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ABSTRACT

For rack-mounted electronics, flow distribution is desired as per the heat load characteristics. In the literature,
attainment of flow uniformity through manifolds is highlighted and widely discussed as it has more applications.
To attain desired flow distribution, the complexity of the problem increases. In the present paper, the Design of
Experiments (DOE) along with response surface optimization is used to arrive at desired flow, which includes
uniform flow also. A three-dimension, 10-channel Z-type manifold is considered for the study. This model is taken
from experimentally verified and published data for which desired flow patterns are achieved. Flow requirement
through each channel is set as a parameter for optimization and by the defined sample set under DOE, uniform
flow and pattern flow are achieved by introducing suitable orifices. Multi-Objective Genetic Algorithm (MOGA) is
used for obtaining orifice diameters. A good agreement is observed between the attained flow patterns and desired
patterns. This approach is simple and can be implemented for industrial applications.
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NOMENCLATURE SUBSCRIPTS
a Cross-sectional area of orifice, m? a attained
C, Orifice coefficient of discharge d desired
d Orifice diameter, m f final
D Branch channel diameter, m i initial
f Limiting factorial number L lower bound
k Number of input parameters m mass flow rate
m, Attained mass flow rate, kg/s U upper bound

m, Desired mass flow rate, kg/s
n Number of channels 1. INTRODUCTION
p Static pressure of the fluid, Pa Flow distribution through manifolds has applications in

Q Water flow rate, m3/s

v Velocity of fluid, m/s

¥ Volume flow rate, m*/s

p Density of the fluid, kg/m’
p Viscosity of the fluid, Pa.s
x Design variable

ABBREVIATIONS
DF Deviation Factor
DI Deviation Index for mass flow rate

DoE  Design of Experiments

HVAC Heating, Ventilating, Air Conditioning
LRU Line Replaceable Unit

MOGA Multi-Objective Genetic Algorithm

electronics cooling', HVAC systems**, heat exchangers™"! boilers'?,
nuclear reactors™*', heat transfer applications''¢, solar collectors
equipment'’, chemical processing fuel cells,'® etc. Being enriched
with vast research for the past few decades, still this topic has
scope for further investigation as the applications are varying day
by day.

A manifold is a fluid flow chamber that either divides the flow
from a single inlet to numerous exits or combines the flow from
numerous exits to a single outlet. When the fluid gets distributed
from a single inlet line, it is called a distribution header. When
the fluid converges to a single outlet line, it is called a collection
header. The numerous branches connected to these single lines
are called channels. Widely used manifold configurations are
shown in Fig. 1", There are several other types also, which are
application dependent®”.

Flow distribution inside the manifolds depends upon the
associated geometry friction losses, turning losses, the transition
of pressure, and momentum inside the headers. Pressure drops
across the channel drive fluid flow through it. These factors are

Received : 01 February 2022, Revised : 07 April 2022 configuration dependent and are unique to each type of manifold
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Figure 1. Different type of manifold configurations (a) Dividing, (b) Combining, (¢) Z-type, (d) U-type, (e) Nested, (f) Central feed
dual out, (g) Dual in central out, (h) Split and combine flow, (i) Bifurcation and (j) Parallel.

Reasons for maldistribution inside the manifolds were
studied extensively by several researchers. Gandhi,’ et al. have
summarized some of the major contributions in chronological
order. Wang,'”?° et al. have discussed analytical and discrete
approaches?! for finding solutions to manifold problems. In the
available literature, the complexity of flow distribution through
manifolds is reduced by the following assumptions: (i) all the
channels are uniformly spaced (ii) flow across all the channels
is the same and (iii) all channels have the same cross-sectional
area. With the advent of Computational Fluid Dynamics (CFD)
software, conjugate heat transfer problems are also being
solved. Since applications of flow uniformity are wider, and
maldistribution is considered an unequal distribution, it has
been extensively discussed in the literature. Flow uniformity
across the channels is declared as the key performance evaluator
in the manifold distribution systems'-'8,

Wei???, et al. and Zeng®, et al. have identified that in
applications like solar tubular receivers, and heat exchangers,
non-uniform but desired flow distribution is required. Hence,
flow maldistribution is re-defined as the deviation from the
target or desired distribution. To attain desired flow, Wei, et.al.
developed a CFD-based algorithm. They analsed a 2D model of
15 channels between distribution and collection manifolds with
middle inlet-outlet and diagonal inlet-outlet configurations. In
their study, a perforated baffle plate is inserted in the distribution
manifold and orifice diameters are iteratively controlled by the
error between target flow rates and flow rates from the previous

iteration for each channel. Zeng, et al. have performed multi-
stage topology optimization on a 2D model with middle inlet
and outlet configuration of the manifolds to achieve target
flow distribution. In both studies, desired flow distribution is
attained by the geometry modification of the inlet manifolds.
However, it may not always be feasible to make geometry
modifications to achieve the desired flow pattern, as this issue
needs to be addressed at the design level. Hence an alternate
approach is sought.

Inairborne applications, avionic (electronic) racks are very
compact due to weight and space constraints. These electronic
racks typically consist of several Line Replaceable Units
(LRUs) arranged in tandem. In this, coolant is distributed to
cold plates using manifolds. LRUs are butted to the cold plates.
All the rack-mounted LRUs always may not have similar heat
loads. Sometimes, though the LRU configuration is the same,
heat loads may vary as per the operating duty cycle. Hence,
flow uniformity across all coolant channels in the racks may
not be always desirable.

Sogunuru®, et al. proposed a numerical approach to meet
the pattern flow requirement for a 10-channel Z-manifold
configuration. In their study, the pressure drop that drives
desired flow through each channel is calculated using the
Hagen-Poiseuille equation. For each channel, the corresponding
pressure drop obtained from CFD simulations is compared. For
each difference in pressure drop, orifice sizes are calculated by
solving the following orifice equation:
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where, 3 =d/D

After obtaining a set of orifice diameters, CFD simulations
are performed. Simulations are continued with the modified
orifice diameters, after each iteration, to reduce the deviation to
an acceptable level. However, in this approach, except for the
numerical simulations, every step needs manual intervention,
which is a cumbersome exercise. Also, for channels of varying
cross-sections, theoretical calculation of pressure drop that
drives desired flow is not possible. Hence an alternate, easy
method is required. To the authors’ knowledge, in the available
open literature, a simple approach to attain desired flow pattern
using DoE techniques in the manifold system could not be
found.

In the manifold system, flow across each channel is
affected by the flow across other channels. To achieve desired
flow through each channel, each channel needs a flow control
valve or a suitable orifice. Hence, considering the orifice
diameter of each channel as an input parameter, the influence
of all the parameters can be studied simultaneously to obtain
desired flow through each one of them. This becomes a multi-
parameter and multi-objective function problem. Hence,
the Design of Experiments approach can be used to achieve
desired flow distribution. The following three configurations
are considered for the present study.

1. Uniform flow

2. Flow Pattern -1

3. Flow Pattern -2

Theflow pattern-1 and flow pattern-2 of the Z-configuration
manifold are studied by Sogunuru?, et al. and are chosen for the
present paper as they are validated experimentally.

2. DESIGN OF EXPERIMENTS (DOE)

DOE is a scientific approach in which a series of
experiments are conducted for a given set of parameters within
a specified range that minimizes the number of runs needed
to understand the influence of parameters. Figure 2 shows a
typical framework® of DOE for a system or a process.

Controllable fators

Input % System/Process - Output

Uncontrollable fators

Figure 2. General framework of DoE for process/system.

To get a better output response, a greater number of
samples are required to conduct more experiments. However,
this is an intensive exercise. From a smaller number of samples,
the desired results may not be achieved. Hence choosing an
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appropriate and a minimum number of samples that can have
maximum influence on the output response is very essential for
conducting the experiments.

The number of samples generation to conduct experiments
depends on the selection of DoE schemes??’. The Central
Composite Design and Box Behnken Design schemes are
categorized as classical or black box sampling schemes
because the objective function need not be known a priori.
These schemes are robust and use second-order designs to fit
full quadratic objective functions®.

In Central Composite Design, each input parameter is
divided into three or five levels between its maximum and
minimum values. It uses central points, extreme or corner
points, and either face points or extended points. Central
composite designs with face points require three levels. With
extended axial points called star points, five levels are required.
In Box Behnken Design, the input parameter is divided into
three levels and hence the number of generated samples will
be less. So, predictive accuracy levels are less compared to
central composite design. Figure 3 shows the spread of points
in the Central composite design for two and three variables.?

[

N W/ :ﬁ
T
L k

Figure 3. Central composite design for two variables (left),
three variables (right).

~
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To reduce the number of experimental runs, and for more
accuracy levels, optimal designs are available. These are called
white-box functions since the objective function is known a
priori¥. Optimal Space Filling Design, Sparse Grid Design, and
Latin Hypercube Sampling Design are a few optimal designs. In
Optimal Space Filling Design each input parameter is divided
into several parts to achieve the maximum analytical vision
using the least number of points. In the Sparse Grid method,
each input parameter is divided into three levels, however
in this, when the gradient in the desired output parameters
is more, the matrix of the design points can be corrected to
increase the accuracy levels of the response level. The Latin
Hyper Cube Sampling uses the Monte Carlo sampling method
and the design points are randomly generated with a maximum
possible spread in the design space. Several research papers
are available detailing each model. However, the selection of
the appropriate scheme for DoE requires adequate engineering
knowledge.

The DoE generates the data for output parameters
corresponding to the design points based on the selection of
the DoE scheme. To know the continuous variation of the
performance output parameter over a given variation of the
input parameter, a Meta model or a response surface is used.
Response surfaceis asimple approximation to acomputationally
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intensive function,?® that is the best fit surface through the
calculated points to the interpolated space. It provides the
approximated values of the output parameters corresponding
to the input parameters everywhere in the analyzed design
space, without the need to perform a complete solution. The
interpolation spaces can be generated by different methods like
second-order polynomial, Kriging, neural networks, sparse
grid methods, non-parametric regression, etc.

With a sufficient number of design points and a good spread
across the sampling space and with appropriate interpolation
methods, an optimal solution that meets the required objectives
is obtained.

A standard non-linear optimization problem is usually
formulated as

Max | MinF (x)
ST.g,(x)<0,(k=1..K)

xe [xL , Xy ]
()
where, x =[x, x,,..x, ]T is a vector of design variable; x, x,
are the lower and upper bounds vectors, respectively, which
define the search range for each factor, and together define the
design space.

In the present work, the Z-manifold is the system
considered as explained in Fig. 2. Input is the mass flow rate
through the inlet and output is the desired flow rate through
each channel. Controllable factors are the orifice diameters and
the uncontrollable factors are the geometry and the pressure
losses associated with it. This defines the problem. An optimal
solution is the one that gives the desired flow with minimum
pressure loss for the overall configuration. Figure 4 provides
the methodology of DoE with the optimization process adopted
in the present study in the form of a flow chart.

3. CFD MODEL

A Z-type manifold geometry is created in the ANSYS
Design Modeler. The bottom inlet and top outlet are considered.
Diameters of header and channel are taken as 12 mm and
6.5 mm respectively. Ten channels are considered with a pitch
of 70mm. The total length of the manifold considered is 700
mm. The total height of each channel is 440 mm. Since orifice
diameter is a variable factor for each channel to be optimized,
a length of 20 mm at the mid-portion of a total 440 mm
channel height is modeled separately in Design Modeler and
defined as a parameter. Figure 5 shows the schematic of the
Z-manifold with dimensions. In this, d, to d, represents the
orifice diameters which are defined as input parameters.

Definition of orifice diameter as input
parameter and mass flow rate as
output parameter in the CFD model

I

Design Space for the orifice diameter

.

¥
Create space filling DoE |

L J

| Run CFD simulations at DoE points |

A J

Run response surface with suitable
model

Set objective function as desired
mass flow for each channel and
run_optimization

Add group of points  j&—

Convergence

‘ Verify candidate points |

'

Compare the set target values
with verified results

Optimal
solution

Yes

End

Add Refinement
points to response
surface

Figure 4. Flow chart of DoE with response surface optimization.
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For 10 channels, 10 parameters are defined. Numerical
mesh is prepared in ANSYS ICEM-CFD. Hex dominant mesh
is used for the overall computational domain to have quality
mesh. The multi-Zone method is used to generate the fine
mesh at the orifice portions. In the vicinity of the junctions,
a few tetrahedral elements are used instead of the dominant
hexahedral cells to capture the fluid properties accurately at the
junctions of the manifolds. The fine mesh used is of 0.00 I mm
element size. The average element quality is maintained at 0.7.
Fig. 6 indicates mesh for the fluid domain of the 3D manifold
configuration investigated in the present study. At the inlet of
the distribution header, the velocity inlet boundary condition
is applied. At the outlet of the collection header, a pressure
boundary condition is applied. At the closed end of both the
headers, wall boundary conditions are considered.

B:___________—»Omlet

A

[
|
|
|
|
I
|
|
|

Inlet —» a
L 700

Figure 5. Schematic of Z-manifold system considered for
numerical simulations.

Yy

= Outlet

Inlet = jube

Figure 6. Model and mesh considered for numerical
simulations.

4. SOLUTION METHODOLOGY AND CFD

SIMULATIONS

ANSYS Fluent 19.2 is used for CFD simulations. The
flow-through manifold distribution system is considered
incompressible, of constant viscosity, and steady. Gravity
forces are neglected. Fluid is selected as Water with a density
0f 998 kg/m® and dynamic viscosity of 0.00089 Pa.s.

The mass conservation equation used for solving is as
follows:
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Vy=0 (3)

The momentum conservation equation used for solving is
written as follows:

GV =—L1vp+ Evy 4)
PP

where y is velocity, p is static pressure, p is the density of
the fluid.

Pressure-velocity coupled; the second-order upwind scheme
is chosen as the solution method. This method obtains a robust
and efficient performance for steady-state single-phase flows, and
solvesmomentumandpressure-based continuityequationstogether.

Initial configuration is analyzed first for 6.5mm diameter
throughout the channel length and the flow rates across each
channel arenoted. Thisis considered the Natural flow configuration.

The initial mesh has 4,53,000 cell numbers. It is refined
successively thrice by a refinement factor of 1.5. Iterations are
carried out for the residuals of five orders of magnitude for each
case. Mass flow rates across each channel are compared for each
case. Results are checked for grid independence. Mesh with
a cell number of approximately about 10, 20,000 is finalized
with negligible deviation in mass flow rates in successive
iterations. As indicated in Fig. 5, each channel orifice diameter
is independently defined as an input parameter and the mass
flow rate across each of them is defined as output parameters
corresponding to it. The Central Composite method is chosen
as the DoE scheme due to its robustness. For each input
parameter, Lower and upper bounds are defined as Imm and
6.5mm respectively. The number of the sample points generated
in the ANSYS Workbench for 10 input parameters is 149. This

is calculated automatically using the formula 2*/) +2k +1.
In this & is the number of input parameters which is equal to
10. f'value is 3. f7is the limiting factor corresponding to 10 input
parameters. Hence the number of generated samples is 149.

To generate the Response Surface, the Genetic Aggregation
(GA) method is chosen with an option to generate rectification
points in the Workbench. Desired flow through each channel
is set as the objective function before running the optimization
scheme. For the same DoE samples, three optimization cases
are run separately to achieve the three desired flow patterns.
The multi-Objective Genetic Algorithm (MOGA) is selected
to obtain global optimum values for all three cases. Generated
candidate points are verified against the desired flow.

Simulations are performed in an AMD Ryzen™ 9
4900HS, a 64-bit system having an eight-core processor
with 16 threads and 16.00GB RAM. Each optimization
simulation is converged after 11958 evaluations.

To compare the distribution between the desired
and attained flows, a  dimensionless Deviation
Index (DI) is introduced, which is defined as:

DI = [u] *100 (6)

m
m,

where, ma is the mass flow rate attained, and 71, is the desired
mass flow rate.
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To reduce DI, to areasonable level, verified candidate
points are inserted as refinement points. On the modification
of the Response Surface, Optimization is carried out to get the

desired flow to the level of acceptable accuracy.
Another dimensionless number DI, is introduced that

provides the deviation from the initial diameter (d,) of the
channel which is 6.5mm.

d —d
Dld:[ = f]

i

(6)

5. SENSITIVITY ANALYSIS

The purpose of carrying out sensitivity analysis is to
understand the influence of the design variables or the input
parameters on the output or performance of the object. By doing
so, more attention can be paid to optimising the key influencing
factors that save computational time. However, variation of
one variable at a time may not provide a complete idea of
the overall structure of the problem as in the present case. In
such conditions, the response surface approach provides good
insight into the design problem.

Figure 7 presents the local sensitivity diagram obtained
from the ANSYS Workbench for the present manifold
configuration, in terms of a bar chart for natural flow
configuration. Indicated on the top right of this figure, P1 to
P10 are the input parameters. These are the orifice diameters of
all the 10 channels. On the x-axis, the indicated parameters P11
to P20 are the mass flow rates across the channels from channel
1 to channel 10. From this figure, it is evident that each channel
output parameter is highly influenced by the respective channel
diameter. And the effect of orifice diameters of the last five
channels is predominant when compared to the effect of orifice
diameters of the first five channels.

6. RESULTS AND DISCUSSION
6.1 Natural and Uniform Flow

For the natural flow configuration, the mass flow rate is
more towards the last few channels, as expected. A section
plane is drawn at the middle of the manifold system at the
(0,0,0) coordinate and velocity contour plots are taken for
all the studied cases. The velocity contour for the natural
configuration is shown in Fig. 8. For the objective function of

ooooa o

Local Sensitivity (%)

100

flow uniformity, the results obtained are plotted in Fig. 9. In
the same figure, the mass flow rate across each channel for
the natural case is also plotted and compared. The obtained
velocity contour plot for uniform flow is presented in Fig. 10.

Velocity [m s*-1]

h'd — e

Figure 8. Velocity contour plot for natural flow distribution.

—#— Desired Uniform flow
—8—O0btained Uniform flow
—o—Natural flow

0.00350 -
0.00300 -+
0.00250 -
0.00200 -
0.00150 A

0.00100 A
0.00050 -

Mass flow rate, kg/s

0.00000 T T T T T T T T T !

o 1 2 3 4 5 & 7 8 9 10
Channel number

Figure 9. Mass flow distribution across channels for natural
and uniform flow cases.
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Figure 7. Sensitivity chart obtained from ANSYS workbench for natural flow configuration.
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Velocity [m s*-1]

Figure 10. Velocity contour plot for uniform flow distribution.

6.2 Flow Pattern-1
The desired flow Pattern-1 configuration and attained
mass flow from the CFD simulations are compared and shown
in Fig. 11.
—a— Desired Pattern-1

0.00300 - —-8-Obtained Pattern-1

0.00250 4
0.00200

0.00150 -
0.00100 -

0.00050 4

Mass flow rate, kg/s

0,00000 . r - T T -
g 1 2 3 4 5 & 7 8 89 10
Channel number

Figure 11. Mass flow distribution across channels for flow
pattern-1.

Figure 12 shows the velocity contour plot for this flow
pattern.

Velocity [m s*-1]

|

QQ 69'1/ qu o~ 9'\ ™~ 9‘\ N 9'\ M 'QN
¥ G2 S & 0 aF QF &F F

]

Figure 12. Velocity contour plot for flow pattern-1.
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6.3 Flow Pattern-2

The desired flow and achieved mass flow across
each channel for Pattern-2 are compared and presented in
Fig. 13. The velocity contour plot corresponding to this pattern
is shown in Fig. 14.

—aDesired Pattern-2
0.00300 - —=—QObtained Pattern-2
0.00250 4
0.00200 -
0.00150 -
0.00100 4

0.00050 -

Mass flow rate, kg/s

0.00000 T

o 1 2 3 4 5 & 7 8 9 10
Channel number

Figure 13. Mass flow distribution across channels for flow
pattern-2.

Figure 14. Velocity contour plot for flow pattern-2.

The dimensionless Deviation Index for each studied
pattern is plotted and compared as shown in Fig. 15. In this,
positive values on the y-axis indicate excess low and negative

values indicate short flow. For Natural flow, pr is calculated
for the values of Uniform flow. It is seen in this figure that,

DI, for Natural flow is in the range of -28.4 to +73.6. This is
reduced to -7.3 to 8.4 for Uniform flow. For optimized flow

Pattern-1, DI, lies in the range of -14.4 to +6.9. Similarly,
optimized flow Pattern-2, DI lies in the range of -14.6 to 9.

For each type of flow, the Deviation Factor as defined by
Wei et.al.?, is calculated using the formula
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—&— Natural flow

60 —— Uniform flow
—a&— Desired flow

50 + —8— Pattern-1

—=— Pattern-2

Channel number
Figure 15. Channel wise DI for all the studied cases.

Total Pressure drop for all the cases and DF values are
presented in Tablel. It is seen from the table that for the uniform
flow, DF is the maximum. As predicted, the maximum pressure
drop is observed for flow Pattern-1case. This is because,
to attain peak minimum flow for every alternate channel,
orifice diameters are reduced, and accordingly pressure drop
increases.

DI, for the Uniform flow, flow Pattern-1 and flow
Pattern-2 cases are plotted for each channel as shown in
Fig. 16. Itis interesting to observe that the trend of the diameter
deviation graphs is opposite to that of the desired patterns.

Table 1. Pressure drop and DF for Analyzed cases

Analyzed case Pressure drop, pa DF
Natural flow 60.37162

Uniform flow 68.50604 0.118
Pattern-1 89.73 0.065
Pattern-2 75.43681 0.065

—%— Uniform flow —=—Pattern-1 —8—Pattern-2

0.7 1
0.6
0.5
0.4 4
303 -
0.2 4
01

Channel number
Figure 16. Channel wise DI, or all the studied cases.

7. CONCLUSIONS AND FUTURE SCOPE

The applicability of DOE techniques to attain three
different desired flow patterns in the manifold system is
investigated. Results of attained individual channel flow rates
for all the investigated patterns are compared with that of the

desired flow rates. A dimensionless Mass flow index (DI ) is
defined to find the deviation. The highest value of DI on the
positive side in the case of the Natural flow is 73, which has
been brought down to 9 which is the maximum of all three
cases. Similarly, the Highest value of DI in the case of Natural
flow is -28.4, on the negative side, has been brought down to
-14.6.

DOE approach can be extended to complex manifold
problems to find the orifice diameters. With a more reasonable
number of samples, it is possible to get further accurate results.
This results in a significant reduction in human intervention
in model correction after each iteration. This has potential
application in solving similar industrial problems. When
the number of channels is more, using a Central Composite
method to define the sample space would be computationally
intensive. By the selection of appropriate DOE techniques, it
can be minimized.

The study will be extended in the future to verify the
attainment of desired flow in the case of non-uniform and
irregular cross-section channels and turbulent flows
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