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Abstract: All process industries involve the usage of heat exchanger equipment and understanding
its performance during the design phase is very essential. The present research work specifies the
performance of a pure cross flow heat exchanger in terms of dimensionless factors such as number
of transfer units, capacity rate ratio, and heat exchanger effectiveness. Steady state sensible heat
transfer was considered in the analysis. The matrix approach that was established in the earlier work
was used in the study. The results were depicted in the form of charts, tables, and performance
equations. It was observed that indeterminately increasing the number of transfer units past a
threshold limit provided very marginal improvement in the performance of a pure cross flow heat
exchanger. Likewise, flow pattern in a heat exchanger is usually assumed either as mixed or un-
mixed. However, due to various operating conditions, partially mixed conditions do exist. This
work considers partially mixed conditions in the tube side of the heat exchanger. The correction
factor for heat exchanger effectiveness was developed to accommodate partially mixed flow condi-
tions in the pure cross flow heat exchanger.

Keywords: pure cross flow heat exchanger; design graphs; correction factors

1. Introduction

All process and manufacturing plants have a lot of heat exchanger equipment. Heat
exchanger (HX) is an equipment used to transfer heat between two or more fluids,
wherein the fluids are separated by a solid wall. Two fluid heat exchangers are quite com-
mon and are employed in several applications. There are several kinds of heat exchangers
available in the market. Heat exchangers can be classified based on the construction and
flow arrangement. Cross flow heat exchanger, shell and tube heat exchanger, double pipe
heat exchanger, and plate heat exchanger are all commonly used in industries. The choice
of heat exchanger depends on the application, operating conditions, etc.

In a cross flow heat exchanger, two fluids travel perpendicular to each other and
thereby the name cross flow. Cross flow heat exchangers are popularly used for gas to
liquid heat transfer applications where the gas is on the external side and the liquid is on
the tube side of the heat exchanger. Most cross flow heat exchangers are finned tube heat
exchangers. Fins enhance the surface area and these in turn enhance heat transfer. In most
sensible heat transfer applications, the external fluid, which is usually gas, is treated as
unmixed flow, while the tube side fluid, which is usually liquid, is treated as mixed flow.
In unmixed flow, the fluid temperature varies in x- and y-directions, whereas in mixed
flow, the fluid temperature varies only along the direction of flow, i.e., x-direction.

Researchers over time have come up with various methodologies for designing and
analyzing the sensible performance of heat exchangers. The most common methodologies
are effectiveness (£) and number of transfer units (NTU) approach, log mean temperature
difference (LMTD) approach, P-NTU approach, matrix approach, and many more. In this
work, e-NTU approach combined with a matrix approach shall be used. It must also be
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noted that, for steady state sensible heat transfer, the heat exchanger performance can be
described through three major dimensionless factors, viz. capacity rate ratio (Cr), NTU,
and heat exchanger effectiveness (g). Most heat transfer operations do not occur at steady
state, as they are often subjected to minute changes in temperature and mass flow rate.
Analyzing unsteady performance of heat exchanger involves the use of numerical tech-
niques, and this aspect is not considered in this analysis.

In this work, the concept of energy balance combined with the concept of effective-
ness is applied to every row in a pure cross flow heat exchanger. The work initially focuses
on developing performance equations for a given pure cross flow heat exchanger. The
equations are simultaneous linear equations and can be expressed in a matrix form. Using
the matrix inversion technique in MATLAB, the performance equations are solved. The
results from MATLAB are used to generate design graphs, tables, and curve fit equations
for a pure cross flow heat exchanger.

Design graphs, curve fit equations, and tables established in this work deliver the
same information, i.e., the performance of heat exchanger in terms of dimensionless fac-
tors such as capacity rate ratio, NTU, and effectiveness. This information may help engi-
neers to develop an optimal heat exchanger in terms of capital and operational cost. Curve
fit equations are generated from design graphs and they aid in estimating heat exchanger
effectiveness exclusively as a function of capacity rate ratio and NTU.

Design graphs are developed assuming that the external fluid is unmixed and while
the tube side fluid is mixed. It must be recognized that an error shall be induced in the
effectiveness estimation if the tube side fluid was partially mixed. Correction factors were
developed for partially mixed conditions and such information is not yet published in the
existing scientific literature. Partially mixed conditions can exist due to uneven flow dis-
tribution in the tube side of the heat exchanger. Understanding the impact of a partially
mixed condition on the heat exchanger’s performance helps the engineers to develop a
heat exchanger for the worst possible operating condition.

Consider Figure 1 describing the flow arrangement in a pure cross flow heat ex-
changer. The heat exchanger has two rows of tube banks, and each heat exchanger row
has three tubes. Therefore, the above figure represents a three tube, 2-row pure cross flow
heat exchanger. Some relevant papers related to the current work are described below.
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Figure 1. Three tube, two row, pure cross flow heat exchanger.
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Silaipillayarputhur and Idem [1] considered the sensible thermal performance of a
heat exchanger and developed a matrix approach to study the intermediate and the over-
all performance of the heat exchanger. The matrix approach is used in this present re-
search work to establish the performance of pure cross flow heat exchanger. Zhang et al.
[2] considered the consequence of non-uniform flow on the thermal performance of heat
exchanger. A graph was proposed to evaluate the thermal performance based on flow
mal-distribution. Ishaque and Kim [3] considered the numerical modelling of finned tube
heat exchanger that is used as an outdoor unit in heat pump applications. Therein, a non-
uniform flow pattern of both air and refrigerant was considered. Herein, the numerical
performance was compared with the experimental data. Hao et al. [4] derived a correction
factor for a heat exchanger that represents the effect of flow arrangement on the heat trans-
fer performance as a function of thermal resistance. Jouhara et al. [5] studied the perfor-
mance of a multi pass, air to water heat pipe heat exchanger. The effect of Reynolds num-
ber on heat transfer rate was considered for a number of heat exchanger passes. Unger et
al. [6] studied the effect of heat transfer coefficient on different kinds of fins in a finned
tube heat exchanger. Based on experimentation, an empirical relationship for heat transfer
coefficient was derived as a function of Nusselt number, Reynolds number, fin design,
Prandtl number, and tube row number. Khan, Zou, and Yu [7] performed computational
simulation of air side heat transfer and pressure drop performance in a twisted oval tube
bundle cross flow heat exchanger. Therein, the air side heat transfer coefficient, the
Nusselt number, and pressure drop were correlated with the Reynolds number. A gener-
alized Nusselt number correlation was also developed in the research work. Geete et al.
[8] fabricated a cross flow heat exchanger in a workshop and experimentally analyzed
effectiveness, exergy, and entransy. Narkhede and Sur [9] considered the performance of
a hollow compact micro-lattice-based cross flow heat exchanger. A numerical investiga-
tion was conducted to estimate the overall heat transfer coefficient. Choudhary et al. [10]
experimentally examined the heat transfer and frictional losses of a tubular cross flow heat
exchanger. Both solid and perforated splitter plates were used for the analyses. It was
found that the heat exchanger experienced enhanced heat transfer while using perforated
splitter plate. Bury and Hanuszkiewicz-Drapala [11] considered thermodynamic analysis
of finned liquid to a gas cross flow heat exchanger. Therein, the heat transfer coefficient
was computed using numerical simulation and empirical relationships. In the analysis, a
non-uniform flow of gas at the heat exchanger inlet was considered. Zhao et al. [12] con-
ducted a series of tests to study the thermal performance of air flow over a parallel cross
flow heat exchanger used as a vehicle radiator. The performance of the heat exchanger
was examined under representative irregular airflow. Gao et al. [13] studied the transient
response of a cross flow heat exchanger subjected to a change in the inlet temperature and
mass flow rate.

All references cited herein describe the thermal performance of a cross flow heat ex-
changer. A cross flow heat exchanger can operate in parallel flow configuration or counter
flow configuration or can have pure cross flow circuiting as described in Figure 1. The
performance of a pure cross flow heat exchanger is detailed in this work. In addition, cor-
rection factors were developed to describe partially mixed conditions in the tube side of a
pure cross flow heat exchanger. It must be noted from [13] that a flow rate aberration at
the heat exchanger’s inlet creates unsteady output, and the equipment requires a finite
time to regain its steady state. In this work, it will be seen whether a partially mixed flow
condition in the tube side will impact the steady state performance of the heat exchanger.

2. Governing Equations

The basic equations required for the modeling of a pure cross flow heat exchanger
are presented in this section. These basic equations were then modeled in Matlab software
to generate design graphs, tables, and curve fit equations. The assumptions for the project
are as follows:
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»  The heat exchanger undergoes steady state and a sensible heat transfer. The heat ex-
changer is symmetric; NTU is evenly distributed across the heat exchanger.

»  For the overall heat exchanger, external fluid (gas) is taken as the minimum capacity
rate fluid, while the internal fluid (liquid) is taken as a maximum capacity rate fluid.
This is a generally encountered condition for sensible heat transfer. However, there
is a potential for these conditions to get reversed on a per row basis.

»  For prediction of a pure cross flow heat exchanger’s performance, the tube side fluid
is assumed to be evenly distributed among the rows and individual tubes.

»  For the prediction of a pure cross flow heat exchanger’s performance, external fluid
(gas) flow is assumed to be unmixed, while the tube side fluid (liquid) flow is as-
sumed to be mixed.

The performance of the heat exchanger is evaluated at each heat exchanger tube row.
At each tube row, the concept of energy balance and heat exchanger effectiveness is ap-
plied. Thus, for each tube row, two sets of equations are obtained. This procedure is car-
ried out for all the tube rows in the heat exchanger. All the equations thus obtained are
simultaneous linear equations and they are expressed in a matrix form. These equations
are solved using a matrix inversion technique using MATLAB. The results from the
MATLAB yield the unknown temperatures. The output temperatures can be used to com-
pute the effectiveness of the heat exchanger. Capacity rate ratio and NTU are assumed
dimensionless parameters in the analysis. Heat exchanger designers communicate
through these dimensionless factors.

The capacity rate, C, of a heat exchanger is defined as follows [1]:

C = mG, (1)
for hot fluid:
Cp = mpCpp (2)
for cold fluid:
Cc =m.Cpy (3)

Obviously, either Cior Cc will have a higher value. The one with a higher value is
termed Cua, and the one with lower value is termed Cuin. The capacity rate ratio is defined
as the ratio between Cuin and Cumaex. The capacity rate ratio is a dimensionless parameter,
and it varies between 0 and 1:

Cr — Cmin ( 4)

Cmax

Number of transfer units or NTU is a dimensionless parameter that accounts for heat
exchanger area, material characteristics, fluid characteristics, flow rate, fouling, etc. Gen-
erally, the higher the NTU of the heat exchanger, the higher the rate of heat transfer would
be. The NTU of the heat exchanger may be described as [1]

NTU = -2

®)

Cmin
The effectiveness of the heat exchanger may be described as [1]:
q

dmax

€ =

(6)

Consider a 1-row pure cross flow heat exchanger.
Applying energy balance to the heat exchanger yields:

q (heat lost by the hot fluid) = q (heat gained by cold fluid)

Recognize that external fluid is treated as the minimum capacity rate fluid. Likewise,
it is arbitrarily considered that the external fluid is hot and the tube side fluid is cold.
Reversing these conditions would still yield the same exact results:
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Cmin [Th_ leo] = Cmax [Tco_ Tci]

Teo + Cr Tho = Gy + Ty (7)

The effectiveness per row, €, is the same as overall effectiveness € for a 1-row pure
cross flow heat exchanger. Apply the effectiveness relationship [1]:

— q — Cmin[Thi - Tho]
Qmax Cmin [Thi - Tci]

Tho = (1 - S) Thi + STCi (8)

The effectiveness can also be determined directly if capacity rate ratio and the num-
ber of transfer units are known. Assuming the external fluid to be unmixed and the inter-
nal fluid to be mixed, effectiveness can be given as [1]

€u-m = (3-) (1 — exp{=C,[1 ~ exp(=NTV)1}) ©)

Note that, from Figure 2, there are two unknowns, namely Ti and Tw. Equations (7)
and (8) can be used to solve for the unknown temperatures. These performance equations
can be expressed in matrix form as follows:

[CT 1] Tho] _ CrThi + T ]
1 0 Tco (1 - 8’) Thi + SITci

The unknown discharge temperatures can be determined by using the matrix inver-
sion technique in MATLAB.

(10)

I Tho
— >
— I > —_——
Tci Tco
> > e
Thi

Figure 2. 1-row pure cross flow heat exchanger.

The same logic can be applied to a 2-row and a 3-row pure cross flow heat exchanger.
For a 2-row pure cross flow heat exchanger, assuming external fluid as Cwin on per row
basis, the performance equations can be given as follows:

Tey + CiThy = CTh + Ty

CiTh = GTho = Tep = =Ty (1)
Thy =Thi(1—€) + €Ty

(1 —&NThy — Tho = —€'Ty

In addition, for a 2-row pure cross flow heat exchanger, assuming external fluid as
Cmax On a per row basis, performance equations can be given as follows:

CGToa+ Ty = CTy+ Ty (12)
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Thi— Tho — G Ty = —Cl Ty
Tey =€ T+ (11— )Ty
Te, — g Ty = - E’)Tci

Likewise, for a 3-row pure cross flow heat exchanger, assuming external fluid as Cuin
on per row basis, the performance equations are given as:

Ter+ G Tpy = T+ G Ty
CG T —C Ty — T = —Ty
CrTho— G Tho — Tez = — T

(13)
T =€ T+ (1 —€)Ty

A—-eTh —Thy=—¢€ Ty
(A—=€ )T —Tho=—€'Ty

Similarly, for a 3-row pure cross flow heat exchanger, assuming external fluid as Crax
on a per row basis, the performance equations are given as

CrTer + Thy = G Tep + Ty
Thi— Tha = Cr T = =G Ty
Tho = Tho —Ci Tz = — G Ty

(14)
Tey =€ Ty + (1 —€NTy

Tep— € Thy = (1 — )Ty
Tz — €' Thpa = (1—€)Ty

Performance equations were derived for a pure cross flow heat exchanger for up to
three tube rows. The performance equations can be developed for a pure cross flow heat
exchanger having any number of tube rows. The resulting performance equations can be
expressed in matrix form. Solving the matrix yields the unknown intermediary and outlet
temperatures.

3. Performance Predictions

In this section, the performance of pure cross flow heat exchanger is expressed in
terms of design graphs. Design graphs describe the performance of pure cross flow heat
exchanger in terms of important dimensionless factors such as capacity rate ratio, NTU,
and heat exchanger effectiveness. Curve fit equations were developed to understand the
heat exchanger effectiveness in terms of capacity rate ratio and NTU.

In the development of design graphs, capacity ratio is varied between 0 and 1. The
NTU of heat exchanger is arbitrarily varied between 0.1 and 10. This is the typical range
observed in a commercial cross flow heat exchanger undergoing steady state sensible heat
transfer. Once capacity rate ratio and NTU are known, the effectiveness per row can be
estimated using Equation (9).

Appropriate inlet temperatures were assumed for the hot and cold fluid. A MATLAB
model was established to solve the matrix and estimate the in-between and discharge tem-
peratures. The overall effectiveness of the heat exchanger can be determined based on the
inlet and discharge temperatures [1]:

€ = 4 = M (15)

dmax CminlThi—Teil

It must be noted that the results obtained are independent of inlet temperatures as-
sumed in the analysis. Figures 3-5 and Tables 1-6 describe the performance of a pure cross
flow heat exchanger in terms of graphs, tables, and equations.
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Sensible Performance of one row Pure Cross Flow Heat Exchanger
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Figure 3. Performance predictions of a 1-row pure cross flow heat exchanger.



Energies 2021, 14, 5489 8 of 23
Sensible Performance of two row Pure Cross Flow Heat Exchanger
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Figure 4. Performance predictions of a 2-row pure cross flow heat exchanger undergoing sensible heat transfer.



Energies 2021, 14, 5489 9 of 23

Sensible Performance of Three row Pure Cross Flow Heat Exchanger
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Figure 5. Performance predictions of a 3-row pure cross flow heat exchanger undergoing sensible heat transfer.

Table 1. Performance predictions of a 1-row pure cross flow heat exchanger in terms of dimension-
less parameters. Cmin— External Fluid Cima—Internal Fluid; sensible heat transfer

NTU 0.1
Cr €
0.00 0.095
0.25 0.094
0.50 0.093
0.75 0.092
1.00 0.091
NTU 0.5
Cr €
0.00 0.393
0.25 0.375
0.50 0.357
0.75 0.341

1.00 0.325
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NTU 1.0
Cr €
0.00 0.632
0.25 0.585
0.50 0.542
0.75 0.503
1.00 0.469
NTU 1.5
Cr €
0.00 0.777
0.25 0.706
0.50 0.644
0.75 0.589
1.00 0.540
NTU 2.0
Cr £
0.00 0.865
0.25 0.778
0.50 0.702
0.75 0.636
1.00 0.579
NTU 2.5
Cr €
0.00 0.918
0.25 0.820
0.50 0.736
0.75 0.664
1.00 0.601
NTU 3.0
Cr €
0.00 0.950
0.25 0.846
0.50 0.756
0.75 0.680
1.00 0.613
NTU 5.0
Cr €
0.00 0.993
0.25 0.880
0.50 0.783
0.75 0.700
1.00 0.630
NTU 7.0
Cr €
0.00 0.999
0.25 0.884
0.50 0.786
0.75 0.703
1.00 0.632
NTU 10.0
Cr €
0.00 1.000
0.25 0.885
0.50 0.787
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0.75

0.703

1.00

0.632

Table 2. Curve fit equations for effectiveness prediction—1-row pure cross flow heat exchanger.
Cmin—External Fluid Cmx—Internal Fluid; sensible heat transfer.

Heat exchanger effectiveness £ as a function of capacity rate ratio Cr

NTU 0.1 € = 1E-04Cr* — 4.5E-03Cr + 0.0952

NTU 0.5 £ =—9E-04Cr’ + 0.0101Cr* — 0.0774Cr + 0.3935

NTU 1.0 € =—5.2E-03Cr’ + 0.0412Cr> — 0.1996Cr + 0.6321
NTU 1.5 € =1.7E-03Cr* - 0.0146Cr> + 0.078Cr? - 0.3017Cr + 0.7769
NTU 2.0 € = 2.8E-03Cr* - 0.0223Cr* + 0.1074Cr*> — 0.3738Cr + 0.8647
NTU 2.5 € =3.7E-03Cr* — 0.0282Cr* + 0.1284Cr*> — 0.4212Cr + 0.9179
NTU 3.0 € =4.4E-03Cr* — 0.0323Cr* + 0.1424Cr*> — 0.4514Cr + 0.9502
NTU 5.0 € = 5.4E-03Cr* - 0.0384Cr* + 0.1626Cr* — 0.4932Cr + 0.9933
NTU 7.0 € =5.5E-03Cr* — 0.0393Cr® + 0.1654Cr* — 0.499Cr + 0.9991
NTU _ 10.0 £ =5.5E-03Cr* - 0.0394Cr* + 0.1659Cr> — 0.4999Cr + 1

Table 3. Performance predictions of a 2-row pure cross flow heat exchanger in terms of dimension-
less parameters. Cumin—External Fluid Cmar—Internal Fluid; sensible heat transfer.

NTU 0.1
Cr €
0.00 0.095
0.25 0.094
0.50 0.093
0.75 0.063
1.00 0.048
NTU 0.5
Cr €
0.00 0.393
0.25 0.375
0.50 0.358
0.75 0.255
1.00 0.198
NTU 1
Cr €
0.00 0.632
0.25 0.587
0.50 0.545
0.75 0.408
1.00 0.326
NTU 1.5
Cr €
0.00 0.777
0.25 0.712
0.50 0.652
0.75 0.506
1.00 0.411
NTU 2
Cr €
0.00 0.865
0.25 0.790
0.50 0.718
0.75 0.571
1.00 0.471
NTU 2.5
Cr €
0.00 0.918
0.25 0.840
0.50 0.760
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0.75 0.617
1.00 0.514
NTU 3
Cr €
0.00 0.950
0.25 0.873
0.50 0.789
0.75 0.650
1.00 0.546
NTU 5
Cr €
0.00 0.993
0.25 0.930
0.50 0.841
0.75 0.718
1.00 0.616
NTU 7
Cr €
0.00 0.999
0.25 0.946
0.50 0.856
0.75 0.745
1.00 0.645
NTU 10
Cr €
0.00 1.000
0.25 0.953
0.50 0.863
0.75 0.760
1.00 0.664

Table 4. Curve fit equations for effectiveness prediction—2-row pure cross flow heat exchanger.
Cmin— External Fluid Cmax— Internal Fluid; sensible heat transfer.

Heat exchanger effectiveness ¢ as a function of capacity rate ratio Cr

NTU 0.1 £=0.772Cr* — 1.4662Cr> + 0.762Cr> — 0.1154Cr + 0.0952
NTU 0.5 £=2.2971Cr* — 4.3593Cr* + 2.273Cr> — 0.4057Cr + 0.3935
NTU 1.0 £=2.6146Cr* — 4.9625Cr> + 2.6045Cr> — 0.5632Cr + 0.6321
NTU 1.5 £=2.4013Cr* — 4.5527Cr* + 2.3948Cr> — 0.6093Cr + 0.7769
NTU 2.0 £ =2.0686Cr* —3.9055Cr> +2.0385Cr> — 0.5957Cr + 0.8647
NTU 2.5 £=1.7367Cr* — 3.2505Cr> + 1.6598Cr> — 0.5503Cr + 0.9179
NTU 3.0 £ = 1.4384Cr* — 2.6545Cr> + 1.3021Cr> — 0.4906Cr + 0.9502
NTU 5.0 £=0.6135Cr* — 0.9788Cr> + 0.25Cr> — 0.2625Cr + 0.9933
NTU 7.0 €=0.1875Cr* - 0.1107Cr* — 0.2988Cr* — 0.1321Cr + 0.9991
NTU _ 10.0 € =—0.0972Cr* + 0.463Cr’ — 0.6479Cr* — 0.0539Cr + 1

Table 5. Performance predictions of a 3-row pure cross flow heat exchanger in terms of dimension-
less parameters. Cmin— External Fluid Cmar—Internal Fluid; sensible heat transfer.

NTU 0.1
Cr €
0.00 0.095
0.25 0.094
0.50 0.063
0.75 0.043
1.00 0.032
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NTU 0.5
Cr €
0.00 0.393
0.25 0.375
0.50 0.264
0.75 0.185
1.00 0.142
NTU 1.0
Cr €
0.00 0.632
0.25 0.587
0.50 0.433
0.75 0.315
1.00 0.247
NTU 1.5
Cr £
0.00 0.777
0.25 0.713
0.50 0.545
0.75 0.409
1.00 0.326
NTU 2.0
Cr €
0.00 0.865
0.25 0.792
0.50 0.623
0.75 0.478
1.00 0.386
NTU 2.5
Cr €
0.00 0.918
0.25 0.843
0.50 0.678
0.75 0.531
1.00 0.433
NTU 3.0
Cr €
0.00 0.950
0.25 0.878
0.50 0.719
0.75 0.572
1.00 0.470
NTU 5.0
Cr €
0.00 0.993
0.25 0.940
0.50 0.808
0.75 0.668
1.00 0.562
NTU 7.0
Cr €
0.00 0.999
0.25 0.959
0.50 0.845
0.75 0.713
1.00 0.607
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NTU 10.0
Cr €
0.00 1.000
0.25 0.969
0.50 0.869
0.75 0.746
1.00 0.640

Table 6. Curve fit equations for effectiveness prediction—3-row pure cross flow heat exchanger.
Cmin— External Fluid Cmx—Internal Fluid; sensible heat transfer.

Heat exchanger effectiveness £ as a function of capacity rate ratio Cr

NTU 0.1 € =—0.4164Cr* + 1.0442Cr* — 0.8366Cr> + 0.1459Cr + 0.0952
NTU 0.5 £=0.686Cr’ — 1.0488Cr> + 0.1116Cr + 0.3952

NTU 1.0 € = —1.405Cr* + 3.6599Cr* — 3.0044Cr* + 0.3643x + 0.6321
NTU 1.5 € =-1.2271Cr* + 3.2996Cr* — 2.7774Cr* + 0.2536Cr + 0.7769
NTU 2.0 £=-0.9972Cr* + 2.7917Cr* — 2.4326Cr> + 0.1594Cr + 0.8647
NTU 25 € =-0.7952Cr* + 2.3367Cr* — 2.1256Cr* + 0.0991Cr + 0.9179
NTU 3.0 €=-0.6361Cr* + 1.9753Cr’ — 1.8865Cr? + 0.0674Cr + 0.9502
NTU 5.0 €=-0.2974Cr* + 1.1927Cr’ — 1.3893Cr? + 0.0628Cr + 0.9933
NTU 7.0 £=—0.1613Cr* + 0.8574Cr* — 1.1707Cr + 0.0824Cr + 0.9991
NTU _ 10.0 £=-0.0731Cr* + 0.6131Cr* — 0.9858Cr?> + 0.0861Cr + 1

In real life, since the inlet temperatures and the required discharge temperature are
known, the engineers can compute the heat exchanger effectiveness (¢) using Equation
(15). This means that, for a given application, number of transfer units (NTU) and capacity
rate ratio (Cr) can be carefully chosen from the design graphs/tables. The detailed design
of the heat exchanger may then be extrapolated from dimensionless parameters that gov-
ern the steady state sensible heat transfer.

NTU is a function of heat exchanger area (or) size. Therefore, selecting appropriate
NTU will help the engineers to select a suitable heat exchanger surface area. In this con-
text, it is very evident from Figures 3-5 and Tables 1-6 that for a given capacity rate ratio,
increasing the NTU beyond 5.0, produces marginal improvement in the cross flow heat
exchanger’s performance (effectiveness). This is against the common belief that larger sur-
face area yields higher heat transfer. Choosing an ideal heat exchanger surface area (or
NTU) may help to conserve material, weight, and price of the heat exchanger.

Likewise, capacity rate ratio accounts for the mass flow rate of fluids. Selecting an
appropriate capacity rate ratio helps to conserve operating costs of the heat exchanger.
The capacity rate ratio is directly linked with the pump power (required to move liquid
through the tubes) and the fan power (required to push gases through the heat exchanger
system). The information presented in Figures 3-5 and Tables 1-6 may help engineers in
selecting a suitable capacity rate ratio that would minimize the operating cost of the heat
exchanger.

Additionally, the production rate (throughput) in a plant will keep altering based on
the demand. The operating set point of the heat exchanger will change when the produc-
tion rate is altered. Figures 3-5 and Tables 1-6 can be used as a guide to understand
whether the heat exchanger equipment can physically handle the new requirements. This
piece of information can be critical in maintaining a steady production rate in the plant.
Pushing the heat exchanger equipment beyond its capability will lead to unsteady heat
exchanger output, fluctuating production, and monetary loss.

The design graphs, tables, and curve fit equations were obtained by assuming the
external fluid as unmixed and the internal or tube side fluid as mixed. External fluid is
treated as unmixed, as typically in a cross flow heat exchanger, there are fins in the exter-
nal side that prevent mixing. However, due to geometry and various operating condi-
tions, it is possible to have partially mixed conditions in the tube side. It is difficult to
determine the fluid’s mixed condition as it requires spatial measurement of temperature.

The degree of mixedness or mixed fraction in the tube side may be given as
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X = Cu—u ~ Eu—pm (16)
Eu—u ~ Eu—m
when

X =0 the fluid flow is completely unmixed in the tube side;

X =1 fluid flow is completely mixed in the tube side.

Tables 1, 3, and 5 provide the effectiveness of pure cross flow heat exchanger where
the external fluid is unmixed and the internal fluid is mixed (¢«-»). The effectiveness of the
heat exchanger assuming both external fluid and internal fluid as unmixed (¢u4) can be
determined using Equation (17) [1]:

€umu = (1= exp [(Z-) (NTU)®22{exp[—C, x (NTU)®7®] — 1] (17)

Considering Equation (16), the degree of mixedness in fluid flow is varied in steps
between 0 and 1. For each instance, the effectiveness of the heat exchanger where the ex-
ternal fluid is completely unmixed and the internal fluid is partially mixed (eupm) is deter-
mined.

The error in heat exchanger effectiveness estimation may then be given as

Error =

w| x 100 (18)

u-m

The heat exchanger effectiveness correction factor can then be given as

F =2 (19)
Eu—m

For brevity, only the results from a 3-row pure cross flow heat exchanger are de-
scribed in the Appendix. Similar results have been observed for a pure cross flow heat
exchanger subjected to multiple tube rows.

Understanding the impact of flow conditions in the heat exchanger’s output is im-
portant as the equipment’s performance strongly affects the performance of a heat-
ing/cooling system in process plants. It has been observed from the technical literature
[13] that a flow rate deviation at the heat exchanger’s input initiates transient conditions,
and the heat exchanger requires a finite time to regain back its steady state. This aspect is
very significant as an unsteady heat exchanger output creates varying process conditions
in the plant. The unsteady process condition affects the quality of the product and can
lead to monetary loss. This aspect has been clearly seen in several nylon and polyester
fiber manufacturing companies.

Laminar flow, fouling, uneven flow distribution, etc. can create partially mixed flow
conditions on the tube side of the heat exchanger. As mentioned before, owing to the ease
of analysis, it is a common practice to consider unmixed flow on the external side and
mixed flow on the tube side of cross flow heat exchanger. This work analyzes the effect of
partially mixed flow conditions on the steady state heat exchanger’s performance. The
tables presented in the Appendix, Tables A1-A4 describe the effectiveness of a heat ex-
changer at partially mixed conditions along with error and correction factors.

The results from this work clearly describe that mixed and partially mixed conditions
on the tube side yield almost similar heat exchanger output. This finding is handy as the
engineer can ignore this aspect while designing and operating a pure cross flow heat ex-
changer. It must be clearly noted that the finding is applicable only for pure cross flow
heat exchanger configuration and that the results cannot be generalized for other heat
exchanger types and configuration.

4. Conclusions

The work presented in this paper is comprised of two parts. The first part deals with
expressing the performance of a pure cross flow heat exchanger in terms of dimensionless
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factors. Only sensible heat transfer at steady state conditions were considered for the per-
formance analysis. The thermal performance of the heat exchanger was expressed in terms
of graphs, tables, and curve fit equations.

In the performance analysis, it was observed that increasing the number of transfer
units beyond a particular value does not significantly enhance the effectiveness of the heat
exchanger. Likewise, for a given condition, it was observed that increasing the number of
heat exchanger tube rows improves the performance (effectiveness) of the heat exchanger.
Similarly, for a given condition, the best performance is obtained at a capacity rate ratio
of zero.

In any finned-tube cross flow heat exchanger, it is normal to assume the external fluid
flow as unmixed and tube side fluid flow as mixed. However, a partially mixed condition
can occur in the tube side of the heat exchanger due to operating conditions, fouling, mal-
distribution of flow, transient conditions, etc. The second part of this paper deals with the
variation in the heat exchanger effectiveness due to partially mixed conditions in the tube
side of the heat exchanger. It can be clearly seen that the error produced due to partially
mixed conditions is very small and can be ignored for any practical purposes.
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Nomenclature

Thi The Inlet Temperature of the External Gas (K)

Th The Discharged Temperature of the External Gas after 1¢t Row (K)

T2 The Discharged Temperature of the External Gas after 2"¢ Row (K)

Ths The Discharged Temperature of the External Gas after 3+ Row (K)

Tho The Discharged Temperature of the External Gas after All Rows (K)

Tci The Inlet Temperature of Chilled Water (K)

Tc Total Discharged of Chilled Water after the Three Tubes of the 1st Row (K)
Te Total Discharged of Chilled Water after the Three Tubes of the 2¢ Row (K)
Tcs Total Discharged of Chilled Water after The Three Tubes of the 31 Row (K)
Tco The Discharged Temperature of Chilled Water after All Rows (K)

C The Capacity Rate of the Heat Exchanger (W/K)

C The Capacity Rate of the Heat Exchanger for Hot External Gas (W/K)

Ce Capacity Rate of the Heat Exchanger for Cold Fluid (W/K)

Cr Capacity Rate Ratio of the Heat Exchanger for The Chilled Water (Dimensionless)
C; The Capacity Rate Ratio Per Row (Dimensionless)

Cunin Minimum Capacity Rate of the Heat Exchanger Fluids (W/K)

Cmax Maximum Capacity Rate of the Heat Exchanger Fluids (W/K)

NTU Number of the Transmitted Units (Dimensionless)

NTU' The Number of the Transmitted Unit Per Row (Dimensionless)

A Cross Sectional Area of the Tube (m?)

8] Overall Heat Transfer Coefficients (W/K m?)

q Amount of Heat Transfer (W)

qmax Maximum Amount of Heat Transfer (W)

€ The Effectiveness of the Heat Exchanger (Dimensionless)

€' The Effectiveness of the Heat Exchanger Per Row (Dimensionless)

The Effectiveness of heat exchanger unmixed (external side) —mixed (tube side)
(Dimensionless)
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Appendix

The Effectiveness of heat exchanger unmixed (external side) —unmixed (tube side)

(Dimensionless)

The Effectiveness of heat exchanger unmixed (external side) —partially mixed (tube

side) (Dimensionless)

Correction Factor (Dimensionless)
Degree of Mixedness (Dimensionless)

Table Al. Effectiveness correction factor “F” and Error in effectiveness estimation—3-row pure cross flow heat exchanger.

Unmixed —external fluid & mixed/partially mixed —tube side fluid; Cr = 0.25.

Cr 0.25 Cr 0.25
NTU 0.1 NTU 0.5
Eu-m 0.0940 Eu-m 0.3750
Eu-u 0.0928 Eu-u 0.3664
X Eu-pm F Error X Eu-pm F Error
0.0 0.0928 0.987 1.3% 0.0 0.3664 0.977 2.3%
0.1 0.0929 0.988 1.2% 0.1 0.3673 0.979 2.1%
0.2 0.0931 0.990 1.0% 0.2 0.3681 0.982 1.8%
0.3 0.0932 0.991 0.9% 0.3 0.3690 0.984 1.6%
0.4 0.0933 0.992 0.8% 0.4 0.3699 0.986 1.4%
0.5 0.0934 0.993 0.7% 0.5 0.3707 0.989 1.1%
0.6 0.0935 0.995 0.5% 0.6 0.3716 0.991 0.9%
0.7 0.0937 0.996 0.4% 0.7 0.3724 0.993 0.7%
0.8 0.0938 0.997 0.3% 0.8 0.3733 0.995 0.5%
0.9 0.0939 0.999 0.1% 0.9 0.3741 0.998 0.2%
1.0 0.0940 1.000 0.0% 1.0 0.3750 1.000 0.0%
NTU 1.0 NTU 1.5
Eu-m 0.5871 Eu-m 0.7135
Eu-u 0.5753 Eu-u 0.7034
X Eu-pm F Error X Eu-pm F Error
0.0 0.5753 0.980 2.0% 0.0 0.7034 0.986 1.4%
0.1 0.5765 0.982 1.8% 0.1 0.7044 0.987 1.3%
0.2 0.5777 0.984 1.6% 0.2 0.7054 0.989 1.1%
0.3 0.5789 0.986 1.4% 0.3 0.7064 0.990 1.0%
0.4 0.5800 0.988 1.2% 0.4 0.7074 0.992 0.8%
0.5 0.5812 0.990 1.0% 0.5 0.7084 0.993 0.7%
0.6 0.5824 0.992 0.8% 0.6 0.7094 0.994 0.6%
0.7 0.5836 0.994 0.6% 0.7 0.7104 0.996 0.4%
0.8 0.5848 0.996 0.4% 0.8 0.7114 0.997 0.3%
0.9 0.5859 0.998 0.2% 0.9 0.7124 0.999 0.1%
1.0 0.5871 1.000 0.0% 1.0 0.7135 1.000 0.0%
NTU 2.0 NTU 2.5
Eu-m 0.7922 Eu-m 0.8432
Eu-u 0.7858 Eu-u 0.8408
X Eu-pm F Error X Eu-pm F Error
0.0 0.7858 0.992 0.8% 0.0 0.8408 0.997 0.3%
0.1 0.7864 0.993 0.7% 0.1 0.8411 0.997 0.3%
0.2 0.7871 0.994 0.6% 0.2 0.8413 0.998 0.2%
0.3 0.7877 0.994 0.6% 0.3 0.8416 0.998 0.2%
0.4 0.7883 0.995 0.5% 0.4 0.8418 0.998 0.2%
0.5 0.7890 0.996 0.4% 0.5 0.8420 0.999 0.1%
0.6 0.7896 0.997 0.3% 0.6 0.8423 0.999 0.1%
0.7 0.7903 0.998 0.2% 0.7 0.8425 0.999 0.1%
0.8 0.7909 0.998 0.2% 0.8 0.8428 0.999 0.1%
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0.9 0.7915 0.999 0.1% 0.9 0.8430 1.000 0.0%

1.0 0.7922 1.000 0.0% 1.0 0.8432 1.000 0.0%
NTU 3.0 NTU 5.0

Eu-m 0.8775 Eu-m 0.9396
Eu-u 0.8788 Eu-u 0.9508

X Eu-pm F Error X Eu-pm F Error
0.0 0.8788 1.001 0.1% 0.0 0.9508 1.012 1.2%
0.1 0.8787 1.001 0.1% 0.1 0.9497 1.011 1.1%
0.2 0.8786 1.001 0.1% 0.2 0.9485 1.010 1.0%
0.3 0.8784 1.001 0.1% 0.3 0.9474 1.008 0.8%
0.4 0.8783 1.001 0.1% 0.4 0.9463 1.007 0.7%
0.5 0.8782 1.001 0.1% 0.5 0.9452 1.006 0.6%
0.6 0.8780 1.001 0.1% 0.6 0.9441 1.005 0.5%
0.7 0.8779 1.000 0.0% 0.7 0.9430 1.004 0.4%
0.8 0.8778 1.000 0.0% 0.8 0.9418 1.002 0.2%
0.9 0.8777 1.000 0.0% 0.9 0.9407 1.001 0.1%
1.0 0.8775 1.000 0.0% 1.0 0.9396 1.000 0.0%

NTU 7.0 NTU 10.0

Eu-m 0.9593 Eu-m 0.9692
Eu-u 0.9751 Eu-u 0.9883

X Eu-pm F Error X Eu-pm F Error
0.0 0.9751 1.016 1.6% 0.0 0.9883 1.020 2.0%
0.1 0.9735 1.015 1.5% 0.1 0.9864 1.018 1.8%
0.2 0.9719 1.013 1.3% 0.2 0.9845 1.016 1.6%
0.3 0.9703 1.012 1.2% 0.3 0.9826 1.014 1.4%
0.4 0.9688 1.010 1.0% 0.4 0.9806 1.012 1.2%
0.5 0.9672 1.008 0.8% 0.5 0.9787 1.010 1.0%
0.6 0.9656 1.007 0.7% 0.6 0.9768 1.008 0.8%
0.7 0.9640 1.005 0.5% 0.7 0.9749 1.006 0.6%
0.8 0.9624 1.003 0.3% 0.8 0.9730 1.004 0.4%
0.9 0.9609 1.002 0.2% 0.9 0.9711 1.002 0.2%
1.0 0.9593 1.000 0.0% 1.0 0.9692 1.000 0.0%

Table A2. Effectiveness correction factor “F” and Error in effectiveness estimation—3-row pure cross flow heat exchanger.

Unmixed —external fluid and mixed/partially mixed —tube side fluid; Cr =0.5.

Cr 0.5 Cr 0.5
NTU 0.1 NTU 0.5
Eu-m 0.0635 Eu-m 0.2644
Eu-u 0.0627 Eu-u 0.2587
X Eu-pm F Error X Eu-pm F Error
0.0 0.0627 0.988 1.2% 0.0 0.2587 0.978 2.2%
0.1 0.0628 0.989 1.1% 0.1 0.2592 0.981 1.9%
0.2 0.0629 0.991 0.9% 0.2 0.2598 0.983 1.7%
0.3 0.0629 0.992 0.8% 0.3 0.2604 0.985 1.5%
0.4 0.0630 0.993 0.7% 0.4 0.2610 0.987 1.3%
0.5 0.0631 0.994 0.6% 0.5 0.2615 0.989 1.1%
0.6 0.0632 0.995 0.5% 0.6 0.2621 0.991 0.9%
0.7 0.0632 0.996 0.4% 0.7 0.2627 0.994 0.6%
0.8 0.0633 0.998 0.2% 0.8 0.2632 0.996 0.4%
0.9 0.0634 0.999 0.1% 0.9 0.2638 0.998 0.2%
1.0 0.0635 1.000 0.0% 1.0 0.2644 1.000 0.0%
NTU 1.0 NTU 1.5
Eu-m 0.4328 Eu-m 0.5451
Eu-u 0.4240 Eu-u 0.5366
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X Eu-pm F Error X Eu-pm F Error
0.0 0.4240 0.980 2.0% 0.0 0.5366 0.984 1.6%
0.1 0.4249 0.982 1.8% 0.1 0.5375 0.986 1.4%
0.2 0.4258 0.984 1.6% 0.2 0.5383 0.988 1.2%
0.3 0.4267 0.986 1.4% 0.3 0.5391 0.989 1.1%
0.4 0.4276 0.988 1.2% 0.4 0.5400 0.991 0.9%
0.5 0.4284 0.990 1.0% 0.5 0.5408 0.992 0.8%
0.6 0.4293 0.992 0.8% 0.6 0.5417 0.994 0.6%
0.7 0.4302 0.994 0.6% 0.7 0.5425 0.995 0.5%
0.8 0.4311 0.996 0.4% 0.8 0.5434 0.997 0.3%
0.9 0.4320 0.998 0.2% 0.9 0.5442 0.998 0.2%
1.0 0.4328 1.000 0.0% 1.0 0.5451 1.000 0.0%
NTU 2.0 NTU 2.5
Eu-m 0.6228 Eu-m 0.6785
Eu-u 0.6165 Eu-u 0.6752
X Eu-pm F Error X Eu-pm F Error
0.0 0.6165 0.990 1.0% 0.0 0.6752 0.995 0.5%
0.1 0.6172 0.991 0.9% 0.1 0.6755 0.996 0.4%
0.2 0.6178 0.992 0.8% 0.2 0.6759 0.996 0.4%
0.3 0.6184 0.993 0.7% 0.3 0.6762 0.997 0.3%
0.4 0.6190 0.994 0.6% 0.4 0.6765 0.997 0.3%
0.5 0.6197 0.995 0.5% 0.5 0.6768 0.998 0.2%
0.6 0.6203 0.996 0.4% 0.6 0.6772 0.998 0.2%
0.7 0.6209 0.997 0.3% 0.7 0.6775 0.999 0.1%
0.8 0.6216 0.998 0.2% 0.8 0.6778 0.999 0.1%
0.9 0.6222 0.999 0.1% 0.9 0.6781 1.000 0.0%
1.0 0.6228 1.000 0.0% 1.0 0.6785 1.000 0.0%
NTU 3.0 NTU 5.0
Eu-m 0.7194 Eu-m 0.8078
Eu-u 0.7194 Eu-u 0.8196
X Eu-pm F Error X Eu-pm F Error
0.0 0.7194 1.000 0.0% 0.0 0.8196 1.015 1.5%
0.1 0.7194 1.000 0.0% 0.1 0.8184 1.013 1.3%
0.2 0.7194 1.000 0.0% 0.2 0.8172 1.012 1.2%
0.3 0.7194 1.000 0.0% 0.3 0.8160 1.010 1.0%
04 0.7194 1.000 0.0% 0.4 0.8149 1.009 0.9%
0.5 0.7194 1.000 0.0% 0.5 0.8137 1.007 0.7%
0.6 0.7194 1.000 0.0% 0.6 0.8125 1.006 0.6%
0.7 0.7194 1.000 0.0% 0.7 0.8113 1.004 0.4%
0.8 0.7194 1.000 0.0% 0.8 0.8102 1.003 0.3%
0.9 0.7194 1.000 0.0% 0.9 0.8090 1.001 0.1%
1.0 0.7194 1.000 0.0% 1.0 0.8078 1.000 0.0%
NTU 7.0 NTU 10.0
Eu-m 0.8447 Eu-m 0.8686
Eu-u 0.8649 Eu-u 0.8975
X Eu-pm F Error X Eu-pm F Error
0.0 0.8649 1.024 2.4% 0.0 0.8975 1.033 3.3%
0.1 0.8629 1.021 2.1% 0.1 0.8946 1.030 3.0%
0.2 0.8608 1.019 1.9% 0.2 0.8917 1.027 2.7%
0.3 0.8588 1.017 1.7% 0.3 0.8888 1.023 2.3%
0.4 0.8568 1.014 1.4% 0.4 0.8860 1.020 2.0%
0.5 0.8548 1.012 1.2% 0.5 0.8831 1.017 1.7%
0.6 0.8528 1.010 1.0% 0.6 0.8802 1.013 1.3%
0.7 0.8508 1.007 0.7% 0.7 0.8773 1.010 1.0%
0.8 0.8488 1.005 0.5% 0.8 0.8744 1.007 0.7%
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0.9

0.8467

1.002

0.2%

0.9

0.8715

1.003

0.3%

1.0

0.8447

1.000

0.0%

1.0

0.8686

1.000

0.0%

Table A3. Effectiveness correction factor “F” and Error in effectiveness estimation—3-row pure cross flow heat exchanger.

Unmixed —external fluid and mixed/partially mixed —tube side fluid; Cr =0.75.

Cr 0.75 Cr 0.75
NTU 0.1 NTU 0.5
Eu-m 0.0428 Eu-m 0.1851
Eu-u 0.0424 Eu-u 0.1823
X Eu-pm F Error X Eu-pm F Error
0.0 0.0424 0.992 0.0% 0.0 0.1823 0.985 0.0%
0.1 0.0425 0.993 0.1% 0.1 0.1826 0.986 0.2%
0.2 0.0425 0.994 0.2% 0.2 0.1829 0.988 0.3%
0.3 0.0425 0.994 0.2% 0.3 0.1832 0.989 0.5%
0.4 0.0426 0.995 0.3% 0.4 0.1834 0.991 0.6%
0.5 0.0426 0.996 0.4% 0.5 0.1837 0.992 0.8%
0.6 0.0426 0.997 0.5% 0.6 0.1840 0.994 0.9%
0.7 0.0427 0.998 0.6% 0.7 0.1843 0.995 1.1%
0.8 0.0427 0.998 0.6% 0.8 0.1846 0.997 1.2%
0.9 0.0427 0.999 0.7% 0.9 0.1848 0.998 1.4%
1.0 0.0428 1.000 0.8% 1.0 0.1851 1.000 1.5%
NTU 1.0 NTU 1.5
Eu-m 0.3148 Eu-m 0.4085
Eu-u 0.3102 Eu-u 0.4038
X Eu-pm F Error X Eu-pm F Error
0.0 0.3102 0.985 0.0% 0.0 0.4038 0.988 0.0%
0.1 0.3107 0.987 0.1% 0.1 0.4043 0.990 0.1%
0.2 0.3111 0.988 0.3% 0.2 0.4048 0.991 0.2%
0.3 0.3116 0.990 0.4% 0.3 0.4052 0.992 0.4%
0.4 0.3121 0.991 0.6% 0.4 0.4057 0.993 0.5%
0.5 0.3125 0.993 0.7% 0.5 0.4062 0.994 0.6%
0.6 0.3130 0.994 0.9% 0.6 0.4066 0.995 0.7%
0.7 0.3134 0.996 1.0% 0.7 0.4071 0.997 0.8%
0.8 0.3139 0.997 1.2% 0.8 0.4076 0.998 0.9%
0.9 0.3144 0.999 1.3% 0.9 0.4081 0.999 1.1%
1.0 0.3148 1.000 1.5% 1.0 0.4085 1.000 1.2%
NTU 2.0 NTU 2.5
Eu-m 0.4780 Eu-m 0.5308
Eu-u 0.4744 Eu-u 0.5288
X Eu-pm F Error X Eu-pm F Error
0.0 0.4744 0.992 0.0% 0.0 0.5288 0.996 0.0%
0.1 0.4747 0.993 0.1% 0.1 0.5290 0.997 0.0%
0.2 0.4751 0.994 0.2% 0.2 0.5292 0.997 0.1%
0.3 0.4755 0.995 0.2% 0.3 0.5294 0.997 0.1%
0.4 0.4758 0.995 0.3% 0.4 0.5296 0.998 0.2%
0.5 0.4762 0.996 0.4% 0.5 0.5298 0.998 0.2%
0.6 0.4766 0.997 0.5% 0.6 0.5300 0.999 0.2%
0.7 0.4769 0.998 0.5% 0.7 0.5302 0.999 0.3%
0.8 0.4773 0.998 0.6% 0.8 0.5304 0.999 0.3%
0.9 0.4777 0.999 0.7% 0.9 0.5306 1.000 0.3%
1.0 0.4780 1.000 0.8% 1.0 0.5308 1.000 0.4%
NTU 3.0 NTU 5.0
Eu-m 0.5717 Eu-m 0.6679
Eu-u 0.5717 Eu-u 0.6759
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X Eu-pm F Error X Eu-pm F Error
0.0 0.5717 1.000 0.0% 0.0 0.6759 1.012 0.0%
0.1 0.5717 1.000 0.0% 0.1 0.6751 1.011 0.1%
0.2 0.5717 1.000 0.0% 0.2 0.6743 1.010 0.2%
0.3 0.5717 1.000 0.0% 0.3 0.6735 1.008 0.4%
0.4 0.5717 1.000 0.0% 0.4 0.6727 1.007 0.5%
0.5 0.5717 1.000 0.0% 0.5 0.6719 1.006 0.6%
0.6 0.5717 1.000 0.0% 0.6 0.6711 1.005 0.7%
0.7 0.5717 1.000 0.0% 0.7 0.6703 1.004 0.8%
0.8 0.5717 1.000 0.0% 0.8 0.6695 1.002 0.9%
0.9 0.5717 1.000 0.0% 0.9 0.6687 1.001 1.1%
1.0 0.5717 1.000 0.0% 1.0 0.6679 1.000 1.2%
NTU 7.0 NTU 10.0

Eu-m 0.7131 Eu-m 0.7456

Eu-u 0.7272 Eu-u 0.7660

X Eu-pm F Error X Eu-pm F Error
0.0 0.7272 1.020 0.0% 0.0 0.7660 1.027 0.0%
0.1 0.7258 1.018 0.2% 0.1 0.7640 1.025 0.3%
0.2 0.7244 1.016 0.4% 0.2 0.7619 1.022 0.5%
0.3 0.7230 1.014 0.6% 0.3 0.7599 1.019 0.8%
0.4 0.7216 1.012 0.8% 0.4 0.7578 1.016 1.1%
0.5 0.7202 1.010 1.0% 0.5 0.7558 1.014 1.3%
0.6 0.7187 1.008 1.2% 0.6 0.7537 1.011 1.6%
0.7 0.7173 1.006 1.4% 0.7 0.7517 1.008 1.9%
0.8 0.7159 1.004 1.6% 0.8 0.7496 1.005 2.1%
0.9 0.7145 1.002 1.8% 0.9 0.7476 1.003 2.4%
1.0 0.7131 1.000 1.9% 1.0 0.7456 1.000 2.7%

Table A4. Effectiveness correction factor “F” and Error in effectiveness estimation—3-row pure cross flow heat exchanger.

Unmixed —external fluid and mixed/partially mixed —tube side fluid; Cr = 1.0.

Cr 1.0 Cr 1.0
NTU 0.1 NTU 0.5
Eu-m 0.0323 Eu-m 0.1423
Eu-u 0.0321 Eu-u 0.1407
X Eu-pm F Error X Eu-pm F Error
0.0 0.0321 0.994 0.6% 0.0 0.1407 0.988 1.2%
0.1 0.0321 0.995 0.5% 0.1 0.1408 0.990 1.0%
0.2 0.0321 0.995 0.5% 0.2 0.1410 0.991 0.9%
0.3 0.0321 0.996 0.4% 0.3 0.1412 0.992 0.8%
0.4 0.0321 0.996 0.4% 0.4 0.1413 0.993 0.7%
0.5 0.0322 0.997 0.3% 0.5 0.1415 0.994 0.6%
0.6 0.0322 0.998 0.2% 0.6 0.1417 0.995 0.5%
0.7 0.0322 0.998 0.2% 0.7 0.1418 0.997 0.3%
0.8 0.0322 0.999 0.1% 0.8 0.1420 0.998 0.2%
0.9 0.0322 0.999 0.1% 0.9 0.1422 0.999 0.1%
1.0 0.0323 1.000 0.0% 1.0 0.1423 1.000 0.0%
NTU 1.0 NTU 1.5
Eu-m 0.2469 Eu-m 0.3255
Eu-u 0.2441 Eu-u 0.3226
X Eu-pm F Error X Eu-pm F Error
0.0 0.2441 0.989 1.1% 0.0 0.3226 0.991 0.9%
0.1 0.2444 0.990 1.0% 0.1 0.3229 0.992 0.8%
0.2 0.2446 0.991 0.9% 0.2 0.3231 0.993 0.7%
0.3 0.2449 0.992 0.8% 0.3 0.3234 0.994 0.6%
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0.4 0.2452 0.993 0.7% 04 0.3237 0.995 0.5%
0.5 0.2455 0.994 0.6% 0.5 0.3240 0.995 0.5%
0.6 0.2458 0.995 0.5% 0.6 0.3243 0.996 0.4%
0.7 0.2460 0.997 0.3% 0.7 0.3246 0.997 0.3%
0.8 0.2463 0.998 0.2% 0.8 0.3249 0.998 0.2%
0.9 0.2466 0.999 0.1% 0.9 0.3252 0.999 0.1%
1.0 0.2469 1.000 0.0% 1.0 0.3255 1.000 0.0%
NTU 2.0 NTU 2.5
Eu-m 0.3859 Eu-m 0.4330
Euu 0.3835 Eu-u 0.4317
X Eu-pm F Error X Eu-pm F Error
0.0 0.3835 0.994 0.6% 0.0 0.4317 0.997 0.3%
0.1 0.3837 0.994 0.6% 0.1 0.4318 0.997 0.3%
0.2 0.3840 0.995 0.5% 0.2 0.4319 0.998 0.2%
0.3 0.3842 0.996 0.4% 0.3 0.4321 0.998 0.2%
0.4 0.3844 0.996 0.4% 0.4 0.4322 0.998 0.2%
0.5 0.3847 0.997 0.3% 0.5 0.4323 0.998 0.2%
0.6 0.3849 0.998 0.2% 0.6 0.4325 0.999 0.1%
0.7 0.3851 0.998 0.2% 0.7 0.4326 0.999 0.1%
0.8 0.3854 0.999 0.1% 0.8 0.4327 0.999 0.1%
0.9 0.3856 0.999 0.1% 0.9 0.4328 1.000 0.0%
1.0 0.3859 1.000 0.0% 1.0 0.4330 1.000 0.0%
NTU 7.0 NTU 10.0
Eu-m 0.6069 Eum 0.6402
Euu 0.6167 Eu-u 0.6540
X Eu-pm F Error X Eu-pm F Error
0.0 0.6167 1.016 1.6% 0.0 0.6540 1.021 2.1%
0.1 0.6157 1.014 1.4% 0.1 0.6526 1.019 1.9%
0.2 0.6148 1.013 1.3% 0.2 0.6512 1.017 1.7%
0.3 0.6138 1.011 1.1% 0.3 0.6499 1.015 1.5%
0.4 0.6128 1.010 1.0% 0.4 0.6485 1.013 1.3%
0.5 0.6118 1.008 0.8% 0.5 0.6471 1.011 1.1%
0.6 0.6108 1.006 0.6% 0.6 0.6457 1.009 0.9%
0.7 0.6099 1.005 0.5% 0.7 0.6444 1.006 0.6%
0.8 0.6089 1.003 0.3% 0.8 0.6430 1.004 0.4%
0.9 0.6079 1.002 0.2% 0.9 0.6416 1.002 0.2%
1.0 0.6069 1.000 0.0% 1.0 0.6402 1.000 0.0%
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