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Fundamental Science on Nuclear Safety and Simulation Technology Laboratory, Harbin Engineering University, Heilongjiang,
China

Compact parallel manifolds are widely applied in flow heat exchangers. However, the flow
maldistribution exists in the parallel manifolds when the flow is distributed in the header,
because of the pressure maldistribution. For a heat exchanger, the uniformity of the flow
distribution greatly influence the performance of the heat exchanger. It is significantly
important to modify the design of the heat exchanger for a uniform flow distribution. In
present study, to reduce the maldistribution in the manifolds, the numerical analysis has
been made and a method by varying the insert length of tubes inside the header has been
pointed out to solve this problem of flow maldistribution. To illustrate the reliability of this
method to reduce the maldistribution, three base cases with different header diameters
have been applied to be solved with the method. The results indicates that, by using
the method, the maldistribution for three base cases can be reduced by 82% for the
casel, 72% for the case? and 68% for the case3. However, the insert length of tubes
inside the header increases more pressure loss. The pressure drop for base cases are
respectively increased by 2.83, 4.83, and 6.46%. This method is proved to be effective
under all flow rates.

Keywords: flow maldistribution, pressure maldistribution, manifolds, central-type heat exchanger, uniformity

INTRODUCTION

Central-type compact parallel flow heat exchangers are used for removing the heat and ensure
the safety of the system. These manifolds are widely applied in cooling systems such as passive
containment cooling system of the pressure water reactor, spargers, electronic cooling equipment,
and passive core cooling system.

However, the mass flow maldistribution occurred in the heat exchanger greatly reduces
the heat transfer performance. Besides, the variations of heat transfer performance caused by
maldistribution result in deviations from desired design performance, which may cause that the
heat exchanger could not meet the need of the design performance in the practical application.

The flow maldistribution existed in the heat exchanger is caused by the pressure distribution
in the header, therefore, the maldistribution in parallel manifolds is an inherent characteristic

Abbreviations: D, Header diameter; Dy, Tube diameter; Dy, The pitch between the tubes at the center; SE, Evaluation
parameter of flow maldistribution; k, turbulent kinetic energy; ¢, turbulent energy dissipation rate; p, density of the working
fluid; u, velocity; oy, o, turbulent constants; j1;, turbulent dynamic viscosity.
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of the heat exchanger. The way to flatten the flow distribution
could be flattening the pressure distribution.

For instance, when dealing with tubes, Said et al. (2014)
successfully reduced the maldistribution in a central-type heat
exchanger with the method of applying orifice approach and
nozzle approach in tubes respectively. Huang and Wang (2013)
have done the investigation of design of uniform tube flow
rates in a Z-type heat exchanger. Levenberg-Marquardt Method
(LMM) was applied to decide the estimated optimal tube
diameters and entrance length of the inlet. And the results
showed that the flow distribution was nearly uniform. Tong et al.
(2007) have applied gate-valve-like obstructions in manifolds in
order to tailor the resistance of an individual channel to achieve
a uniform distribution. And results showed that this method
worked well, for example, in one of the case studies, the original
flow imbalance of the untailored manifold system exceeded 100%
and was reduced to less than 10% of the flow imbalance in one
cycle of the method. In another study of Tong et al. (2009), the
cross-sectional areas of the outflow channels have been modified
in linear tapering or non-linear tapering, and results showed that
the flow distribution become uniform after solutions were carried
out.

As for the promotion of the header design, in the study by
Wang etal. (2011b), five modified headers have been investigated,
the results showed that the baffle tube performed best and it
was applicable for all the flow rates. Wang et al. (2014) have
proposed a numerical model of plate-fin heat exchanger to
investigate the hydrodynamic characteristics with the method
of applying porous media approach in the header. The results
showed that the flow distribution was promoted and a correlation
among maldistribution, pressure drop, and Reynolds number
was derived based on the simulation. Similarly, a uniformly
perforated grid has been used in the header of a cross flow heat
exchanger in the study of Lalota et al. (1999) They reported that
the grid was helpful to improve the fluid distribution.

Except for the promotion of structure for heat exchanger
configuration, the influence of the structure parameters on the
flow distribution has also been investigated. Gandhi et al. (2012)
have done a lot of investigations on the influence made by
configuration parameters on the flow distribution. According
to their study, the tube diameter, number of tubes and the
location of the inlet and outlet pipe are the key configuration
parameters affecting the flow distribution. They also have done
the experiments to validate simulation results. Bajura and Jones
(1976) suggested that the area ratio(AR) < 1 for the parameter
design. And Tong et al. (2009) found that enlarging the header
diameter for increasing the flow ratio will help improve the flow
distribution. Wang et al. (2011a) have done the investigations
on the compact parallel flow heat exchangers. According to
their studies, the uneven flow distribution is related to following
parameters: (1) inlet flow condition, (2) tube diameter, (3) header
diamter, (4) area ratio, (5) flow directions. And the effect of
gravity is insignificant.

There is also some analytical method to investigate the flow
distribution in the heat exchanger. Wang and Wang (2015) have
developed a discrete model for flow uniformity and pressure
drop in U-type arrangement as well as Z-type arrangement. The

results show that the flow distribution in U-type arrangement is
generally better than that of the Z-type in cases for large mass flow
rate and small pressure drop coeflicients. Tong et al. (Sparrow
et al.,, 2007) set forth a quasi-analytical method which is fully
validated for determining the flow distribution in multi-inlet
collection manifold. And this method can help design a manifold
in which the flow distribution is nearly uniform.

In the past studies, researchers focus on the optimization of
the flow distribution in compact parallel flow heat exchangers,
and a lot of valuable results have been obtained. However,
little work has been done on tubes. Besides, it could be
more easier and convenient to even the flow distribution
with the modification with tubes. In this study, the attention
are paid on the modification of tubes. For a conventional
configuration of heat exchanger, the header and heat transfer
tubes are seamlessly connected as shown in Figure 1A.
However, this conventional design does not perform well
because of the pressure maldistribution in the header. The
modification of the tube in this study is applied to decrease
the pressure malsitribution at the inlet of the tubes as
shown in Figure 1B. The tubes are not connected to the
header surface, but inserted inside the header. Besides, the
insert length of tubes are not equal thus evening the
pressure distribution at the inlet of tubes for a better flow
distribution.

PROBLEM DESCRIPTION

The main objective of this study is to search for a better
flow distribution in a central-type compact parallel flow heat
exchanger. Therefore, three basic configurations of exchangers
with different headers as well as different flow distributions are
applied of analysis. The three-dimensional model and schematic
diagram of the configuration for this study are shown in Figure 2.
Configuration models consist of two headers called dividing
header and combining header respectively and 14 C-tubes are
connected to the headers. The working fluid flows into dividing
header and then is divided into 14 branches of flow through 14
C-tubes combining in the combining header at last.

SOLVING METHOD

Three optimization based on three basic configurations with
different size of headers are solved respectively. Three header
diameters are 60, 80, and 100mm respectively denoted casel,
case2 and case3. The objective of the problem is to vary the
insert length of the tube inside the header for a better flow
distribution as shown in Figure 3. Therefore, three different basic
configurations with different diameters of headers are solved
to determine the basic flow distribution. Based on the basic
configuration, the insert of tubes are introduced to reduce the
flow maldistribution. The problem is iteratively solved after
each adjustment of insert length to produce a more even flow
distribution. The iterations are finished until the flow distribution
is basically no longer better by changing the insert length of
tubes.
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FIGURE 1 | (A) The conventional design. (B) The promotion of tubes.
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SOLVING PROCESS

The CAD in the Star-ccm+- is used to create the heat exchanger
model. Two different kinds of mesh elements are applied for the
proper meshing of the whole geometry. The polyhedral mesh
is applied to mesh headers, inlet, outlet and part of the C-
tubes, and the rest of the C-tubes is meshed with generalized
cylinder mesh. Besides, the prism layer model is used for all of
the geometry walls to solve the boundary conditions as shown in
Figure 4.

Star-ccm+ 10.04 software is applied to complete the
simulation and constraints described by the boundary of a given
system have been applied to solve the control equations for
mass and momentum. The resulting partial differential equations
together with a high turbulence model are solved numerically.

For the boundary conditions, velocity-inlet is chosen for the
inlet, pressure-outlet selected for the outlet is set as zero gauge
pressure and the walls are set as no slip condition and rough. The
k-g turbulent model is chosen as the turbulence model. When all
of the residuals are less than 1 x 1072, solutions are considered
to be completely convergent.

In this study, water has been selected as the working fluid.
Three assumptions have been made for the system as following
listed.

(1) The wallis set to isothermal. The heat exchange is beyond the
consideration in this study.

(2) No phase change happens inside the system because the heat
exchange is out of the consideration.

(3) Density change is considered negligible and flow is
considered incompressible.

To evaluate the flow distribution, dimensionless parameter SE
has been utilized.

SE = (1)

Where the mi and my, represent the mass flow rate through the
ith tube and the average mass flow rate respectively. And the M
represents the total flow rate.
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FIGURE 2 | The three-dimensional model and schematic diagram of the subject (A) schematic diagram of the subject (B) side view of the subject (C) the
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FIGURE 3 | The objective of the solution.

GOVERNING EQUATIONS

The steady-state continuity equation is written as

au,-
8x,-

=0 @)

The steady-state momentum conservation equation is written as

ou; 8p ou; Buj
PU; ox; ox; 8 [ t( ox; ax,»)] (3)

The steady-state transport equation for k is written as

ok e ok ou;  Ouj ou;
Pty - L, il ¥ = - (@)
X dxj o 0x; Ox;~ 0x;
The steady-state transport equation for ¢ is written as
de 0 (,u 38)+C s(au, au])au, Cop &2 )
uj —(—— — — - —
p ]8x] 0xj 0¢ 0x; L 0x; " 0x; 20 k

Where the k and ¢ represent the turbulent kinetic energy and
turbulent energy dissipation rate, respectively. p is the density of
the working fluid, u is the velocity, turbulent constants o = 1.0
and o, = 1.3 are used and p; means turbulent dynamic viscosity.
Empirical constants C; = 1.44, C, = 1.92 are used.

GRID INDEPENDENCE

As for the grid independence, four different number of grids are
applied on the geometry. The number of grids are 2,365,663;
2,941,239; 4,539,910; 7,925,274 and denoted respectively as
meshl, mesh2, mesh3, and mesh4. Because the two most
important objectives in this study are flow distribution and
pressure drop, the evaluation criteria of the performance of
the grid is based on the value of SE and the pressure drop in
simulation results. The mass flow rate through 14 tubes is shown
in the Figure 5. It can be seen that, the significant change of
results stops when the number of grid elements increases to the
mesh2. Therefore, mesh2 is chosen as the independent mesh size.
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FIGURE 4 | The mesh applied in the geometry mode.
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FIGURE 5 | Grid independence test.

MODEL VALIDATION

The experimental data from Gandhi et al. (2012) was used to
validate the numerical results in present study. Gandhi et al.
(2012) used 10 tubes with a cylindrical header and an inlet nozzle
whereas in the present study, 14 tubes, two headers, an inlet
nozzle and a outlet nozzle are used. However, the rest of the
geometry is similar. Besides, in both studies, the water was used
as the working fluid. Except for experiments, Gandhi et al. (2012)
also has done the numerical work based on commercial software
Fluent (version 6.2.16) and three different inlet velocities have
been applied. Both of the numerical and experimental results
done by Gandhi et al. (2012) as well as simulation results in
present study are shown in Figure 6. It can be seen that the
simulation for the present study suits well, and the results of the
further work made by the simulation in this study are credible.

RESULTS AND DISCUSSION

Numerical Analysis
Basic equations for header and tubes have been separately
formulated. In equations, the velocity and static pressure all

represent average values. The configuration of dividing header
and connected tubes are shown in Figure7. For the control
volume of the header section at the inlet of the ith tube, it is
enclosed up with a dotted line as shown in Figure 7.

The Bernoulli equation for the flow in the tube is written as

1 L

5 [Pu® + Piy(D)] = Pou(i) + [14 o + Cy + Cog + (i) )
t

1

E,OtVtZ(i)i =1,2...n (6)

Where C; represents local friction coefficient of tubes, for
example, that caused by vortex flow at the tube inlet. C,
represents bend loss coeflicient. And Cy represents inlet friction
coefficient of tubes.

The continuity equation is written as

oA [Vi(i) = Vi ()] = peAeVi(i)i = 1,2.....n ™)

Where Aj,(i)and A; represents effective flow cross section area of
the header in front of the ithtube and the tube cross section area
respectively. Besides, pj, equals to p, considering the assumption
of incompressible flow.

The Equations (6, 7) show the influential parameters for the
velocity in tubes. The way to achieve a uniform distribution
lays on the adjustment of these influential parameters. For a
certain heat exchanger with fixed structure parameters. The most
effective and direct method is to vary the Ay(i) for each tube
as shown in Equation (7). In addition, the variation of Aj(i)
will unequally change friction coefficients such as C; and Cy; as
well as pressure distribution in the header, which means that the
influence of the insert length for each tube is not equal.

For compact parallel flow heat exchangers, the dynamic
pressure is higher near the center of header, while the static
pressure is higher near the edge, because of the influence of
pressure recovery. Therefore, the sensitivity of variable insert is
higher at the header center. And this will help save time for the
iteration work.

The insert length of each tube for three cases with the best
solution is listed in Table 1.

Mass Flow Rate Distribution
The mass flow rate for three base cases with different header
diameters is shown in Figure 8 respectively. The flow patterns
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FIGURE 7 | Configuration of a dividing flow manifold.

of flow distribution on condition of without solution, best case
solution and iterative solutions can also be seen in the Figure 8,
For the flow distribution of the casel, the mass flow rate is highest
at center tubes, and continues to drop until at tube 3 and tube 12
and then increases slightly from tube 3 and tube 12 to the extreme
tubes of the header as shown in Figure 8A. Because of the small
size of the header, the velocity of the water in the header is high,
leading to a high pressure recovery in tubes at the center due
to the reduction in velocity in the direction of the mainstream

0.075
L ¢ Present study
0.070 - Mayurkumar S. Gandhi et al
L = 4
0.065 | Expriment
L (1) V. =6.85m/s (2)V, =4.38m/s (3)V. =3.56m/s
m m m
0.060 g -8 |
2]
E; [
=~ 0.050 F
g [
0.045 +
0.040 + 5
3 Ve
0.035
0.030 |- % 2S—L - 3 :
O 025 " 1 N 1 " 1 X 1 " 1
0 2 4 6 8 10
Number
FIGURE 6 | The validation of the simulation results.
TABLE 1 | The insert length of each tube for three cases with the best solution.
P,.(i)
Vii-1) V(i) V(i+1) Tube number Casel (m) Case2 (m) Case3 (m)
A [ 4
: i ; 1 0.0153 0.0333 0.0496
; : i 2 0.0093 0.0233 0.0446
: i : 3 0.0053 0.0083 0.0246
i 4 0.0053 0.0003 0.0036
: : : 5 0.0003 0.0003 0.0036
i L i B, L, 6 0.0003 0.0003 0.0036
i i 1 7 0.0003 0.0003 0.0006
Ly 8 0.0003 0.0003 0.0006
i i T_, 1 9 0.0053 0.0003 0.0036
x| 10 0.0053 0.0003 0.0036
11 0.0003 0.0003 0.0036
Viuli) _h L VD) D, 12 0.0003 0.0083 0.0246
Au(i-1) Pui)— Py (i) 13 0.0093 0.0233 0.0446
””” - 14 0.0153 0.0333 0.0496

because of the flow into tubes. Therefore, the key to achieve a
better flow distribution is to decrease the pressure recovery at
the inlet of tubes which high mass flow rate of water flows in.
The original process is to increase the extension of the tubes near
the inlet inside the header. The extension of the tube inside the
header leads to the decrease of the effective flow area above the
tube, thus decreasing velocity and the mass flow rate in the tube.
Iterative adjustments of variation of the extension for tubes are
laid on the analysis discussed above, increasing the extension of
tubes where high mass flow is and decreasing the extension of
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FIGURE 8 | The mass flow rate for three base cases (A) Mass flow rate in
tubes for Case 1 (B) Mass flow rate in tubes for Case 2 (C) Mass flow rate in
tubes for Case 3.

tubes where low mass flow enters. Iterative solutions performed
successfully and the best solution are shown in Figure 8A. By
comparing the best solution and the base case which is without
solution, it can be seen that the mass flow rate in tubes ranging
from tube 5 to tube 10 which was high becomes lower and the

mass flow rate in the other tubes becomes higher, thus reducing
the maldistribution in the header.

For the mass flow rate distribution in the tubes of the case2,
the maldistribution is better than the casel, the reason is that the
bigger cross section area of the header causes the lower velocity of
the flow thus leading to a lower pressure recovery and less mass
flow rate in center tubes, therefore, the mass flow rate distribution
in the case2 is better than that in the casel. In this case, the key to
solve this problem is to focus on the tubes at the center and tubes
close to extreme ends of the header, in which the mass flow rate
is much higher than the average value of mass flow rate in tubes.
Based on the analysis discussed before, iterative adjustments of
variation of the extension for tubes have been made and the best
solution as well as iterative solutions performed successfully is
shown in Figure 8B. It can be seen that the mass flow rate in
center tubes and tubes close to extreme ends of the header has
been successfully decreased making the flow distribution more
even.

For the case3, the bigger cross section area of the header
than that in case2 continues to decrease the pressure recovery
in center tubes leading to even worse flow distribution in the
header causing that large amount of mass flow rate goes through
tubes which are near extreme edges of the header. For this case,
the promotion should be applied to tubes at the extreme edge
of the header. The base case without solution, the best solution
and iterative solutions performed successfully are shown in the
Figure 8C. It can be seen that the flow distribution has been
successfully promoted, showing the effectiveness of the method
applied in this study.

The method applied in this study all performed well when
dealing with these three base cases. The dimensionless parameter
SE has been applied to evaluate the maldistribution of the flow
distribution in the header. The best solution reduces the SE by
81, 69, and 69% for casel, case2, and case3 respectively. The main
concept utilized in the method of reducing the maldistribution is
to adjust the effective flow area and the pressure at the tube inlet
thus achieving the goal of balancing the mass flow rate through
tubes.

Pressure Distribution

The Figure 9 shows the contour diagrams for the static pressure
within the header and tubes for all cases under investigation. For
all the cases as it can be seen from Figure9. There is almost
a significant pressure drop from the header to the tube for the
flow resistance at the interface of the header and tubes. The flow
recovery happens at the tube inlet increasing the static pressure in
the header. And it can be found that the static pressure increase
from the center of the header along the way to the edge of the
header. For the cases with the best solution, the pressure gradient
in the header and tubes is both smaller than that in the cases
without solution. It is because that the different insert length
of the tube inside the header promote the pressure distribution.
For instance, the pressure at the edge of the header is bigger
than other position. The longer extension of the tubes near the
extreme edge increase more pressure drop from the header to
the tube, thus making the pressure distribution in tubes more
uniform.
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FIGURE 9 | Pressure contour for the header and tubes of heat exchangers (A) Pressure contour for Case 1 (B) Pressure contour for Case 2 (C) Pressure contour for
Case 3.

Velocity Distribution

The Figure 10 shows the velocity distribution within the header
and tubes for all cases under study. It can be seen in Figure 10A
that the flow velocity is bigger inside the tubes near the
center of the header while smaller in tubes near edges of
the header. With the solution, the extension of tubes near
the center decrease the velocity inside these tubes near the
center, making the velocity gradient in the header and tubes
more uniform as shown in Figure 10B. For the case2 without
solution, the velocity in the header near the center and the

edge is much higher than that in the middle as shown in
Figure 10C. After the solution is applied, the velocity becomes
more uniform as shown in Figure 10D. For the case3 with
bigger header diameter, the mass flow concentrates in the tubes
near the edge, because of low pressure recovery in tubes at
the center, pushing more mass flow into tubes at the edge,
as shown in Figure 10E. The way should be to increase the
extension of tubes near the edge in order to decrease the A (i),
making the velocity distribution more uniform as shown in
Figure 10F.
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FIGURE 10 | Velocity contour for the header and tubes of heat exchangers (A,B) Velocity contour for Case 1 (C,D) Velocity contour for Case 2 (E,F) Velocity contour
for Case 3.

TABLE 2 | The pressure loss for cases from the heat exchanger. Pressure DI"Op Through Heat EXChangers

The overall pressure drop through three cases -either
without or with the best solution are listed in Table 2.
Cases Without solution Bestsolution  Because of the insert length of tubes inside the header,
the frictional coefficients increase, bringing more pressure

Pressure loss(pa)

gzzg; S:gi'gggigg Sgglgggigg loss. For the best solutions, the pressure drops have
. . . o
Case3 1061 993462 1120773460 Deen increased by 2.83, 4.83, and 6.46% for casel, case2,

and case3 respectively, comparing to the cases without
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FIGURE 11 | The effect of inlet mass flow rate on the insert method.
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solutions. For the case with smaller header diameter,
the velocity in the header is larger. Therefore, the
sensitivity of variable insert length is higher and less
length of insert length for tubes is needed, which decrease
the frictional coeflicients brought by the extension of
tubes.

The Application of the Method for Different

Inlet Mass Flow Rate

Considering the effect of the mass flow rate on the method
in this study, the flow distribution in the casel without
the solution and the casel with the best solution are
numerically calculated under different inlet mass flow
rate as shown in Figure1ll. As the inlet mass flow rate
increase, the maldistribution slightly increase for all
cases. Besides, the insert method significantly even the
flow distribution under all inlet flow rate, showing that
the method is effective and applicable for all inlet flow
rates.
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