride under flow conditions
by the methylation reaction (Scheme 3) [121]. During the study of the impact of the
micromixer/microreactor design on this process, mixers with a consistently increasing
number of additional loops (Figure 8a—c) were used, which were expected to increase the
mixing efficiency and improve the reaction outcome. It was shown that reaction with
non-radioactive CHzl resulted in higher yields in the “abacus” micromixer than in the “no
loop” micromixer (5.8% and 1.3% yields, respectively). At the stage of using radioactive
1 CH;I as the methylation reagent it was also shown that the “full loop” microreactor is
better than the “abacus” micromixer (relative radioactivity 25.6 and 16.0, respectively).

H3C
OH

T CH,l cl
/t) DMSO, NaOH /t)
0" CH;,4

Cl

Scheme 3. Alkylation reaction performed in various types of flow reactors (see Figure 8) [121].
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No Loop Abacus Full Loop

{

Figure 8. Three micromixers used for performing alkylation reaction (see Scheme 3) featured by
different mixing efficiency. (a)—simple channel micromixer without additional loops (“no loop”);
(b)—abacus-like micromixer with some additional loops (“abacus”); (c)—micromixer with maximum
additional loops (“full loop”). Adapted with permission from [121].

The outcome of two-phase reactions carried out in flow may also depend strongly on
the mixing method. This was shown using a Heck reaction where two modes of oxygen
delivery to the reaction solution were compared (Figure 9) [122]. The main idea of this
design is that the flows of liquid and gas occur not in one capillary, but in two parallel
ones (Figure 9a). This can be achieved using the setup shown in Figure 9b: two parallel
capillaries are separated by the PDMS membrane. This setup allows one to adjust the flow
rate for each phase independently. Dual-channel design compared to slug flow showed
higher convenience and higher yields: >75% in dual-channel and <65% in mono-channel
modes (‘"H NMR data).

Mono-channel microreactor

(@)

Solution

Batch reactor Dual-channel microreactor
ArB(OH)2 PDMS
alkene membrane

-

(b)
Pd(11)

8

Figure 9. Mixer design for performing oxidation reaction under flow conditions. (a)—illustration

of various modes of contact area between gas and liquid phases; (b)—schematic illustration of the
dual-channel system. Adapted with permission from [122].

The mixing efficiency of a T-shaped micromixer is known to strongly depend on
the flow rate [57]. When such mixer was used for a study of efficiency of metalation of
substituted bromobenzenes with butyl lithium followed by quenching with methanol
(Figure 10a) the inflection points on the plots of the yields of both electron-rich and electron-
poor compounds were observed at 14 mL/min flow rate suggesting that the increased
mixing efficiency within the T-shaped micromixer at a high flow rate, hence higher product
yield, is due to a change in the flow regime [118] (Figure 10b; compare with Figure 3).

The design of the mixer plays an important role in the processes, during which further
transformation of the product as a result of side reactions is possible. This is well illustrated
by the Friedel-Crafts reaction (Scheme 4) [123]. In this example, sequential alkylation of
the aromatic system occurs. The monosubstituted (main) and disubstituted (side) products
were obtained in different ratios when different micromixers were used for mixing reagents.
In a simple T-shaped micromixer the yields of the main and the side products were 36%
and 31%, respectively. When the YM-1 mixer [45] was used the yields of the main and the
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side products became 50% and 14%, respectively. The best result was achieved in the IMM
mixer [21,35]: the yields of the main and the side products were 92% and 4%, respectively.
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flow rate (1 + nBuLi) [mL/min]
Figure 10. Investigation of mixing performance for the metalation step as a function of flow rate of
aryl bromide (1) and n-BuLi: (a)—schematic illustration of the flow system. (b)—the yield of 3 as
a function of the total flow rate. Adapted with permission from [118]. Copyright 2016 American
Chemical Society.
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Scheme 4. Friedel-Crafts reaction performed in flow using three types of micromixers: T-shaped,
YM-1, and IMM [123].

Such a strong influence of the mixer design (hence the mixing efficiency) was ex-
plained [123] from the point of view of the model proposed by Rys [124] (see also a dis-
cussion in [57] on competitive consecutive reactions). This model can be used to describe
multistep rapid reactions whose rate is limited by the diffusion of reagents (Figure 11).
At the first time interval after mixing, regions with an increased concentration of reagent
molecules (B) surrounded by a solution of another reagent (A) are formed. At the points
of contact, the first product (P1) is formed, which, without effective mixing, does not
have time to diffuse into the outer sphere and continues to react to give P2 at the further
time interval.
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Figure 11. A model [124] of the course of a liquid two-step reaction (like in Scheme 4) where diffusion
of reagents is main limitation of reaction rate. A, B—initial reagents, PI—monosubstituted product,
P2—disubstituted product. Adapted with permission from [123].

During a study of Lewis acid (TMSOTf) promoted microfluidic glycosylation of a
4,6-galactose diol with a 5-azido-sialyl imidate in EtCN at —78 °C (bath temperature) a
noticeable influence of the mixer design on the outcome of glycosylation was detected for
the first time [100]. Both employed micromixers (IMM and Comet X-01) allowed highly
efficient synthesis of the target disaccharide (yields were virtually quantitative in both
cases). However, stereoselectivity was higher when the IMM micromixer was used (ot/ 3
= 95:5) as compared to stereoselectivity achieved in glycosylation with the Comet X-01
micromixer («/f = 88:12). The authors explained this difference in selectivity by higher
temperature in the second case, leading to lower stereoselectivity, “probably due to poorer
heat removal of Comet X-01” (the reaction is exotermic) [100].

The influence of the mixer design on the result of glycosylation was also observed in
the sialylation reaction of a substituted phenol (Scheme 5) performed at room temperature
under conditions of phase transfer catalysis [113,114]. Here, two different micromixers
were used: a Comet X-01 micromixer (vide supra), where flow splits into three and joins
together several times (see Figure 5), and a simple T-shaped micromixer. At 2 puL/min flow
rate the product yields in both cases turned out to be similar: 36% and 33%, respectively.
However, the difference in stereoselectivity (a/3) was more significant: 6.2:1 and 13.3:1,
respectively. Note that the same reaction performed in batch is stereospecific providing a
kinetically controlled x-isomer as the only product of glycosylation [113].

AcO Cl
OAc CPP-OH AcO OAc
BUNHSO;, CO.Me
Lo
10% aq Na,CO3 AcHN OOO
EtOAc AcO

Scheme 5. Sialylation reaction under phase transfer conditions performed in flow. CPP-OH—4-(3-
chloropropoxy)phenol [113,114].

The effect of the flow rate on the yield and on the stereoselectivity of glycosylation was
observed in this sialylation reaction (Scheme 5) [113]. In this case, with the increase of the
flow rate from 2 to 250 pL/min, the yield and stereoselectivity decreased from 36% to 11%
and from o/ = 6.2:1 to o/ = 1.9:1, respectively. However, after further increase of the
flow rate to 1000 pL/min the yield and stereoselectivity increased to 37% and oo/ 3 = 3.8:1,
respectively. Therefore, both high (1000 pL/min) and low (2 pL/min) flow rates result in
similar yields and stereoselectivities, but intermediate flow rates give worse results. The
influence of flow rate and mixer design on the product yield could be easily rationalized
within the framework of the mixing-centered concept, discussed above, which emphasizes
the importance of the adequate flow regime for efficient mixing of reagents.

However, the unexpected loss of stereoselectivity under microfluidic conditions and
its dramatic dependence on mixing conditions (mixer design and flow rate), hence flow
regime, does not fit the current knowledge [125-128] on the origin of stereoselectivity of
glycosylation. It is unclear how flow rate or mixer design could affect the stereoselectivity
of reactions that involve “isolated” molecules.
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However, the found phenomenon can be rationally discussed within the framework of
supramer hypothesis (supramer approach) [27], according to which the real reacting species
in many cases are supramolecular aggregates (supramers) rather than single molecules of
reacting substances (the “molecular species”). Recent studies revealed [129-137] that even
macroscopically homogeneous aqueous and non-aqueous solutions of low-molecular-mass
non-amphiphilic compounds can contain nano- and mesoscale heterogeneities (size from
ca. 1 nm to 102-10° nm) that are kinetically stable, although very small interaction energy,
which does not exceed kgT [138], is involved. The most probable reason for their existence
and omnipresence is the “solvophobicity-driven mesoscale” structuring [136] promoted
by even minute amounts of “solvophobic admixtures” [27,136] that are present in most
commercially available compounds [133] since “no truly pure chemicals exist” [136].

Considering the presence of such heterogeneities, supramers in our terminology [27],
which belong to the realm of soft matter, we have been developing the supramer approach
(vide supra) for the description of chemical reactions (see Refs. [27,139-141] and references
cited therein). According to the supramer approach, the “presentation” (spatial orientation)
of molecules on the surface of supramers of glycosyl donor (or glycosyl cation formed from
it) may play an important role in determining reaction stereoselectivity (see Figure 12).
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Figure 12. Presentation of glycosyl cation on supramer surface: (a,b)—«x- and (3-selective reactions,
respectively, (c)—nonselective reaction, (d)—no reaction. Adapted with permission from [114].

The first stage of the reaction is formation of glycosyl cation which next reacts with
nucleophile (Figure 12). Apparently, this stage is the most important one, since the presen-
tation of the glycosyl cation on the surface of the supramer would determine the face of the
glycosyl cation on which the nucleophile attack will occur leading to different stereoisomers
of the product (Figure 12a—c). It is also possible that the cationic center is hidden inside
the supramer (Figure 12d), which would prevent the attack of the nucleophile and lead to
a decrease in reactivity of the starting compound (lowering conversion) and the product
yield. Similar processes of orientation of molecules on a surface apparently occur during
the formation of J-aggregates [142-147] for which the dependence of the resulting types of
aggregates on the mixing method was established [148,149].

According to the explanation suggested [113], the efficiency of disaggregation/
rearrangement (see Figure 13) of sialyl chloride supramers [27] varies under different
mixing modes (in particular, at different flow rates). This makes the Sy1-like pathway
within Sn1-Sn2-continuum of glycosylation mechanisms [150,151] possible under microflu-
idic conditions, leading to formation of both anomers of CPP sialoside (Scheme 5).
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{R1}._'f.

{R2}

R1 R2 [R1-R2] P

Figure 13. Reagent molecules inside solution domains (supramers) [R1] and [R2] cannot react
with each other. Efficient destruction of domains is required for all molecules of reagents R1 and
R2 to react—a clue for increasing reactivity of reagents and achieving high yield of product P.
Supramers may react on their surfaces, in this case asymmetric environment of the surface molecules
(presentation, see Figure 12) may lead to stereoselective reactions. Reproduced from [27] with
permission from the Royal Society of Chemistry.

According to the authors [113,114], the 3-anomer is formed only if sialyl chloride
supramers undergo disaggregation (Figure 14), which seems to be more effective in Comet
X-01 micromixer (apparently featured by “chaotic mixing” [3,29,31,42,96]) than in T-shaped
micromixer. This result suggests that high efficiency of mixing is not a panacea for improv-
ing the reaction outcome.

Batch Flow

Chopped edge
Both faces accessible

Stable aggregate of molecules
Only one face accessible

—
MeO,C
Coale Mlcromlxer
Comet X-01
S\2 only Sn2 + Syl
13% COzMe > 36%
AcOr..
o Only ACHN a/[} 6 2 1

Figure 14. A model of supramers of sialyl chloride in the reaction mixture. In batch reactor the
supramers are visualized as a whole intact “apple” (left panel). The spatial orientation of molecules
of sialyl chloride in such supramers (presentation, see Figure 12) allows glycosylation from only
one face within Sn2-like pathway leading to formation of only x-isomer. During “efficient mixing”
of reaction mixture in Comet X-01 micromixer (M) the “apple” is chopped allowing the molecules
of sialyl chloride to show both faces on the edge of the apple allowing Syy1-like mechanism which
leads to formation of both o- and B-isomers (right panel). Reproduced with permission from [113].
Copyright © 2022 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

We must emphasize that this is the first documented example [113,114] of the in-
fluence of flow regime on stereoselectivity of a chemical reaction (that does not involve
epimerization of the product), which has additionally been rationally explained.

An increase in the syn/anti ratio (from 8:1 to 18:1) of the product upon increase in the
flow rate has been reported for organocatalyzed 1,4-addition of aldehydes to nitroolefins.
The authors explained this by epimerization of the product by the catalyst, which be-
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comes more profound at increased residence times that inevitably accompany lower flow
rates [152].

Continuous telescoped two-carbon homologation of esters to «,3-unsaturated esters
was performed under microfluidic conditions, which incorporated an ester reduction,
phosphonate deprotonation, and Horner-Wadsworth-Emmons olefination into a single,
uninterrupted system. The authors are puzzled by the fact that the E/Z selectivity of the
olefination in flow was noticeably higher than that under batch conditions using similar
reagents [153].

All other previous studies of reactive mixing (see, e.g., [39,57,63]) were concerned
with conversion of the starting compound and product yield as the measure of mixing
quality. It is difficult to surmise from basic chemical principles [154] that flow regime could
alter stereoselectivity of glycosylation, which is considered to be governed (for kinetically
controlled reactions, to which glycosylation belongs) by relative rates of reagent attack on
Re- and Si-faces of glycosyl cation, a real glycosylating agent in these systems [114]. One
can speculate that the breakdown of symmetry (leading to inequality of these rates) could
occur in the presence of an external chiral stimulus. Note that vortex-controlled generation
of supramolecular chirality has been documented for batch systems [148,149,155-157].

The recently discovered [20] phenomenon of enhanced formation of non-covalent
bonds under flow conditions, thus easing the self-assembly of new supramolecular struc-
tures, might also be related to rearrangements of supramers of reactants induced by
shear stress in flow as discussed above (see Figure 14). Specifically, we hypothesize that
supramers of reactants disaggregate (partially or completely) (see Figures 13 and 14) under
flow conditions in a dynamical fashion creating the fragmented supramers (and, ultimately,
the “molecular species”) that are (1) more reactive compared to the parent supramers,
present in the starting solutions, and (2) capable of forming supramolecular architectures
different from those formed “passively” [20] in the flask from the parent supramers. In line
with the discussion above, we propose that the ease of supramolecular assembly in flow
would dramatically depend on the flow regime, hence on the mixer design and the flow
rate used.

Similar reasoning might explain the well-known phenomenon of decreasing the re-
action time in flow as compared to that of the same reaction performed in batch. From
the supramer point of view, shear stress in flow might induce fragmentation of the parent
supramers, which exist in solution before the reaction, leading to formation of more reac-
tive species and making the reaction faster. Traditional explanation of this considerable
decrease in reaction time (e.g., from 24 h in batch to 7 min in flow [152]) would involve
listing beneficial features of the microfluidic technique such as improved mass transfer
due to efficient mixing, fast heat transfer, and residence time control to name a few (see,
e.g., [5,18,19]).

The design of the mixer and flow rate can strongly determine the reactivity of a
substance. This phenomenon was demonstrated using glycosylation of isopropyl alcohol
with oxazoline as the glycosyl donor (Scheme 6) carried out in a Comet X-01 micromixer
(Figure 15) [110]. As expected, at high flow rates, the yields of both products were low—the
reaction did not have enough time to occur. With a decrease in the flow rate, the yields
expectedly increased. But at some point, at very low flow rates (flow rate <43 uL/h),
the acid-labile oxazoline stopped reacting and the starting reagents were recovered. This
apparent loss of reactivity was observed only when Comet X-01 micromixer was used.
However, when a Comet X-01 micromixer was replaced with a T-shaped micromixer (at
30 uL/h flow rate), the expected reaction products, glycoside and glycal, appeared in
the reaction mixture. Thus, the change in mixer design (from Comet X-01 micromixer to
T-shaped micromixer) apparently altered the flow regime resulting in better mixing of
reagents, if we follow the mixing-centered concept, discussed above.
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Scheme 6. Glycosylation reaction of isopropyl alcohol by glyco-oxazoline. CSA—camphorsulfonic acid.

[0]
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0.2 0.4 0.6 0.8 110 f, mL/h

Figure 15. Formation of products in glycosylation reaction performed in flow at different flow rates
(Scheme 6) using Comet X-01 micromixer. Relative amounts (w) of products: dashed line—isopropyl
glycoside, solid line—glycal (side product). f—flow rate, mL/h. No reaction was observed at low
flow rates (<43 uL/h). Adapted with permission from [110]. Copyright (2019), Springer Nature.

However, within the framework of the supramer approach [27] (vide supra), this result
apparently suggests a higher disaggregation of the supramers of reagents under these
conditions (using a T-shaped micromixer), which allows the chemical reaction between
them to occur. Apparently, at very low flow rates (30 uL/h) in the Comet X-01 micromixer,
the molecules of this glycosyl donor are located inside the core of tight supramers (similar
to those discovered recently [113,114,139,158]) or presented on the surface of supramers in
such a way that the anomeric position becomes inaccessible for attack (which is manifested
as an enhanced stability of oxazoline under the action of acid), similarly to the situation
shown in Figure 12 for glycosyl cation derived from sialyl chloride. Based on these facts,
we conclude that the flow rate in combination with change in the mixer design in this case
directly affects the reactivity of molecules probably by changing the flow regime which
makes disaggregation (see Figures 13 and 14) of the supramers of reagents (im)possible
thus altering the observed reactivity pattern.

Similar observations were made earlier for another reaction [159], where it has been
proposed that the observed decrease in conversion at low flow rates is related to the change
in the flow regime from “dispersed flow regime” (good mixing) to “stratified flow regime”
(bad mixing) (Figure 16) supported by mixing experiments with non-reacting substances.
Indeed, this phenomenon of “the dependence of mass transfer on the two-phase flow
patterns” was studied in single- and two-phase flow systems [61,64]. However, as in the
previous example, one can speculate that a change in the flow rate leads to a change in the
flow regime, which modulates the efficiency of disaggregation of the supramers of reagents.
As a result, at low flow rates, some of the molecules are located inside the core of tight
supramers [113,114,139,158] and cannot react. As the flow rate increases, the efficiency of
disaggregation increases, and the conversion rate increases accordingly. With a further
increase in the flow rate, the conversion decreases, which may be due either to insufficient
contact time of the reagents or to generation of supramers of different type formed during
disaggregation of the parent supramers.
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Figure 16. Observation of the change in flow regime during alkylation of benzoic acid by CHzI in
DMEF in the presence of DBU in the Low Flow reactor. Reproduced with permission from [159].

An interesting example of dramatic reactivity enhancing upon increase in flow rate
(from 0.3 mL/min to 5 mL/min) was reported for in-flow metalation of an acrylate es-
ter containing thiophene moiety with 2,2,6,6-tetramethylpiperidinylmagnesium chloride
lithium chloride complex at —25 °C. While at low flow rates only low conversions could be
achieved with long residence times (5 or 15 min), at high flow rates almost full conversion
was achieved within 1 min leading to isolation of the desired product in 72% yield [117].

4. Influence of Residence Time on the Reaction Outcome

The flow rate changes can affect the reaction outcome also by simply changing the
residence time (time of contact = time of flowing reagents together without changing the
flow rate) without apparent influence of the mixing efficiency. In fact, it may be difficult to
separate these effects experimentally.

There are a number of examples when an increase in residence time of reagents leads
to an increase in the reaction yield as expected for batch reactions [160]. However, with too
long times, selectivity decreases [161] or by-products appear [119]. Special attention should
be paid to examples when it is possible to obtain various products in high yields by varying
the residence time. A striking example of such an approach is the Br-Li exchange reaction
followed by the reaction of the lithiated species with electrophiles performed in flow
(Figure 17) [162]. There, kinetically formed 5-substitued product is selectively formed at
residence time 0.06 s (yield 84%). Increasing residence time to 63 s gives thermodynamically
preferred 3-substitued product in yield 68%. In both cases only traces of another isomer
were observed.

The value of the residence time, which is a powerful instrument for controlling reaction
outcome, should be optimized as times that are too long may result in a decrease in the
product yield probably due to reactants decomposition (Figure 18) [40].
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Figure 17. A switch between kinetic and thermodynamic control by changing the residence time of the
Br-Li exchange reaction followed by the reaction of the lithiated species with Pr'CHO as electrophile.
4—b5-substitued kinetically formed product, B—3-substitued thermodynamically preferred product,

—initial aromatic reagent. Reproduced with permission from [162]. Copyright © 2009 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Figure 18. Dependence of the yield on the residence time of the liquid-liquid reaction at 50 °C (e) and
20 °C (M) in the microreactor. Reproduced with permission from [40]. Copyright © 2001 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

5. Conclusions

In conclusion, we demonstrated that variation in flow regime (determined by a com-
bination of mixer design and flow rate) can either improve or worsen the reactivity and
lead to completely different products, including stereoisomers. We would like to stress that
it is not necessary to homogenize the reaction mixture as much as possible or to mix the
reagents with maximum efficiency. The real challenge is to mix reagents the right way. To
achieve this in a flow reactor one should combine the appropriate values of flow rate and
the designs of microreactor.

In terms of the supramer approach [27], at too high or too low a flow rate (in the
particular mixer), the molecules of reagents are incorrectly presented on the surface of
supramers, leading to altered stereoselectivity, or form tight supramers (similar to those
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discovered recently [113,114,139,158]), in which most of the molecules are located inside
the supramer core and are inaccessible for attack, leading to low conversions and yields.
The flow rate at which these problems do not exist can be considered optimal.

We can discuss the efficiency of mixing in a similar way. On the one hand, efficiently
mixed reagents can react faster and with greater conversion, giving higher yields. On
the other hand, the most efficiently mixed system loses the effect of the asymmetry of the
supramer surface (since all supramers are disaggregated), which eliminates a possibility of
controlling stereoselectivity of the reaction and allows all side processes to proceed.

Chemistry is definitely a statistical science. There are myriads of molecules in the
reaction mixture, each of which can react (in one or many ways) or not. For each specific
molecule, the reaction proceeds conditionally instantaneously, provided that the reaction
partners (who have the fundamental ability to react) have approached the right faces. If
it were possible to find a tool or a method of influencing molecules, in which only the
approaches we need would be encountered, then product yields and stereoselectivities of
any reactions would be high. Experimental data suggest that, for reactions conducted in
flow, the flow rate and the design of the microreactor can serve as such tools.
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