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SUMMARY

The present paper provides correlations of flow maldistribution parameters in air-cooled heat exchangers.
The flow field in the inlet header was obtained through the numerical solution of the governing partial
differential equations including the conservation equations of mass and momentum in addition to the
equations of the turbulence model. The results were obtained for different number of nozzles of 2–4,
different inlet flow velocities of 1–2.5m/s and different nozzle geometries in addition to incorporation
of a second header. The results are presented in terms of mass flow rate distributions in the tubes of
the heat exchanger and their standard deviations. The results indicate that the inlet flow velocity has
insignificant influence on maldistribution while the nozzle geometry shape has a slight effect. Also, the
results indicate that reducing the nozzle diameter results in an increase in the flow maldistribution. A 25%
increase is obtained in the standard deviation as a result of decreasing the diameter by 25%. Increasing
the number of nozzles has a significant influence on the maldistribution. A reduction of 62.5% in the
standard deviation of the mass flow rate inside the tubes is achieved by increasing the number of nozzles
from 2 to 4. The results indicate that incorporating a second header results in a significant reduction in
the flow maldistribution. A 50% decrease in the standard deviation is achieved as a result of incorporation
of a second header of seven holes. It is also found that the hole-diameter distribution at the exit of the
second header has a slight influence on the flow maldistribution. Correlations of the flow maldistribution
in terms of the investigated parameters are presented. Copyright q 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The air-cooled heat exchangers are normally designed with the assumption that the fluid is uniformly
divided among all the parallel tube passages. In practice, however, the design of the exchanger,
the heat-transfer process and the operation of the external system may create high-flow maldistri-
bution. The performance deterioration of air-cooled heat exchangers due to flow maldistribution
may be serious. Such flow maldistribution from the main channel (header) to the branches can
cause serious deterioration of the thermal performance of the heat exchanger. The flow distribution
mechanism of the header and the calculation procedure for the design needs to be studied. The
objective is to obtain a uniform flow distribution in cross-flow tubes so as to achieve uniform
cooling throughout the heat exchanger. While heat exchanger design typically focuses on surface
area requirements, the fluid-flow patterns within the tubes can be of equal importance. One opti-
mization target is the equal distribution of flow into each tube within the bundle; in an unmodified
heat exchanger, this rarely happens. The main objective of the present study is to develop
guidelines for reducing flow maldistribution in air-cooled heat exchangers utilizing single-phase
flows.

A general overview of maldistribution of flow [1] provided a brief summary of the panel dis-
cussion [2] on the effect of maldistribution of flow on the performance of heat-transfer equipment.
It was reported that thermal performance deterioration in single-phase flows heat exchangers can
be reduced by the use of good engineering judgment and design practice and there is a need for
continued research in the area of two-phase flows maldistribution. The authors also report that
there appears to be a need for continued validation of the variety of numerical/computational and
experimental technique being developed, to assess local and overall effects of flow maldistribution
on equipment. A method for predicting dynamic performances of parallel and counterflow heat
exchangers subject to arbitrary temperature variations and step flow disturbances was developed
[3]. The study included the effect of flow maldistribution and the influence of heat capacities
of both fluids. Experiments were carried out on a heat exchanger to examine the feasibility of
this method. The effects of air flow non-uniformity on the transfer performance of refrigerant
evaporators were investigated by Timoney and Foley [4]. A single component traversing LDA
system was used to determine local mean velocities and turbulence levels. Contrary to expec-
tations, increases in heat-transfer as well as overall heat-transfer coefficients were recorded as
air flow non-uniformities were artificially introduced, whilst a constant mean air velocity was
maintained.

The transient behaviour of two welded plate heat exchangers was experimentally investigated
by Das et al. [5] for identical construction but different numbers of plates under different operating
conditions. The temperature response on both sides following a step change in inlet temperature
on one side has been compared to a mathematical model that takes into account the effects of flow
maldistribution within the channels and between channels by introducing a dispersion term in the
energy equation. The model was validated by the experiments. It was found that the dispersion
model gives a better simulation than the conventional plug-flow model. From the experiments the
effects of number of transfer units (NTU), heat-capacity rate ratio, and number of plates were also
determined. A dynamic simulation algorithm of multipass cross-flow heat exchangers with arbitrary
rows per pass was proposed [6]. Heat capacities of both fluids and of the core wall as well as con-
duction resistance of the wall are taken into account. The effect of the possible tube-side flow mald-
istribution was described with the dispersed plug-flow model. Transient responses to arbitrary dis-
turbances of inlet temperatures of both fluids were obtained. The thermal performance reduction in
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air-cooled heat exchangers due to non-uniform flow and temperature distributions was investigated
[7]. The differences in performance characteristics of individual tube rows were also considered.
The results show that non-uniform air velocity distribution to a tube row leaves the row with a
distorted temperature profile. The temperature non-uniformity was found to increase as the air
passes through subsequent tube rows. Velocity distributions were measured on air-cooled heat
exchanger models and were used to determine the extent to which air flow maldistribution reduced
exchanger performance. It was found that maldistribution occurring in well-designed air-cooled
heat exchangers reduces the thermal performance by only a few per cent. In their earlier work, the
effects of inlet fluid-flow non-uniformity on thermal performance and pressure drops in cross-flow
plate–fin compact heat exchangers were investigated [8]. The analysis accounted for the effects
of two-dimensional non-uniform inlet fluid-flow distribution on both hot and cold fluid sides. The
analysis was carried out using a finite-element model. A mathematical equation was developed
to generate different types of fluid-flow maldistribution models considering the possible devia-
tions in fluid-flow. These fluid-flow maldistribution models were used to calculate the exchanger
effectiveness and its deterioration due to flow non-uniformity for an entire range of design and
operating conditions. In addition to thermal analysis, the pressure drops and their variations were
also calculated for these models. It was found that the performance deteriorations and variation in
pressure drops are quite significant in some typical applications due to fluid-flow non-uniformity.

Different models of plate and cross-flow heat exchangers that take into account flow maldis-
tribution effects were described [9–11]. The effect of flow maldistribution on the performance of
a laminar, counterflow, high-effectiveness heat exchanger has been analysed and quantified [12].
To correct the uneven heat-transfer distribution from the maldistributed mass flow in one, fins
were connected in the other passage (screen mesh). A heat-transfer model was developed for both
passages and a parametric study was conducted to present the effect of adding thermal paths to
correct the uneven heat-transfer. Various types of flow maldistribution in heat exchangers were
reviewed by Mueller and Chiou [13]. The effect of maldistribution on the heat exchanger perfor-
mance as well as the causes of these maldistributions was investigated. The authors discussed in
detail the mechanically, self-induced and two-phase flow maldistributions. They concluded that
the most important factor affecting heat-transfer performance is the effect of flow maldistribution
on the average effective temperature difference and that variation of coefficient is a minor factor.
The effects of several types and patterns of maldistribution on the thermal performance of heat
exchangers were investigated [14]. The effect of these maldistributions on the thermal perfor-
mance of the exchanger was found to depend on the degree of each maldistribution and its source.
Source includes design, heat-transfer process and operation of the external system. It was reported
that there is a lack of concern over maldistribution due directly to relatively small reduction in
thermal performance for exchangers with turbulent flow and small NTU. It was concluded
[14] that the significance of maldistribution depends on how performance is evaluated. If a
heat-transfer coefficient is to be calculated for comparison with other data and/or correlations, then
a much greater error occurs because the maldistribution distorts the effective temperature difference.
Secondary effects of maldistribution resulting from temperature distributions in the exchanger may
result in significant stress problems. The effect of flow non-uniformity on the performance of
heat exchangers was presented by Lalot et al. [15]. The investigation was based on the study of
gross flow maldistribution in an experimental electrical heater. The study of the flow distribution
in a particular heater shows that reverse flows may occur for poor inlet header design. A proce-
dure was suggested to homogenize the flow distribution and a simple law to calculate, with good
accuracy, the velocity ratio (ratio of the highest velocity in the tubes to the lowest velocity). It was
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shown that gross flow maldistribution leads to a loss of effectiveness of about 7% for condensers
and counterflow heat exchangers, and up to 25% for cross-flow exchangers, for velocity ratios
up to 15.

An analysis of a cross-flow plate–fin compact heat exchanger was carried out [16] using a
finite-element method. The analysis accounts for the combined effect of two-dimensional lon-
gitudinal heat conduction through the exchanger wall and non-uniform inlet fluid-flow distri-
bution on both hot and cold fluid sides. A factor for local flow non-uniformity was defined.
As well, a parameter for measuring the degree of deformation was introduced. The exchanger
effectiveness and its deterioration due to the combined effects of longitudinal heat conduction
and flow non-uniformity were calculated for various design and operating conditions of the ex-
changer. It was found that the performance deteriorations are quite significant in some typical
applications due to the combined effects of wall longitudinal heat conduction and inlet fluid-
flow non-uniformity on cross-flow plate–fin heat exchanger. The axial dispersion model proposed
[17] was used to take flow maldistribution in plate–fin heat exchangers into account. The ef-
fect of the axial heat conduction in separating plates was considered. The governing equation
system is solved by means of Laplace transform and numerical inverse transform algorithms.
The investigation confirms that, for plate–fin heat exchangers of aluminium the effect of the
lateral heat conduction resistance of fins can usually be neglected because of their high-fin
efficiency.

The study [18] indicates the importance of considering the heat-transfer coefficient inside the
channels as a function of flow rate through that particular channel. This eliminates the contradictory
proposition of unequal flow rates but an equal heat-transfer coefficient. A wide range of parametric
study have been presented, which brings out effects such as those of the heat-capacity rate ratio, flow
configuration, number of channels and correlation of heat transfer. The analysis suggested a better
method of heat-transfer data analysis for plate heat exchangers. The effect of flow maldistribution
on the thermal performance of a single-pass plate heat exchanger was studied analytically [19].
The study considered the flow variation from channel to channel. The study results indicate that
consideration of variable flow rate only in channels tends to underestimate the thermal performance
of the heat exchanger and it is necessary to consider a variable heat-transfer coefficient inside the
channels as a function of flow rate. The flow distribution performance in a plate–fin heat exchanger
has been experimentally studied and the distribution performance of different distributors’ inlet
angles has been measured. The combined effects of the inlet angle and mass flow rate on flow
maldistribution have been studied by Jiao et al. [20] and provide a useful tool for optimum design
of plate–fin heat exchangers. Three types of header configuration have been designed and manu-
factured. Correlations of flow maldistribution parameters versus Reynolds number under different
header configurations were presented. Three parameters of flow maldistribution were introduced
to evaluate the flow maldistribution. These are based on either velocity distribution or dimension-
less standard deviation. The correlation of the dimensionless flow maldistribution parameters and
Reynolds number was obtained under different header configurations. The ratio of the maximum
flow velocity and the minimum flow velocity drops from 2.08–2.81 to 1.2–1.4 for various Reynolds
numbers.

The effect of flow maldistribution on the thermal performance of a three-fluid cross-flow heat
exchanger has been investigated numerically by Yuan [21]. The study considers four modes of
flow non-uniformity arrangement by using three-flow maldistribution models. Local flow non-
uniformity factors defined as the local flow rate over average mass flow and deterioration factor
due to flow maldistribution were considered to evaluate influence of maldistribution. Effectiveness
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at different flow modes was presented. The study [21] discussed the deterioration or promotion due
to the flow maldistribution in the heat exchanger. The results indicated that there is a best one in
choice between the four maldistribution modes and the best flow maldistribution mode promotes
the thermal performance of a three-fluid cross-flow heat exchanger when NTU and heat-capacity
rate ratios are large.

The previous work is mainly related to the influence of flow maldistribution on the performance
of heat exchangers but does not provide any focused work on the procedures that can be followed
to improve the flow distribution inside air-cooled heat exchangers. Therefore, the present work
is aimed at investigating the parameters influencing the flow maldistribution in air-cooled heat
exchangers.

2. PROBLEM AND MATHEMATICAL FORMULATION

2.1. The flow domain

The calculations were performed inside the inlet header of the heat exchanger and the tubes
of the tube sheet. Figure 1 shows the geometry of the header. The tube sheet has 32 tubes of
diameter 25.65mm distributed on one line as shown in the figure. Flow enters at the entrance
section of the nozzles of the heat exchanger header. Abrupt expansion occurs at the nozzle exit
section and the inlet to the header. The fluid then flows towards the tube sheet (Figure 1). Due
to symmetry, only half of the tubes were considered in the numerical simulation. The fluid that
is used as the working fluid is hydrocarbon oil having a density of 645.6 kg/m3 and a viscosity of
2.32Ns/m2 at 139◦C. For the base case, the mass flow rate is 12.27 kg/s and the inlet velocity is
1.429m/s.

2.2. The calculation procedure

The conservation equations for mass and momentum were solved to predict the flow pattern of the
flow. Since the flow is turbulent, additional transport equations for the turbulence model were also
solved. The time-averaged governing equations of three-dimensional turbulent flow can be found
in many references [22, 23] and can be presented as follows.

Mass conservation:
The steady-state time-averaged equation for conservation of mass can be written as

�
�x j

(�U j ) = 0 (1)

Momentum conservation:
The steady-state time-averaged equation for the conservation of momentum in the i direction

can be expressed as

�
�x j

(�UiU j ) + �
�x j

(�uiu j ) = − �p
�xi

+ �
�x j

(
�

�Ui

�x j

)
(2)
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Figure 1. The geometry of the header.

where p is the static pressure. The stress tensor �uiu j is given by

−�uiu j =
[
�eff

(
�Ui

�x j
+ �U j

�x j

)]
− 2

3
�k�i j (3)
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where �i j is the Kronecker delta which is equal to 1 for i = j and equals 0 for i �= j and �eff = �t+�
is the effective viscosity. The turbulent viscosity, �t, is calculated using the high-Reynolds number
form as

�t = �C�
k2

ε
(4)

withC� = 0.0845. The value ofC� is derived using the mathematical model ‘renormalization group’
[24] to accurately describe the variation of turbulent transport with effective Reynolds number,
thus, providing better results for near-wall flows. The value of C� used in the present study is
therefore different from the value 0.09 used for high-Reynolds number. k and ε are the kinetic
energy of turbulence and its dissipation rate. These are obtained by solving their conservation
equations [25, 26] as given below.

The kinetic energy of turbulence:

�
�x j

(�U jk) = �
�x j

(
�eff
�k

�k
�xi

)
+ Gk − �ε (5)

The rate of dissipation of the kinetic energy of turbulence:

�
�x j

(�U jε) = �
�xi

(
�eff
�ε

�ε

�xi

)
+ Cε1Gk

ε

k
− Cε3�

ε2

k
(6)

where Gk represents the generation of turbulent kinetic energy due to the mean velocity gradients
and is given by

Gk = −�uiu j
�U j

�xi
(7)

The quantities �k and �ε are the effective Prandtl numbers for k and ε, respectively, and C�3 is
given as a function of the term k/ε and, therefore, the model is responsive to the effects of rapid
strain and streamline curvature and is suitable for the present calculations. Thus, C�3 is expressed
[26] as

Cε3 =Cε2 + C���3(1 − �)/�0
1 + ��3

with � = Sk/ε, �0 = 4.38, �= 0.012. S being a scalar measure of the deformation tensor given by
S =√2�i j�i j , where �i j = 0.5(�u j/�xi − �ui/�x j ). The model constants C�1 and C�2 have the
values; C�1 = 1.42 and C�2 = 1.68.

The wall functions establish the link between the field variables at the near-wall cells and the
corresponding quantities at the wall. These are based on the assumptions introduced [27] and have
been most widely used for industrial flow modelling [22].

Boundary conditions:
The velocity distribution at the nozzle inlet section is considered to be uniform with the velocity

in the direction of the axis of the nozzle. The present calculations were conducted for isothermal
flow where the fluid density and viscosity remain constant throughout the flow field.

Kinetic energy and its dissipation rate are assigned through a specified value of
√
k/U 2 = 0.1

and a length scale proportional to the diameter of the header inlet nozzle. These values are suitable
for fully developed flow expected at the inlet to the header. For such flows, the turbulence intensity
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is in the range of 5–10%. The boundary condition applied at the exit section (the exit of the heat
exchanger tubes) is that of a given pressure. At the wall boundaries, all velocity components are set
to zero and kinetic energy of turbulence and its dissipation rate are determined from the equations
of the turbulence model.

3. NUMERICAL SCHEME AND SOLUTION PROCEDURE

The conservation equations were solved simultaneously over a typical volume that is formed by
division of the flow field into a number of control volumes, to yield the solution. Calculations are

Figure 2. Flow domain and grid distribution in header, nozzle and tubes: (a) the flow domain including
nozzle, header and tubes and (b) the grid distribution in header, nozzle and tubes.
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Figure 3. Grid-independence test.

performed with at least 224 000 elements considering fine elements in the section of the header
close to the inlet of heat exchanger tubes. Structured mesh was used with concentration of grids
near walls and in the vicinity of regions of high-velocity gradients. The flow domain and grid
distribution in header, nozzle and tubes are shown in Figure 2. In order to provide flexibility of
nozzle location and diameters, the header was divided into segments. The grid distributions of all
segments are constructed with refined mesh close to the solid walls and at the entrance of the
tubes. It is worth noting here that structured grids have been used (except for the three-dimensional
intersection between the nozzle and header) in order to have the best computational efficiency. This
task has taken a lot of care and effort to obtain the structured grid. The structured grid has been
designed semi-manually after many trials. This allowed the placement of grid boundary layers at
all the walls of the header, nozzle and pipes. It was believed that this effort was required in order
to capture the correct flow and pressure field as well as the vena-contracta for all the 16 pipes in
the base geometry. In order to establish grid independence, three different grids were used. The
coarser grid had 86 000 cells (Mesh0), the medium size grid had 224 000 cells (Mesh1) and a
finer grid had 481 000 cells (Mesh2). Since one of the main goals of the study is to investigate
the mass flow rate distribution, the comparison between the grids is based on the mass flow rates
through the 16 pipes. The results are shown in Figure 3. The difference in mass flow rates between
Mesh1 and Mesh2 varied between ±0.01% which is a very tight tolerance. Hence, Mesh1 has
been adopted for the rest of the study. In the above runs and the rest of the study, the simulations
were executed until the mass error, velocity errors as well and k and ε errors as measured by
the residuals of their equations, being summed for all the grid nodes, were all below 10−6. The
procedure used a hybrid (upwind central) differencing scheme in solving all the governing partial
differential equations. The discretized equations were solved using an iterative method [28]. The
SIMPLE algorithm was used as the pressure velocity coupling for solving the mass conservation
and pressure field. In this scheme, the solution of the momentum equations is followed by solving
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the pressure correction equation. CFD packages Fluent 6.1.22 [29] were used for performing the
present calculations in the present work.

4. RESULTS

The features of the flow inside the header and tubes are presented in Figures 4 and 5. Figure 4
presents the pathlines of the flow field inside the header and tubes. It indicates flow separation at
the inlet of the tubes. The size and strength of the recirculated flow region depend significantly
on the location of the tube. The contours of the velocity magnitude are exhibited in Figure 5 and
indicate high velocity values at the nozzle exit and at the inlet of the tubes close to the nozzle
and at the far end of the nozzle. Six parameters are considered in the present work. These are
the inlet flow velocity, the nozzle diameter, the number of nozzles, the nozzle geometry and the
incorporation of a second header in addition to the number of passes. The results were obtained

Figure 4. Pathlines of the flow field inside the header and tubes.

Figure 5. Velocity magnitude at section z = 33mm s of the air-cooled heat exchanger.
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Figure 6. Distribution of mass flow rate among the tubes of the air-cooled
heat exchanger at different values of inlet flow velocity.

for different number of nozzles of 3–4 in addition to the present geometry of two nozzles, different
nozzle diameters of 69.0, 85.0mm in addition to 92.0 of the original geometry, different inlet flow
velocities of 1, 2 and 2.5m/s in addition to 1.429 of the original case as well as incorporation of
a second header. Second headers of three holes of d = 56mm each and seven holes of 36.3mm
each were used. Hole patterns of (59.1, 49.24, 59.1)mm and (61.22, 43.73, 61.22)mm were used
for the case of three holes. The flow maldistribution is evaluated through the presentation of the
standard deviation (STD) in the mass flow rate distribution in the heat exchanger tubes as well
as the static pressure distribution inside the main and return headers. The STD of a variable 	 is
given as

STD=
√√√√[ 1

n − 1

n∑
i=1

(
ṁi

ṁavg
− 1

)2
]

(8)

where n is the number of tubes, ṁi is the mass flow rate in the tube number i and ṁavg is the
average value of the mass flow rate. The influence of the different parameters on the mass flow
distributions and their STDs is given in the following.

The distribution of the mass flow rate in the tubes is shown in Figure 6 for different values of
inlet flow velocity in the range of 1–2.5m/s. The values of the mass flow rate in each tube are
calculated from the integration of the flow velocity inside each tube. The figure indicates that the
inlet velocity has a negligible influence on the maldistribution. The STDs are shown in Figure 7
and indicate a maximum difference of 2.5%. The influence of the nozzle diameter on the mass
flow rate distribution is shown in Figure 8. The considered diameters are 69.0, 80.5 and 92.0mm.
The figure indicates that reducing the diameter results in an increase in the flow maldistribution.
The results of the influence of the nozzle diameter on the STDs in the mass flow rates in the tubes
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the mass flow rate distribution.
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of the inlet header are shown in Figure 9. It is indicated that decreasing the diameter by 25%
results in 25% increase in the standard deviation. The flow maldistribution is greatly influenced
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Figure 9. Influence of the nozzle diameter on the standard deviation of the mass flow rate.

by the difference in pressure inside the header and the tubes. As the area increases, the pressure
at exit increases and the pressure inside the header increases in comparison of the pressure inside
the tubes, thus, resulting in more uniform flow inside the tubes.

The influence of nozzle geometry on the mass flow distribution and its STD is shown in
Figures 10 and 11. Three different nozzle geometries are considered in the present study. The first
is the original geometry in which the nozzle is having a cylindrical shape. The other two nozzle
geometries are having elliptical cross section at their exit. The exit is an ellipse of diameters a × b.
The first elliptical geometry, A, has diameters (a × b) of 85.3× 110.1mm. The second elliptical
geometry, B, has diameters (a × b) of 71.3× 131.7mm. The influence of the nozzle geometry on
the distribution of the mass flow rate is shown in Figure 10. The figure indicates that increasing the
diameter ratio of the nozzle cross section results in a decrease in the flow maldistribution. Twenty
per cent decrease in the STD is shown in Figure 11 as a result of increasing the diameter ratio of
the nozzle cross section from 1 to 1.85. The improvement in the flow distribution is attributed to
the reduction in the velocity at exit of the nozzle and the corresponding resulting uniform static
pressure distribution inside the header.

Figures 12 and 13 present the influence of the number of nozzles on the distribution of the
mass flow rate inside the tube and its STD. The distribution of the mass flow rate in the tubes
is shown in Figure 12 for different number of nozzles. It should be noted that the nozzles are
equally spaced across the header. The figure indicates that increasing the number of nozzles has
a significant influence on the maldistribution. Figure 13 presents the STD and indicates that a
reduction of 62.5% in the STD is achieved by increasing the number of nozzles from 2 to 4. This
is attributed to the resulting uniformity in the static pressure distributions as a result of increasing
the number of nozzles.

The influence of incorporation of a second header on the flow distribution among the tubes was
investigated. In order to provide a uniform flow distribution among the tubes, it is recommended
to incorporate a second header between the nozzle and the current header. The objective is to
provide a smooth transition from the nozzle to the main header. This provides a uniform pressure
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Figure 10. Distribution of mass flow rate among the tubes of the air-cooled heat
exchanger at different nozzle geometries.

at inlet of the tubes. The second header, Figure 14 is half a cylinder having a diameter equal to
the header width (100mm). The second header is connected between the nozzles and the main
header and is having a number of holes at its exit section. The number of holes at its exit is
ranging from three holes of 56mm diameter each to seven holes of 36.3mm diameter each. The
diameter of the holes in the case of three holes also has been changed from [59.1, 49.24, 59.1]mm
to [61.22, 43.73, 61.22]mm to investigate the influence of the hole-diameter distribution in the
second header on the mass flow rate distribution in the tubes. The influence of the number of holes
on the mass flow rate is shown in Figures 15 and 16.

The influence of the number of holes of the second header on the mass flow rate is shown
in Figure 15 and the influence of the number of holes on the STDs is shown in Figure 16. The
figures indicate that incorporating a second heater results in a significant reduction in the flow
maldistribution. Forty-five per cent decrease in the standard deviation is shown in Figure 16 as
a result of incorporation of a second header of three holes. The improvement is attributed to the
uniform distribution as a result of having more holes. This improvement is enhanced to 62.5% as
the number of holes at the exit of the second header increases to seven holes. Similar conclusions
were reported by Jiao et al. [20] for plate–fin heat exchangers. The present results were compared
to the experimental results [30] of measured flow distributions in plate–fin heat exchanger. The
comparison of the normalized STDs at different number of holes of the second header is presented
in Figure 17 and indicates reasonable agreement.

The influence of the size of the holes in the second header on the mass flow rate is shown
in Figure 18. The influence of the size of holes on the STD is shown in Figure 19. Three cases
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Figure 11. Influence of the nozzle geometry (diameter ratio of nozzle exit, b/a)
on the standard deviation of the mass flow rate.
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Figure 12. Distribution of mass flow rate among the tubes of the air-cooled heat
exchanger for different number of nozzles.
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Figure 13. Influence of the number of nozzles on the standard deviation of the mass flow rate.

Figure 14. View indicating the location of the second header.

are considered. All of them are having three holes. The first case has hole-diameter pattern of
pattern # 1 of [56, 56, 56]mm. The second case has pattern # 2 of [59.1, 49.24, 59.1]mm and the
third case has pattern # 3 of [61.22, 43.73, 61.22]mm. The figures indicate that the hole-diameter
pattern has a slight influence on the flow maldistribution. Three per cent variation in the STD is
shown in Figure 19.
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Figure 15. Distribution of mass flow rate among the tubes of the air-cooled heat exchanger at
different number of holes in the second header.
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Figure 16. Influence of the number of holes of a second header on the standard
deviation of the mass flow rate.
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Figure 17. Comparison of the present calculations of STD variations with the number of
holes in the second header and experiments of Jiao et al. [30].
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Figure 18. Influence of second header hole diameter (pattern #) on the distribution of mass
flow rate among the tubes of the air-cooled heat exchanger.
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Figure 19. Influence of the hole diameter (pattern #) of the second header on the
standard deviation of the mass flow rate.

5. CORRELATIONS OF FLOW MALDISTRIBUTION

Correlations of the influence of the different parameters on the flow maldistribution in the tubes
of the air-cooled heat exchangers are developed. The magnitude of the flow maldistribution in
the tubes of air-cooled heat exchangers is expressed in terms of the intensity of mass flow rate
variation (I ) and the maximum mass flow rate variation (
). The intensity, I, is the normalized
per cent standard of the deviation in the mass flow rate in the tubes. The intensity, I, is expressed
by the following expression:

I = STD

ṁav
∗ 100 (9)

where ṁav is the average of the mass flow rates inside the heat exchanger tubes. STD is the
standard deviation in the mass flow rate distribution in the tubes and is given by Equation (8). The
maximum mass flow rate variation, 
, is the normalized per cent difference of the maximum and
minimum flow rates inside the tubes


= ṁmax − ṁmin

ṁav
∗ 100 (10)

where ṁmax and ṁmin are the maximum and minimum mass flow rates in the tubes.
Based on the results of the study, correlations for reducing the flowmaldistribution are developed.

The correlations were conducted through the use of fitted formulae to the data of the intensity I and
the mass flow variation 
 as defined by Equations (9) and (10). The correlations for the intensity
were obtained using Figures 7, 9, 11, 13 and 16. The correlations for 
 were obtained using
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Figures 6, 8, 10, 12 and 15. The correlations were developed with a coefficient of determination
ranging from 99.9 to 100%. The correlations pertain to the influence of number of nozzles, nozzle
diameter, a second header, the nozzle geometry and the number of tube passes. The following
correlations are to be considered in the design or modifications of air-cooled heat exchangers.

Influence of the number of nozzles: The influence of a number of nozzles on the magnitude of
the flow maldistribution is correlated in terms of the ratio of the cross-sectional area of the nozzles
to the total tubes cross-sectional area for a given nozzle cross-sectional area. The correlations are
given as

I = 7.95/(Ar )
1.3 For the range 0.8�Ar�1.6 (11)


 = 25.2/(Ar )
1.54 For the range 0.8�Ar�1.6 (12)

Ar is the ratio of the total cross-sectional area of inlet nozzles to the total cross-sectional area of
the tubes defined as follows:

Ar = Ai

A0
(13)

where Ai is the total cross-sectional area of inlet nozzles and A0 is the total cross-sectional area
of the tubes.

Influence of the nozzle diameter: The influence of the nozzle diameter on the magnitude of the
flow maldistribution is correlated in terms of the ratio of the cross-sectional area of the nozzles to
the total tubes cross-sectional area. The correlations are given as

I = 9.8/(Ar )
0.37 For the range 0.4�Ar�0.8 (14)


 = 38.7 + 14.5 ∗ Ar − 23.9 ∗ (Ar )
2 For the range 0.4�Ar�0.8 (15)

Influence of a second header: The second header is normally incorporated between the nozzles
and the main header. The flow exiting the second header passes to the main header through a
number of holes. The magnitude of the flow maldistribution is correlated in terms of the number
of holes (N ) between the two headers. The correlations are given as

I = 10.4/(N )0.49 For the range 1�N�7 (16)


= 34.5/(N )0.54 For the range 1�N�7 (17)

Influence of the nozzle geometry: The use of nozzles of elliptical (or elongated) shape results
in significant reduction in the magnitude of the flow maldistribution compared to nozzles of
cylindrical shape having the same cross-sectional area. The magnitude of the flow maldistribution
is correlated in terms of the ratio of the diameters of the elliptical cross-sectional area of the
nozzle. The correlations are given as

I = 18 − 9.7� + 2.5�2 For the range 1.0���1.9 (18)


= 66 − 40.9� + 10.4�2 For the range 1.0���1.9 (19)

where � is the ratio of the diameters of the elliptical cross-sectional area of the nozzle.
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6. CONCLUSIONS

The following conclusions are drawn from the results of the present study:

1. The inlet flow velocity has a negligible influence on the maldistribution.
2. The reduction in the nozzle diameter results in an increase in the flow maldistribution.
3. Increasing the number of nozzles has a significant influence on the maldistribution. A re-

duction of 62.5% in the flow STD of the mass flow distribution inside the heat exchanger
tubes is achieved by increasing the number of nozzles from 2 to 4.

4. Using an elliptical nozzle cross section has shown to reduce the maldistribution. Increasing
the diameter ratio of the nozzle cross section results in a decrease in the flow maldistribution.

5. Incorporating a second header results in a significant reduction in the flow maldistribution.
62.5% decrease in the standard deviation of the mass flow inside the tubes is achieved as a
result of incorporation of a second header of seven holes.

6. The hole-diameter distribution of the second header has a slight influence on the flow
maldistribution.

NOMENCLATURE

a, b minimum and maximum diameters at exit of the elliptical nozzle
Ai the total cross-sectional area of inlet nozzles
A0 the total cross-sectional area of the tubes
Ar the ratio of the total cross-sectional area of inlet nozzles to the total cross-sectional

area of the tubes and is given by Ar = Ai/A0
C�1 constant
C�2 constant
C� constant
d hole diameter of the second header
D nozzle diameter
G generation of the turbulent kinetic energy
I the intensity of mass flow rate variation
k turbulent kinetic energy
ṁavg the average value of the mass flow rate
ṁi the mass flow rate in tube i
n the number of tubes
N number of holes in the second header
STD standard deviation
U j mean velocity
V inlet flow velocity
x j coordinate

Greek symbols

� the ratio of the diameters of the elliptical cross-sectional
area of the nozzle and is given by �.= b/a


 the maximum variation in the mass flow rate
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� Kronecker delta
� rate of dissipation of turbulent kinetic energy
� viscosity
� density
� effective Prandtl number

Subscripts

eff effective
max maximum value
min minimum value
t turbulent

Superscripts

· rate
— average value
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