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Abstract: The article presents an advanced two-dimensional (2D) computational fluid dynamics
(CFD) model of an external gear pump which considers relief grooves. Relief grooves are limiting
design features for the flow process of this type of pump, and their influence in existing studies is
considered by a three-dimensional (3D) model only. The structural modification proposed by the
authors is beyond the possibilities of real implementation, but it gives the possibility to precisely
model the pump’s design features. In contrast to the existing studies (using 3D CFD), the proposed
advanced 2D model requires significantly fewer computing resources. Numerical experiments were
carried out using the 2D model at different pump operating modes depending on the rotation
frequency (950-1450 min~') and pressure load (5-150 bar). The numerical results were validated by a
real-world experiment for the same pump operating modes using an existing laboratory experimental
setup. An analysis of the CFD model and real experiment results was carried out by determining
a quantitative index of match (FIT), which varies in the range of 97.93-99.82%. This proves the
performance of the proposed CFD model, which can be further used as a part of more complex
hydraulic systems models.

Keywords: external gear pump; CFD; volumetric flow rate; relief grooves

1. Introduction and Motivation

One of the most commonly used pumps in hydraulic drive practice is the external
gear pump. In systems with velocity throttle control of the hydraulic motors, without high
requirements regarding the flow rate ripple and the need for continuous operation at high
pressure, this type of pump is most preferred. Their relatively low cost and availability
in the market also contribute to their wide application not only for industrial but also
for mobile applications, especially when a pump with a small displacement volume is
needed [1,2]. There are many disadvantages of external gear pumps. The most prominent
disadvantages are the relatively large level of flow rate ripple, the fixed displacement
volume, high noise levels, the impossibility of continuous operation at a pressure above
20 MPa, non-repairability, and others. But the relatively simple construction of these
pumps motivated researchers years ago to look for structural modifications to overcome
the listed disadvantages. To date, the development of modern software products with
an engineering application makes it possible to solve complex tasks requiring not only
constructive experience but also process knowledge. With the advent of computational
fluid dynamics (CFD) ANSYS Fluent® 2019 R3 software, design modifications’ influence
on working characteristics of hydraulic machines has become easier to study. Of course,
this is only useful if the numerical results are experimentally validated [3].

The literature review shows that the research on external gear pumps using a fluid—
structural approach can be summarized in several main groups. One group is aimed
at constructive improvements related to gaps in order to reduce internal volume losses
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(leakages) and consequently increase volumetric efficiency [4-9]. Another significant part
of the research is aimed at changing the number or geometric profile of the teeth in order to
reduce the flow rate ripple [10-14]. Often, these studies also contribute to reducing the level
or intensity of generated noise [15-24]. Not infrequently, the goal is to create modifications
for continuous work at high pressure [25-27]. This necessitates the investigation of directly
related parameters-trapped volume, pressure in the inter-teeth zone, and distribution of the
radial force on the gears [28-33]. In summary, these are studies on the influence of various
design parameters on the performance and universal characteristics of the machine. There
is research aimed at developing specific applications based on gear pumps [34-38]. The
cavitation phenomena are also a current research problem, which is valid not only for this
gear type but also for other types of hydraulic displacement rotary machines [8,13,27,39-44].

Creating a CFD model of newly designed or existing hydraulic machines (volumetric
or turbo) is not an easy task and depends directly on the purpose for which it will be
used [45,46]. The main question to consider is whether to create a two-dimensional (2D) or
three-dimensional (3D) model [47-51]. The answer depends on whether it is possible to
create a 2D model that gives results very close to the 3D model while using significantly
less computational resources.

One of the main problems of external gear pumps’ CFD modeling is the influence of
so-called relief grooves (channels) located on the two bearing bodies (balancing plates) [52].
This has motivated the authors to design a 2D model solution beyond the possibilities of
the construction, which would enable these grooves to be modeled in such a way as to
properly consider their influence on the numerical results.

The general motive for the present study is that the classical 2D models [3,5,8,36,40,
43,44] do not consider the influence of relief grooves, although it is possible. Omitting relief
grooves causes the following negative effects:

o Inter-teeth zone pressure obtained using the classical 2D model is not realistic because
this zone is, most of the time, connected by such grooves. The pressure in the connected
inter-teeth zones is usually equal to that in either the suction or the discharge port.
This disadvantage is illustrated in Figure 1, where the relief grooves are superposed
on a pressure field obtained with a classical 2D model. It can be seen that in the case
of two contact points between the teeth, the pressure in the trapped zone is colored
neither orange nor blue but has a much higher value (in red). Also, the inter-teeth
zones colored in yellow should have a pressure value equal to that in the outlet zone
(in orange).
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Figure 1. Pressure distribution with a classic 2D model at an output pressure of 150 bar. The relief
grooves are superposed, and the unconsidered connections are marked with red circles.
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e In the presence of two contact points, the fluid volume trapped between them is
completely transferred to the low-pressure zone. This reduces the volumetric flow
rate below the theoretically and experimentally determined values and increases the
pump flow rate ripple. In reality, this closed volume is much shorter than the classical
model shows since most of the time (during pump operation), it is connected by the
relief grooves to either the high-pressure or the low-pressure zone. Figure 2 shows
a technique to compensate for the reduced flow rate g obtained with a classical 2D
model by increasing the gear width b. This technique has been shown in [3] to perform
well over a wide range of modes. However, the expected average flow rate value of
the studied pump, also shown in Figure 2, at the considered operating mode is nearly
27 L/min, while the classic 2D model gives 26.13 L/min. This disadvantage can be
avoided by considering the relief grooves” influence.

e  The classical 2D model gives an unrealistic volumetric flow rate variation, which
cannot be used for further studies of flow and pressure pulsations in the discharge
pipeline, causing noise and vibrations. The law shown in Figure 2 is strongly depen-
dent on the number and position of the contact points during the mesh of both gears,
while at the same time, it does not depend on the shape and location of the relief
grooves, which have a significant influence on it.

The literature review showed that relief grooves are considered using 3D models
only [14,26-30,41,42]. This creates certain straits since these models require too much
computing resources and /or the use of specialized software that is purchased separately.
No attempts were found in the literature to add relief grooves to the significantly simpler
and more resource-efficient 2D models, which still have their application in some studies of
external gear pumps. This motivates us to prove whether and to what extent it is possible
to account for the influence of relief grooves using a 2D model.

The main goal of the article is to design an advanced 2D CFD model of an existing
external gear pump considering the relief grooves’ influence on the flow process.

This article is organized as follows: Section 2 includes a detailed description of geomet-
ric model development; Section 3 presents the numerical results and discussion; Section 4
shows the experimental study and model validation; and in Section 5, some conclusions
are given.

n=1450 min™!, Ap = 150 bar

30 40 50 60 70 80 90 100 110 120 130
Gears position ¢, degrees

— q (b=30.89 mm) q (b=31.5 mm)

Figure 2. Flow rate correction by increasing gear face width from 30.89 to 31.5 mm (g—flow rate;
b—gear width, p—gears position), as proposed in [3].
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2. Geometric Model Considering Relief Grooves

The object of the study is a certain specimen of an external gear pump with a displace-
ment volume of 19 cm?®. The gears teeth number is 12, and their profile is involute. Figure 3
shows a disassembled state of the pump 3D model created by the authors. The creation of
this model is described in [3].

Figure 3. The 3D model of the external gear pump—disassembled state.

In order to model the influence of the relief grooves on the gear pump flow process, it
is necessary to create an accurate CAD geometry first. This makes it possible to precisely
determine and study the internal geometric volume, which can subsequently be modeled
using appropriate 2D shapes. Figure 4 presents a different layout of geometric volume.
Figure 4a shows a general view of the entire fluid volume and the plane of symmetry. A
section through the plane of symmetry that forms the geometry of a classic 2D model is
presented in Figure 4b. The relief grooves in the section parallel to the plane of symmetry
are shown in Figure 4c. The challenge is to consider the influence of the grooves shown in
Figure 4c, making changes to the section shown in Figure 4b.

(b)

Figure 4. Geometric volume: (a) general view of the fluid volume and the plane of symmetry; (b) a
section through the plane of symmetry that forms the geometry of a classic 2D model; (c) relief
grooves in a section parallel to the plane of symmetry.

The relief grooves can be represented in 2D by imaginary radial and tangential channels,
which make the same connections at the same moments as the real ones—Figures 5 and 6. The
radial channels connect the inter-teeth zone to the tangential channels, which makes the
same connection between the inter-teeth zones as the actual grooves. The radial channels
rotate with the gears while tangential channels remain stationary. A minimum clearance of
0.01 mm is set between the stationary and rotation walls outside the tangential channels.
This value is small enough to prevent leakages and pressure loss but sufficient to ensure
finite elements mesh continuity throughout the solution. A similar gap value (0.0092 mm)
was used for gear meshing, while the gap above the gear tips was 0.02 mm.

The length and width of the radial channels should preferably be minimal so as to not
significantly affect the inter-teeth zone dimensions. Two sizes of these grooves were used in



Appl. Sci. 2024, 14, 4299

50f 17

the present study: 2 x 0.25 mm and 0.5 x 0.25 mm. The simulations showed that reducing
the radial channel length from 2 to 0.5 mm did not affect the characteristic flow rate as a
function of the time 4(t) in any way—the differences in the instantaneous and mean values
of g are below 0.02%, so a length of 0.5 mm is preferred. The width of 0.25 mm is chosen
so that at each moment of the simulation the channel is meshed by at least two rows of
finite elements, thus improving the solution quality. Too small a width runs the risk of an
unnatural increase in hydraulic resistance, which is not observed in actual grooves.

The length of the tangential channels, as well as the position of their beginning and
end, is strictly dependent on the 3D geometry of the studied pump and on the radial
channels’ width. To find the necessary angles o;—ay4, defining channels begin and end, the
drawings shown in Figure 5 were used.

Figure 5. Relief channels geometry determination (connection zones are marked with red circles):
(a) the inter-teeth zone comes out of connection with the inlet zone; (b) the inter-teeth zone comes
into connection with the outlet zone; (c) the inter-teeth zone comes out of connection with the outlet
zone; (d) the inter-teeth zone comes into connection with the inlet zone (x4 enlarged with 1.4°).

Tangential channels are two per gear—Figure 6. The beginning and end of each of
them are determined using separate drawings (Figure 5a—d). The angles « determine
the position of the corresponding end relative to the axis passing through the centers of
the gears. A careful analysis of the created 3D geometric model showed a gear position,
presented in Figure 5d, where the high- and low-pressure zones are connected through the
inter-teeth zone. To avoid this, during the tangential channels design, the angle oy slightly
increased from its original value of 7.04° to the safer value of 8.4°.
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The width of the tangential channels can be chosen arbitrarily as long as it is greater
than that of the radial grooves. A large width unnecessarily increases the number of finite
elements and complicates the model; therefore, a value of 0.3 mm was chosen, which also
fits the finite element mesh parameters well.

The final shape and dimensions of the advanced 2D model are shown in Figure 6.

0.3 0.01

14.2

AAAAAAAAAAAAAAAAL

86

< >

Figure 6. Advanced 2D model with relief grooves composed of radial (0.5 x 0.25 mm) and tangential
(119.7° and 79.5°) channels. Lengths are given in millimeters.

3. CFD Model
3.1. Theoretical Details of the CFD Model Development

The following assumptions were made when creating the model:

The flow process is 2D;

The working fluid is Newtonian;

The working fluid is incompressible;
The Body forces are negligible;

The viscous heating is not considered.

The CFD model realization is based on the main terms from computational fluid
mechanics [53,54] integrated in ANSYS Fluent®.
The Continuity equation for compressible working fluid can be present in the following form:

v (ﬁ/) —0, M

—
where p is a density of working fluid, V is divergence and V is a velocity vector. For
the steady state of compressible working fluid % = 0 for any variables, from which it

follows that
=/ =
V<pV>::O. 2

However, the working fluid is incompressible, p = const, therefore % = (. In this case,
the continuity equation can be expressed as

= =
VxV=0. 3)
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For the incompressible fluid, the formal form is
ou dv  ow
—+—+==0, 4
ox + ay + 0z @)

where u, v, and w are the components of the velocity.
In a Cartesian coordinate system, the Navier—Stokes equations for incompressible fluid
have a main vector form:

—>
174 — =\ — — —
0 (at+ (Vv) v) — —VP+pg +uV2V, 5)

where P is the pressure, g is the gravity, and y is the dynamic viscosity. It is valid for the sec-
ond assumption (Newtonian fluid), which can be expressed for each of the coordinate axes:
The X component of the equation is

aj+ua£+vaj+wal ——a—P+ + az—u+vaz—u+waz—u (6)
PlOF T "ax "%y T0z) T Tox TRETI 92 T 02 T %22 )

The Y component of the equation is
a—v—}—ua—v—l—va—vnhw% *—a—P+ + az—v—l—vaz—v+waz—v (7)
Plor T ox dy 9z) 9y ey T 522 dy? 0z2 )’
where g, and gy are the x and y directions of gravity. The Z component of the Navier—Stokes
equation is not applicable to the first assumption (2D model).
The turbulence k-¢ (kinetic energy) equations take the following general form:

0 — .
at(pk)—i—V(&kV) :VKy—i-Zl)Vk}+Gk+Gb—ps—YM+Sk, 8)
k
0 = Ui € €2
5;(0e) +V <35V> =V KV + U) VS} +Crep (Ge+ CoeGp) = Cop - + 56 )
&

where k is the kinetic energy, oy is the turbulent Prandt] number for k, ¢ is the kinetic
energy dissipation rate, o, is the turbulent Prandt] number for ¢, Gy is the generation of
turbulence kinetic energy (mean velocity gradients), G, is the generation of turbulence
kinetic energy due to buoyancy, Y represents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate, S is the user-defined source
terms, and Cy¢, Cp¢, C3¢, and C, are constants.

The dilatation dissipation term Y is

Ym =2p eMtZ, (10)

where M; is the turbulent Mach number.
The turbulence (Eddy) viscosity y; can be expressed by combining k and &:

k
#i =p Cy P (1)

The present study is a continuation of study [3], where a rationale for choosing the k-¢
turbulent model, main parameters, and settings of the model are described in detail. The
new and specific moments are only commented on here. The CFD software used is ANSYS
Fluent® ver. 2019 R3.
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3.2. Finite Element Mesh

The used finite element mesh is shown in Figure 7. A basic mesh size of 0.14 mm
was used for the initial meshing. The mesh is refined in the areas with gaps, with sizes
between 0.013 mm and 0.025 mm for the involutes and contacting walls of the tangential
grooves; 0.034 mm—for rounding; 0.05 mm—for the teeth tips; and 0.08 mm—for the
walls. The static zones (inlet zone and outlet zone in Figure 6) have a structured mesh of
rectangles with a size of 0.25 mm. During the solution, the mesh is dynamically changed.
The remeshing parameters are set to minimum length scale 0.0007 mm; maximum length
scale 0.32 mm; and maximum mesh skewness 0.67. Thus, after the first steps of the solution,
some of the mesh cells become larger, and the general number of cells decreases from 79,821
to 65,401; however, the cells remain smaller near the walls that come into contact.

The chosen mesh settings have a significant impact on the overall solution. To a
large extent, they are the result of a mesh-independent study carried out in our previous
research [3]. The described mesh is fine enough to provide a detailed and accurate solution,
while being economical in terms of computational resources. Besides the number of cells
being relatively small for the modeled geometry, the mesh allows the time step to be set
in the interval from 1 x 107 s to over 4 x 107° s (at a nominal rotation frequency of
1450 min~1). An average of 1024 steps were used to turn the wheels by 30°.

Due to the large lengths and small gaps of the contact areas, as well as due to the
presence of sharp transitions between the narrow and wide sections that constantly change
their position, the solution is significantly more unstable than the classical 2D model. It
often crashes due to Floating Point Exception. To deal with the problem, the following
measures were used: varying the time step (from 2 to 4.2 x 107° s), activating the High
Order Term Relaxation option with Relaxation Factor 0.75, and increasing the number of
iterations from 20 to 35 for every step. The latter increased the computation time by about
25%. The mesh layering method is also enabled with the default settings (height-based,
split factor 0.4, and collapse factor 0.2).

The computing time for the described model is of the order of 40 min/30° on a
workstation with an Intel® Core™ i9-14900K (Intel Corporation, Santa Clara, CA, USA)
processor and 64 GB DDR5 RAM.

- Initial Mesh:
Cells 125,147
Faces 205,361

Nodes 79,821

——

Final Mesh:
- Cells 96,307 T~
Faces 162,101 \ T
d Nodes 65,401 R
/ \ —_— N
: > R /
A A f /
2 / K 4 ¥ i
' Y Y/ Py

Figure 7. Finite elements initial and final mesh view. Zoomed areas are marked with rectangles.
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4. Numerical Results and Discussion

The main focus of this study is on the volumetric flow rate g, L/min, and pressure
Ap, bar. The first variable gives information about the flow rate ripple, which can cause
undesirable pulsations, noise, and vibrations in the discharge pipeline of the pump, which
the authors plan to investigate in the future. The second variable (pressure) well illustrates
the benefits of the advanced 2D model. Additionally, the velocity distribution illustrates
well the fluid movement through the added channels at different times of the simulation.
Of course, the fluid transport through the added channels deforms the velocity field in the
inter-teeth zones, so this model is not suitable for velocity analysis near the gears.

A comparison between the volumetric flow rate obtained with a classical and an
advanced 2D model is shown in Figure 8. The simulation covers a 125° angle of gear
rotation. Because of the established periodicity, it is sufficient to consider an interval of
30° to study the ongoing effects. The first thirty-degree interval from the beginning of the
simulation is skipped to form the velocity field at the inlet and outlet zones, so the next
second interval is considered. The initial and final angles of this interval (28.5-58.5°) are
chosen in such a way that they start and end with the average value of the flow rate.

n =1450 min~}, Ap =150 bar, b = 30.89 mm
29 2

28

27

26

25

Flow rate g, L/min

24

0 10 20 30 40 50 60 70 80 920
Gears position ¢, degrees

Clasical 2D CFD model

Advanced 2D CFD model

Figure 8. Volumetric flow rate obtained with classical and advanced 2D model.

Figure 8 illustrates the flow rate-related benefits of adding channels to the 2D model:

The new shape of the g(t) characteristic corresponds well to the classical theory [1].
The average flow rate increases compared to the classic model from 26.13 to 27.02 L/min,
calculated with the actual measured tooth width b of 30.89 mm. The new result is
reliable and eliminates the need for experiment-based correction of b. The increased
average flow rate is due to fluid flow through the channels in the direction from the
inlet to the outlet, which is explained in detail below.

e  Along the line 1-2-3, the two models” characteristics q(¢) practically coincides. In this
section, the gear mesh zone has a single point of contact (marked with a red circle
in Figure 9, position 2), the mesh zone is opened to the surrounding spaces, and the
influence of the grooves is minimal. Adding a gap between the fixed and movable
walls outside the tangential channels results in a negligible decrease in the maximum
value in position 2.

e  On the 3-4-1 line, the gears mesh zone has two contact points (Figure 9, positions 1
and 3). The connection between the volume trapped by them and the surrounding
spaces is made via the added channels. This leads to a large difference in the g(¢)
curves compared to the classical 2D model. The fluid flow through the channels is in
the direction of the outlet; accordingly, the advanced model curve is located above
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the classical one, which positively affects the average flow rate. The relatively small
correction in the oy angle (shown in Figure 5d) results in a small gap leakage in the
vicinity of position 4. Therefore, at position 4, the advanced 2D model flow rate is
slightly lower than the classical one.

The positions of the gears at each of the points marked in Figure 8 are shown in
Figure 9. These positions have the following particularities:

e Position 1. The gears are located symmetrically with respect to the axis connecting
their centers of rotation, which passes through the inter-teeth zone of the upper gear
and the tooth of the lower gear. After this point, only one point of contact remains in
the mesh.

e Position 2. The single contact point is located on the axis. This is the moment with
maximum open inter-teeth zones, minimum fluid return to the inlet, and maximum
instantaneous pump flow rate.

e Position 3. The gears are located symmetrically with respect to the axis, but it passes
through a tooth of the upper gear and an inter-teeth zone of the lower gear. After
this moment, the gears contact at two points, and the trapped fluid between them is
transferred back to the inlet, which reduces the instantaneous pump flow rate. The
effect is significantly more obvious in the classical 2D model, without channels.

e  Position 4. The two contact points are equidistant from the axis; the trapped volume
is not in contact with the channels, but the distance between the radial channels of the
trapped volume and the tangential channels is minimal. This position is characterized
both by maximum fluid transfer back to the inlet port and by maximum losses via the
channels’ gaps. Therefore, the instantaneous pump flow rate is minimal.

The velocity distribution shown in Figure 9 illustrates the flow through the advanced
model channels. Of particular importance is the axis connecting the centers of rotation of
the two gears. The role of the channels is greatest when the gears are meshed in two contact
points, and the trapped fluid is transferred back to the low-pressure zone. In this case, if
the trapped volume is located predominantly to the right of the axis (for example, position
1 in Figure 9), it constantly increases, drawing fluid from the inlet zone. If the trapped
volume is located predominantly to the left of the axis (for example, position 3 in Figure 9),
it constantly decreases, pushing the fluid from the inter-teeth zone through the channels to
the outlet zone. In both cases, there is an additional fluid movement through the channels
in the direction from the suction to the discharge port, which leads to a general increase in
the average flow rate compared to the classical 2D model.

4

2=

Position 1: ¢ = 29.34° Position 2: ¢ = 37.44° Position 3: ¢ = 44.89° Position 4: ¢ = 52.47°

Figure 9. Velocity distribution at four rotation positions of gears. The points of contact are marked
with red circles. Some important fluid flow directions are marked with yellow arrows.
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Figure 10 shows the fluid pressure distribution obtained with consideration of the relief
grooves. The pressure in all the inter-teeth zones is equalized with that in the contacting
grooves. Figure 10a shows the position where the trapped volume does not contact the
surrounding spaces through the added channels, and the pressure in it differs from that
of the inlet and outlet zones. This position actually separates the outlet from the inlet.
Figure 10b,c show positions very close to position 4, where, however, the pressure in the
trapped volume is equalized with that of the outlet or inlet, which is not possible with the
classical 2D model. Emphasis is placed on the contact of the teeth with the actual grooves,
from where pressure equalization occurs.

y Q.

(a) Position 4: ¢ =52.47° (c) Position ¢ = 54.14°

Figure 10. Pressure distribution and relief grooves in positions with minimum instantaneous flow
rate. The actual contact zones between the trapped volume and the relief grooves are marked with
red circles: (a) Position 4; (b) The inter-teeth zone connected to the outlet zone; (c) The inter-teeth
zone connected to the inlet zone.

Figure 11a shows the influence of the rotation frequency 7, min~!, and Figure 11b
presents the influence of the output pressure Ap on the current and average values of the
pump flow rate 4. The curves were obtained by simulations with the advanced 2D model.
The average values of the flow rate g for all investigated operating modes are shown in the
figure, as they are further used to validate the obtained results. It can be seen that with a
decrease in 1 and with an increase in Ap, the average value of the flow rate g decreases.
The form and the period of the characteristic 4(¢) are preserved and practically do not
depend on the rotation frequency and the load. The variation of the average flow rate g
when changing the rotation frequency 7 from 1450 to 950 min ! is high (—35.5%) and is
proportional to 1, while when changing the load from 5 to 150 bar, it is low (—2.5%) and
has a small influence from the working pressure. Practically the same reductions in the
average flow rate are obtained with the classic 2D model [3], and the differences between
the classical and the advanced 2D model here are less than 1%.
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Figure 11. Simulated flow rate: (a) Ap = 150 bar and n = 950-1450 min~1; (b) #n = 1450 min—! and

Ap = 5-150 bar.

5. Experimental Study for Validation

A laboratory experimental setup has been developed and used for testing an external
gear pump at different operating modes. Figure 12 presents the hydraulic circuit diagram
of the experimental system and its realization. A detailed description of the shown system

is given in [3].

The developed experimental setup makes it possible for a real-time measurement of
the gear pump basic working parameters: flow rate, output pressure and rotation frequency.
The system consists of the studied pump, driven by an electric motor with a power of
7.5 kW and a nominal rotation frequency of 1450 min~!. The electric motor is equipped
with a frequency inverter enabling the pump rotation frequency to be changed, and hence
the flow rate. The pump outlet pressure is varied by a loading system consisting of a
direct-operated pressure relief valve and a parallel-connected hydraulic throttle check
valve. The maximum pressure value is set with the pressure-relief valve and the pressure
load value is set with the precision throttle valve for a certain mode of operation.
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DAQ

Flow

Pressure Sensor

Flow rate and pressure are measured using a gear flow meter equipped with a pressure
sensor. The signals from the two sensors are processed by a developed data acquisition
(DAQ) system which is based on NI USB 6211. For signals recording and processing, a user
interface has been developed in LABView® ver. 2010 environment. The recorded in a table
form experimental data are processed automatically via a specially developed program
procedure in MATLAB® ver. 2009.
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Figure 12. Experimental setup—hydraulic circuit diagram and implementation.

Experimental studies were carried out with the described setup in order to validate the
results of the numerical studies based on the advanced 2D CFD model. Experimental and
numerical studies were performed in two groups of operation modes. In the first group,
a maximum output pressure load of 150 bar is maintained (Ap = const), and the rotation
frequency is a variable parameter in the range of 950-1450 min~!. The experiment design
and results are shown in Table 1. A results comparison via the characteristic of the average
pump flow rate g4y as a function of the rotation frequency 7 is shown in Figure 13a. In
order to distinguish the designation of the flow rate obtained by the experiment from
that obtained numerically, the indices EXP and CFD have been added to the g4y¢ in
Tables 1 and 2.

In the second group of operation modes, a constant nominal value of the rotation
frequency is maintained (n = const), and the pressure load is a variable parameter in the
range of 5-150 bar. The experiment design and results for this configuration are shown in
Table 2. A results comparison via the characteristic of the average pump flow rate g4y¢ as a
function of the pressure Ap is shown in Figure 13b.

Estimation of the percentage match between the model and experiment results is
performed by calculating the quantitative index FIT. It is defined as

FIT — (1  gaveExr — ’/7AVG,CFD|) 100, %, (12)
JAVG,EXP

where g4y gxp is the experimentally obtained average flow rate of the pump, and g4vc,crp
is the simulation average flow rate obtained by the advanced 2D CFD model.

The graphical comparison between the numerical and real experiment results (Figure 13)
shows an excellent match for all operating modes. This is once again confirmed by the
calculated quantitative indicator FIT, of which the value varies in the range of 97.93-99.82%
(Tables 1 and 2). It is possible to achieve an even better match by fine adjustment to the imag-
inary meshing gap value described in Section 2, but the currently achieved match proves
that the developed advanced 2D CFD model successfully considers the design features of
this pump type, and especially the influence of the relief grooves on the flow process.
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Table 1. Model and experiment results, Ap = const.
Model Experiment
FIT
n Ap 4AVG,CED n Ap JAVG,EXP
min—1 bar L/min min—1 bar L/min %
950 150 17.44 950 147.86 17.41 99.82
1050 150 19.36 1051 147.67 19.29 99.70
1150 150 21.26 1148 148.23 21.11 99.27
1250 150 23.17 1249 148.00 23.00 99.29
1350 150 25.07 1348 147.81 24.87 99.17
1450 150 27.02 1451 146.96 26.75 98.94
Table 2. Model and experiment results, # = const.
Model Experiment
FIT
n Ap JAVG,CFD n Ap qAVG,EXP
min—1 bar L/min min—1 bar L/min %
1450 5 27.72 1450 6.43 27.41 98.88
1450 25 27.61 1451 23.46 27.19 98.43
1450 50 27.49 1447 49.78 26.94 97.93
1450 75 27.38 1452 74.68 26.93 98.34
1450 100 27.26 1452 101.74 26.85 98.49
1450 125 27.14 1448 124.50 26.74 98.51
1450 150 27.02 1452 148.63 26.79 99.16
28 - 28 T
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Figure 13. CFD and experimental results comparison: (a) gayc(n); (b) gavc(Ap).

6. Conclusions

The main contribution of this article is the original design of an advanced 2D CFD
model of the external gear pump. Beyond the possibilities of real construction, this model
successfully considers the influence of relief grooves, which is traditionally possible with
3D CFD models only. Radial and tangential channels are added to the classical 2D model ge-
ometry, which successfully represents the connections between inlet, inter-teeth, and outlet
zones. The values of the numerically obtained average flow rate match the experimentally
measured ones very well without applying any additional geometric or computational
modifications. Modeling in 2D is more economical in terms of computational resources,
allowing multiple results to be obtained quickly in different operating modes. In addition,
the presented model can become part of more complex hydraulic system models in order
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to study the effects of pump operation on the velocity and pressure in discharge pipelines,
which is our next goal.
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