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Chemical Technology, Mumbai, India

In the present work, performance/flow characteristics (namely, the effect of
operating parameters like pressure on flow patterns, pressure drop, and the
extent of flow uniformity) and transport phenomena of a manifold (header tube
assembly) having an inlet and outlet at the center are carried out on a
macroscale geometry using CFD simulations. In this study, an existing design
available in the published literature (with high flow non-uniformity) was
considered and an optimized design (with minimum flow non-uniformity)
was developed. The optimization is performed by incorporating a perforated
plate (distributor) inside the top header of the manifold. First, CFD simulations
for different configurations of the existing design with the perforated plate have
been performed for a pressure of 10 bar with steam as a working fluid, and an
optimized configuration having a minimum flow non-uniformity of less than 3%
is obtained. CFD simulations for both the existing design and optimized design
are then performed for a pressure range (10 < p < 70 bar) and the corresponding
Reynolds number (Re) range (2.82E+05 < Re < 2.82E+06) with steam as the
working fluid. The extent of non-uniformity (ENU) and pressure drop for the
existing design (without a distributor) and optimized design (with a distributor)
have been analyzed and compared. The optimized design gives the near
uniform flow (~1-4%) for all pressures and Reynolds numbers considered.
An empirical correlation relating the friction factor (as per the
Chilton—Colburn analogy) and Re has been developed for both designs (with
and without a distributor). The predicted friction factors are compared with the
present CFD predictions, and experimental data of the shell and tube heat
exchanger are available in the published literature. A good agreement within a
10-15% deviation has been observed. Based on the Chilton—Colburn analogy, a
correlation for the Nusselt number is obtained from the friction factor
correlations for both with and without distributor cases. The correlations for
friction factors were found to be valid under any operating conditions for a
pressure drop range within 0.05 < Ap < 1.8 bar irrespective of the design of the
distributor, assuming that the manifold is able to withstand the pressure drops in
the given range.
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1 Introduction

In macroscale process equipment (like heat exchangers)
or microscale equipment (like external manifold solid oxide
fuel cell stack, microchips for electronic applications, water-
cooled impingement microchannel, and proton exchange
membrane fuel cells), the single-stream flow needs to be
divided into several parallel streams (i.e., the flow gets
distributed also termed as flow distribution) and then
recombined into a single stream. The equipment involving
such flows is in general termed as manifolds. The single
stream entering the manifold can be a pipe or channel
(generally termed as a main channel or top header) with
entry from one side (left, right, or top) or center (top or
bottom). The flow then gets divided into multiple pipes or
channels (the size of which is less than one-fourth of the main
channel). The flow then recombines into another main
channel at the bottom (also called the bottom header) after
which it goes downstream to another equipment or to the
atmosphere. In these types of equipment, the dimensions
range from micrometers to meters, depending on the
applications for which they are used. An improper flow
distribution affects the overall heat transfer coefficient in a
heat exchanger or conversion and yields in a multichannel
catalytic converter, thus affecting the performance of the
equipment. The flow may be evenly distributed (termed as
uniform flow distribution) in the manifold or may be non-
evenly distributed (termed as maldistribution). One of the
applications where such manifolds are used but less widely
studied is as a condenser for safety applications in nuclear
power plants for passive decay heat removal. In such
the fluids
convection (Ganguli et al, 2011) and two-phase flow,

applications, undergo turbulent natural
especially boiling and condensation (Ganguli et al., 2010;
Dahikar et al., 2013; Ganguli et al., 2013). CFD modeling of
these condensers for the single-phase uniform flow
distribution has been studied by Gandhi et al. (2012).
Another important aspect is the effect of maldistribution
on transport phenomena. The analytical or empirical
modeling of this aspect has not received greater attention
for non-conventional heat exchangers like plate and frame
heat exchangers and manifolds (side or central entry).
Studies on flow non-uniformity and pressure drops in
macroscale manifolds were first studied more than 5 decades
ago by Acrivos et al. (1959). In the past few years, however, the
distribution of fluids at a microscale has received considerable
attention. It was thought worthwhile to briefly review the
literature of optimization of geometries of microscale and

have a better understanding of strategies which might help in
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optimization of geometries at a macroscale. First, the geometrical
and operating parameters of such research works are listed in
Table 1 which have been complimented with the description in
Section 2.

The basic shapes in a microchannel are 1) conservative types
having rectangular, hemi-spherical, converging-diverging shapes
with entry from the extreme bottom or top and exit from the
extreme top or bottom (Figure 1A); 2) bifurcation shape where
there is a central inlet, and the flow is split sequentially till it goes
into two channels (Figure 1B); and 3) a manifold having a central
inlet and outlet and a baffle divides the flow before it moves to a
series of channels and divides the flow (Figure 1C). The flow
distribution is a function of the flow area within the headers and
the pressure loss in the tubes between the headers.

1.1 Literature review

In this section, the recent works carried out on flow
with
provided in Figure 1, and analytical works of flow distribution

distribution in  microchannels configurations  are
in manifolds have been discussed. Since a detailed literature study
of CED studies of flow distribution in manifolds is available in the
published literature (Gandhi et al., 2012; Minocha and Joshi,
2020), a limited literature review on macroscopic manifolds is

provided in Section 2.2.

1.2 Flow distribution studies on microscale
manifolds with a central inlet and outlet

The distribution of fluids in microscopic manifolds has
increased over the past decade. Wei et al. (2010) studied the
effects of structural parameters on velocity distribution using
numerical simulation of bifurcation structures as the manifolds
of microchannel arrays in a plane (Figure 1B). The arrays
considered by the authors were symmetric in nature. The
highlighted that the
complexity arose since channel parameters in each level

authors in Dbifurcation geometry,
downstream were independent and were represented as ratio
parameters. The optimization of these ratios, namely, 1) the ratio
of the length of the channel to the horizontal distance between
two adjacent channels at a specific level and 2) the ratios of the
right and left sides at a certain level in a bifurcation and channel
width ratios helped achieve uniform distribution.

Devia et al. (2015) carried out a series of CFD simulations to
infer the effects of a protrusion fitting (inside the header) on the
single-phase distribution in parallel upward vertical channels fed
by a common horizontal distributor. Numerical results were
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TABLE 1 Experimental and CFD details of research works available in the published literature.

Author Parameter detail
Geometry detail Type
of study
Mesh Geometric Flow Input Analytical/ Fluid Boundary Output Geometry
detail dimension rate parameter experimental/CFD used condition parameter and application
(depth range/temperature  and dimensionless simulation
and breadth, input number
mm)

Alagel etal. 2022)  Tetrahedral mesh 4 mm thickness, 2 m high, 0.2 m N/A Pressure, particle flow rates, air flow rates,  Experimental measurements and  Air-particle (red sand  Velocity inlet and pressure outlet Flow patterns, particle Particle fluid direct contact
diameter at the lower end, and 0.4 m and position of the air outlet CED simulation and bauxite) mixture distribution, and loss heat exchanger
diameter at the upper end

Ghasabehi et al Hexahedral Channel height: 1.2 mm; channel width: 298 K Geometrical parameters, operating Experimental measurements and Water Tapering angle and current density Proton exchange membrane

(2021) 1.52 mmy; rib width: 0.83 mm; BP pressure, cell temperature, anode relative CFD simulation fuel cells
thickness: 2.4 mm; L inclined: humidity, cathode relative humidity, anode
45.48 mm; W end: 1.52 mm; Cell active stoichiometry, cathode stoichiometry, and
area: 25 cm?; GDL thickness: 260 m; tapering angle
CL thickness: 10 pm; and membrane
thickness: 30 pm

Mohammadali Grid elements of 251,671 both Circular manifold with converging inlet  N/A Inlet-outlet arrangement, manifold 3D CED simulation with ANSYS ~ Water at 20°C Velocity inlet with constant velocity,  Flow patterns, velocity

et al. (2021)

Buerkle et al
(2020)

Hadad et al.
(2020)

Gilmore et al
(2021)

Zhao et al. (2020)

Zhuang et al
(2019)

Zoljalali and
Omidbakhsh
Amiri (2020)

convergence angles 0, while grid
elements of 552,946 for 6" convergence
angle considered out of five different
grids selected for mesh sensitivity

Grid size: 4.75e10™° hexahedral cells
with correction for near wall for the low
Reynolds number turbulence model

Unstructured grid with
70-122.5 million cells

Unstructured mesh with 2D mesh
elements of 264,142 and 3D mesh
elements of 26,219,812 with COMSOL
Multiphysics software

Structured mesh with 2.3 million mesh
elements using ANSYS ICEM CED 16

1,991,070 mesh elements using ANSYS
Fluent software for minichannels

Non-uniform hexahedral grid with
173,258 mesh elements

and diverging outlets and vice versa.
Heights: 500-3,264 pm. Width:
1,204-3,875 pm. Inlet and outlet
diameter is 4,000 ym. Channel length is
15,677 pm

Channel width: 4 mm, depth: 1 mm,
length - 65 cm, manifold width:

7.5 mm, depth: 12.5 mm, and hydraulic
diameter: 9.5 mm

Data for width, channel length, width of
channels, and thicknesses of fins for
entire microchannels are given

Total length of the domain is 65.1 mm,
height is 1.2 mm, and grooves are
29.23 mm, and pin diameter maximum

up to 0.615 mm

Inlet, outlet, and posterior diameter
range from 20 mm to 60 mm with

5 mm interval; depth: 1 mm; distance
between channels: 3.5 mm; area of the
channel: 150 x 130 mm’; manifold
depth: 15 mm; length of the flared tube:
40 mm; and diameter of holes in sheet:
2,5 mm

Four-stage bifurcation inlet manifold:
width 4.17 mm; 2.29 mm; 1.46 mm;

1 mm, length 5.40 mm; 4.28 mm;
3.38 mm; 0 mm. Parallel minichannels:
depth 1 mm, width 1 mm, and length
100 mm. Rectangular outlet manifold:
width 31 mm and length 10 mm

Depth: 100 um, width: 500 pm, and
length: 49.75 mm

449610 kgs™! at 20'C

0.35L/min at 27°C

17.98 ml/min, 35.95 ml/
min, and 53.93 ml/min
at 20°'C

Inlet velocities as high as
34 m/s

60-160 ml/min, Reynolds
number

Reynolds number in the
range of 5-25

geometry, location of the inlet and outlet off
the manifold, and Reynolds number range -
10-1,000

Velocity, pressure, and temperature;
Reynolds number = 3,700

Electronic chip power, size, coolant flow
rate, temperature, and effect of variation in
channel geometry

Inlet velocity, Re = 200-600

Inlet and outlet tube size, inlet manifold
structure, flow distribution, pressure drop,
and Reynolds number

Steam to carbon molar ratio, weight hourly
space velocity, operating temperature, and

catalyst particle size

Manifold geometry, flow rate, Reynolds
number 5 to 20, curvature wall, and corner

angle

Fluent

3D CFD simulation with AVL
FIRE software and experimental
measurements with the laser
Doppler velocity profile sensor

Experimental measurements and
CFD simulation

Experimental measurements and

CFD simulation

Experimental and CFD
simulation

CFD simulation and

experimental verification

Experimental measurement and
CFD simulation

15% propylene glycol
aqueous solution

Water

Nitrogen gas and
hydrogen-nitrogen

mixture

De-ionized water

pressure outlet with pressure = 0, no
slip boundary condition at the walls,
and effect of gravity and volumetric
forces are neglected

Constant mass flow at the inlet.
Outlet pressure at 1 atm. No slip
boundary conditions at the walls
with a constant temperature of 20°C

Velocity inlet and constant
temperature at the inlet, no slip at
the walls, and pressure outlet.
Constant heat flux boundary
condition at the bottom

Inlet as volumetric flow rate,
symmetry boundary condition so
that half of the geometry can be
considered, and pressure outlet

Velocity inlet, pressure outlet with
atmospheric pressure, and adiabatic
walls with no-slip boundary
condition

Mass flow as inlet pressure, outlet at
1 atm pressure, and no-slip at the

walls

Velocity inlet, non-zero velocity at
the walls, and atmospheric pressure
as the outlet boundary condition

profiles, and flow
maldistribution

Flow distribution, flow
profiles, and flow patterns

Pressure drop, thermal
resistance, temperature
profiles, and coefficient of
performance

Pressure drop, flow patterns
(velocity vectors, contours,
and pressure contours)

Mass flow rate, flow
distribution, velocity and
pressure contours, and
pressure drop

Steam to carbon molar ratio,
weight hourly space
velocity, operating
temperature, and catalyst

particle size

Pressure drop, flow patterns,
and non-uniform flow
distribution

Water-cooled impingement
microchannel with central

entry and side exit with or
without a distributor

Microchips for electronic
applications with central
entry and exit

External manifold solid
oxide fuel cell stack and
manifold with the central
inlet and outlet

Millireactor with the
four-stage bifurcation
structure manifold with the

central entry and exit

Triangular manifold with
five parallel microchips with

(Continued on following page)
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TABLE 1 (Continued) Experimental and CFD details of research works available in the published literature.

Author

Parameter detail

Geometry detail Type
of study
Mesh Geometric Flow Input Analytical/ Fluid Boundary Output Geometry
detail dimension rate parameter experimental/ CFD used condition parameter and application
(depth range/temperature  and dimensionless simulation
and breadth, input number
mm)
acentral entry (optimization
using five variants of entry)
Ji et al. (2019) N/A 50-75 pm <0.3L/min"" at 150°C-180°C Flow rate of the H,/N, mixture Experimental measurements H,-N, mixture N/A Pressure drop, voltage, and HT-PEMFC stack

Zeng et al. (2018)

Lim et al. (2018)

Ju et al. (2018)

Zhao et al. (2017)

Devia et al. (2015)

Wang and Wang
(2015)

Tomor and Krist6f

(2016)

Wei et al. (2010)

Tetrahedral mesh with the boundary
layer mesh on the channel walls;
37,340, 46,154, and 61,205 mesh

elements were generated

Two-dimensional grid of
739,456 elements using ANSYS
Fluent 15

Three-dimensional unit cell has
71,266 nodes

Mix of tetrahedral and hexahedron
grids with a total number of 7.6 million

cells

Hexahedral grid with 4,154,000 cells

Hexahedral mesh of 1,200,000 cells

N/A

Diameter = 5 mm and channel
width = 2 mm

Cell distance: 3.6 mm; inlet and outlet
width: 25.4 mm; and manifold width:
30 mm

Width of the square chip: 2 cm,
basement thickness: 100 um, cover
thickness: 100 pm, width of the square
micro-pin fin: 100 pm, height of the
square micro-pin fin: 250 um, length of
the microchannel: 100 ym, width of the
microchannel: 50 um, height of the
manifold (inlet and outlet): 200 pm,
width of the manifold channel (inlet and
outlet):100 um, width of the square inlet
and outlet nozzle: 50 pm, and height of
the nozzle layer: 100 ym

Gas channel depth of 1 mm, distance
between channels: 3.5 mm, manifold
depth: 15 mm, inlet and outlet diameter:
20 and 10 mm, and area of distributor:
100 x 150 mm?*

Inner diameter: 26 mm, length:

500 mm, depth: 15 mm, width: 18 mm,
protrusion diameter: 4 mm, header
diameter: 0.026 m, and protrusion
depth: 0.90

400 mm long and 3 mm internal

diameter

Inner diameter Dy: 20 m and D,: 10 m.
Length of each branch tube: 12,5 mm.
Distance of two neighboring laterals is
60 mm

Length: 20 mm, width: 500 pm, depth:
500 pm, and interval: 500 um

0.1 m/s

Mass flow rate of the
cathode mixture and
thickness of the gas
diffusion layer

0.151-0.754 m/s, 293.5 K

4.2 m/s and 17.6 m/s to
20 mm and 10 mm inlet
tube, respectively. Room
temperature

1.50-16.50 m/s and
0.20-1.20 m/s

0.5, 1, and 2 L/min at 25°C

10.20 m/s; 20.05 m/s; and
30.25 m/s at 24°C

N/A

Flow rate

Manifold configuration, mass flow rate, and

number of cells in stack

General parameters, micro-pin fin-related

parameters, microchannel (formed between

micro-pin fins)-related parameters,
manifold channel-related parameters,
nozzle-related parameters, and operating
conditions

Position of the inlet tube, depth of the

manifold, and channel resistance

Physical properties, temperature, and
Reynolds number

Size of the tube, flow rate and Reynolds

number

Pressure, flow velocity, pressure recovery
factor, and Reynolds number:
13,200-39,200

Inlet velocity and bifurcation

CFD simulation

Experimental and CED

simulation

CFD and experimental
simulations

CFD simulation

Experimental and CED
simulation

Analytical

Experimental and CED
simulation

Analytical

Solid-fluid mixture

Silicone as the solid
material, and water as

the coolant

Air and water

Water

N/A

Velocity inlet and pressure outlet
and no-slip at the walls

Inlet as velocity or mass flow rate,
pressure outlet, and no slip wall

Symmetry boundary conditions at
the lateral surfaces at the interface,
constant velocity condition at the
inlet, and average static pressure at
the outlet. All other surfaces are
adiabatic

Velocity inlet as the boundary
condition with standard liter per
minute, pressure outlet at outlet, no
slip at wall, and standard wall
functions for flow near the wall

Velocity inlet as the boundary
condition with the mass flow rate at
inlet, pressure outlet at outlet with
0 bar gauge pressure, and no slip at
walls

Boundary condition at the ith and
i-1st iteration for position and

velocity

Velocity and turbulence profiles
from fully developed periodic BC of
infinite length pipe flow, pressure
outlet with zero pressure, and wall
BC at the closed end of the header

No slip at walls and velocity inlet

with velocity as 1 mm/s

current

Flow distribution error and
pressure drop to measure

non-uniformity

Pressure drop and flow
patterns (pressure and
velocity profiles and
contours)

Heat transfer coefficient,
pressure drop, total thermal
resistance, average Nusselt
number, and maximum

temperature

Pressure drop and flow

patterns

Pressure drop, localized
pressure profiles, and flow
distribution

Flow distribution

Flow patterns and
dimensionless flow
distribution

Degree of velocity

distribution

Electronic cooling hotspots

and central solar receiver

PEMFC stack with entry and
exit from sides

Heat sink with manifold flow
distributor, impinging

nozzle, and micro-pin fin

Solid oxide fuel cell (SOFC)
stack

Radial flow reactors,
electronic cooling,
microreactors, heat
exchangers, and solar

collector

Microchannels

Mpued pue nbues

0¥S$T0T 2202 61usy/6855 0T


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1013540

Ganguli and Pandit

10.3389/fenrg.2022.1013540

B
1 Conservatve A 3. Baffle
J
[ — S st L - )
L * 3 e L = J
s ] A ;.' L J
C = ] E [ — ] :.
- _— »
- = [ = 3
[ 1 - A 4 J
.- L - -
L - ] .. ‘_-. { § 1 — : |
-
FIGURE 1

Different configurations in microchannels. (A) Conservative. (B) Bifurcating. (C) Baffle [reproduced from Gilmore et al. (2021)].

compared with both experimental single-phase and two-phase
(liquid/gas) experimental data. An empirical correlation was
developed between the pressure loss coefficients due to the
protrusions in terms of the local Reynolds number based on
the protrusion inner diameter. Both simulation and experimental
results showed that the mass flow rate increased slightly in
individual parallel channels while moving downstream inside
the header, though the non-uniformity of flow rates was well
within 5% in both numerical and experimental single-phase runs.
The CFD simulations also revealed a peculiar pressure trend
inside the header with a pressure recovery effect moving
downstream along the header. The authors attributed this to
the higher flow rates in the ending protrusion pipes.
Furthermore, a two-phase flow investigation showed very
different and much less uniform phase distribution profiles
with respect to the corresponding single-phase ones. Single-
phase standard deviations, from measured or numerical
quantities, resulted well below 5%, while the two-phase
counterparts can be 10 times as high as the single-phase
deviations.

Tomor and Kristof (2016) developed an analytical/discrete
model with variable flow coefficients for the dividing-flow
manifold design and compared their results with a 3D CFD
model and experimental data. A good agreement between both
experimental and CFD results was predicted.

Wang and Wang (2015) derived an analytical solution for the
second-order nonlinear ordinary differential equation for flow
distribution in a U-type manifold with a serpentine arrangement.
The major complexity in U-type manifolds with a serpentine
arrangement lied in losses from channels to headers in addition
to frictional losses in channels that needed to be accounted for.
The authors carried out momentum balance for different sections
of a manifold and applied appropriate boundary conditions (two-
point boundary conditions or initial and final boundary
conditions for overall momentum balance). Appropriate
corrections to the analytical solution were made using
different coefficients for different sections. Furthermore, the
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FIGURE 2
Schematic of configuration (A) as considered by Gandhi et al.
(2012).

authors performed a comparison between the results of flow
distribution between U-type and Z-type manifolds to understand
the performance of the developed analytical/discrete model.
Zhao etal. (2017) analyzed gas flow distribution and pressure
variation in a solid oxide fuel cell (SOFC) stack using CFD
simulations. The authors considered three different designs,
namely, 1) a manifold with both the inlet and outlet at the
top, 2) a manifold with the inlet and outlet at the top and bottom
headers, respectively, at their centers, and 3) a manifold with a
rectangular distributor near the top header inlet. The authors
named the aforementioned designs as T-manifold, C-manifold,
and D-manifold, respectively. The authors carried out sensitivity
analysis of different parameters like the position of the inlet, tube
depth of the manifold, and resistance posed by channels. The
authors concluded that a rectangular gas distributor improved

frontiersin.org
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FIGURE 3

Geometry and mesh of header tube assemblies. (A) Geometry of the design without a distributor. (B) Mesh for the design without a distributor.
(C) Geometry of the design with a distributor (D) Mesh for the design without a distributor.

the uniformity in flow and recommended this configuration since
it also avoided damage of other accessories (like sealants) in
addition to uniform flow distribution. Optimization of depth of
the manifold caused an improvement of distribution in the
T-manifold design while making not so significant change in
the C-manifold design. Furthermore, the authors claimed that for
pressure drops of 100 Pa, the non-uniformity decreased to 3%,
while for 400 Pa, there was practically no non-uniformity.
Juetal. (2018) carried out numerical studies to design a novel
heat sink with a flow distributor. A three-dimensional numerical
simulation was performed to investigate the thermal and

Frontiers in Energy Research
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hydrodynamic performances. Optimization of the design by
selecting several configurations and investigating performances
of each to the geometrical parameters were carried out, and the
best configuration for the heat sink was chosen based on the
optimum performance.

Lim et al. (2018) presented a numerical analysis of the flow
distribution behavior within different manifold configurations.
The authors developed a 2D CFD model for this purpose. Three
different flow configurations were considered with different
numbers of flow inlets and outlets. The flow characteristics,
such as the pressure and velocity variations in the manifold,

frontiersin.org
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FIGURE 4

Grid independence sensitivity study. 1) 137,443 cells, 2)
187,731 cells, and 3) 229,154 cells.

were analyzed to determine the effects of the different flow
configurations. The authors concluded that the configuration
with two inlets and two outlets was the best for uniform flow
distribution.

Zeng et al. (2018) developed a method for designing
headers based on multi-stage topology optimization of
fluid flow to minimize power dissipation. The authors also
compared the method with a CFD-based evolutionary
algorithm in the literature. The results proved that the
proposed multi-stage topology optimization of fluid flow is
an efficient method for addressing the general flow
distribution device design problem.

Jietal (2019) developed an experimental method to measure
the
relationship. Online measurement was carried out to optimize

flow  distribution  using flow  versus  current
flow distribution, and the results for optimization of geometry on
the performance of HT-PEMFC showed better flow uniformity.

Zhuang et al. (2019) used minichannel reactors with a
bifurcation-structured inlet manifold and different types of
outlet manifolds to study the flow distribution uniformity and
pressure drop. The authors observed fully developed flow and
uniform distribution when a longer channel length of bifurcation
in the inlet manifold was provided. Furthermore, the authors

investigated the effect of structures of bifurcation like triangle

TABLE 2 Properties of steam at different pressures and header dimensions.

Pressure Density (kg/m?)
10 52

40 20.37

70 37.04
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and rectangle, as well as the parallel minichannel length at the
outlet of a manifold on the flow uniformity of minichannel
reactors. The authors observed that the rectangular structure
outlet manifold simplified the structure of minichannel reactors
and reduced power losses. Furthermore, the flow uniformity of
the minichannel reactor increased as the parallel minichannel
length increased, and the impact was more significant at a high
inlet flow rate than at a low inlet flow rate.

Gilmore et al. (2021) carried out experimental (flow
visualization) and numerical studies (CFD simulations) for the
design of microchannels. The authors considered three different
configurations, two of which have an inlet and outlet from the
middle of the manifold and one of which has an inlet from the
bottom and an outlet at the top. In one of the geometries
considered by the authors having a middle inlet and outlet,
elliptical pins were used as baffles. The spacing between the
baffles was optimized using numerical simulations to get a
uniform distribution with a minor increase in pressure drop
compared to a design without baffles. The introduction of
elliptical pins reduced the normalized channel flow rate
variation from 19% to 1% and the range from 0.59 to 0.02,
while only increasing the pressure drop from 37.9 Pa to 41.3 Pa at
a Reynolds number of 200. The authors suggested that future
studies should seek to simplify optimization procedures, so that
the performance enhancement of the solutions may be more
practically implemented in real-world applications.

Hadad et al. (2020) numerically investigated the distributor
and collector effects of modified impingement microchannel heat
sinks having a reduced pressure drop compared to those of
the
authors observed that the size of the inlet and outlet of the
manifold has a significant effect on the thermal and hydraulic
performance of the heat sink. The authors carried out a

conventional microchannel heat sinks. Furthermore,

parametric study on the distributor and collector geometry
effects on the hydraulic and thermal resistances and found
satisfactory results for optimizing the geometry to enhance the
performance.

Buerkle et al. (2020) performed CFD simulation and optical
measurements to predict the flow distribution in a fuel cell stack.
The authors found that by manipulating the ratio of the diameter
of the inlet of the manifold to the diameter of individual fuel cells
and using a non-uniform distribution of holes in the baffle-aided
reduction in maldistribution, the average global deviation
between the flow rates was reduced from 10.1% to 4.0%.
Furthermore, the authors showed that the manufacturing

Viscosity (kg/ms) Header diameter (m)

1.5E-05 0.058
1.75E-05 0.058
1.9E-05 0.058
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FIGURE 5
Model validation: 1) Kubo and Uuda (1969) case 1 experiment;
2) Kubo and Uuda (1969) case 2 experiment; Pigford et al. (1983).

tolerances have a strong influence on the flow maldistribution,
and the modified design would help in rectifying the same.
Zoljalali and Omidbakhsh Amiri (2020) studied flow
distribution and pressure drop in parallel microchannels,
which are two effective parameters on the performance of

10.3389/fenrg.2022.1013540

different devices. For this work, the structure of a triangular
inlet manifold with straight and curved walls was studied as the
main subject. For this purpose, in a Reynolds number range of
5-25, four structures of inlet flow were investigated.
Furthermore, the effect of the geometry parameters on the
flow distribution was considered with a better structure of the
manifold.

Zhuang et al. (2020) developed a novel multichannel micro-
packed bed reactor with a bifurcation inlet manifold and a
rectangular outlet manifold to improve the methanol steam-
reforming performance. Catalyst particles were packed in the
multichanneled reactor, and the flow distribution uniformity in
the reactor was optimized numerically by carrying out sensitivity
analysis of the geometrical parameters. The authors claimed that
the developed optimized version multichannel micro-packed bed
reactor can provide a solution to overcome the problems of the
microchannel reactor coated with the catalyst. The authors have,
however, not mentioned the studies on pressure drop for their
optimized geometry.

Ghasabehi et al. (2021) carried out 3D CFD simulations for a
manifold geometry (multichanneled reactor) for performance
enhancement and lowering power losses. The authors considered
the following two designs: the first of which was to taper the main
channels without any baffles and the second was to manipulate
the inlet and outlet diameters of the manifolds. The authors

Inlet pipe

Distributor Header

FIGURE 6
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Geometrical details of the header and distributor along with parameters for configuration selection. (A) Configuration 1 and (B) configuration 5.
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TABLE 3 %ENU variations for different configurations.

Re C, ENU% C, ENU%
/1 0.2 0.3

2.86E+05 6 3

9.86E+05 10 7.5

1.91E+06 12 9

2.86E+06 15 11.5

performed simulations on eight structures with different tapering
angles that were compared with the simple parallel and
flow fields. The that the
performance (in terms of yields) in the proposed tapered

serpentine authors found
parallel flow geometry was much higher than that in the
conventional one. The authors concluded that due to flow
uniformity in the suggested modified design, there was an
increase in performance and a reduction in power loss in both

designs considered.

1.3 Flow distribution and transport
phenomena in macroscale manifolds with
a central inlet and outlet

Uniformity in flow distribution in any geometry (sparger,
different manifolds: dividing, combining, parallel, and reverse)
needs a proper balance between the pressure recovery and the
frictional pressure drop. Based on this, analytical expressions for
the extent of non-uniformity for dividing manifolds have been
published in the open literature (Bassiouny and Martin, 1984;
Turek et al., 2009; Wang, 2011; Midoux and Tondeur, 2015).
Furthermore, experimental measurements for pressure drops
have helped in developing empirical expressions for plate heat
exchangers (PHEs) (Arsenyeva et al., 2012; Gusew and Stuke,
2019).
applications
characteristics

Furthermore, numerical investigations in other
heat
include tubes with curved conical tubular
2021),
channels in solar heaters with arc-shaped ribs (Kazemi
Moghadam et al, 2021) or V-shaped ribs (Kadijani et al,
2022), or channels with partially inclined baffles (Salhi et al.,
2022).

In the present work, the geometry considered is that of
Gandhi et al. (2012) (as shown in Figure 2). The work on the

present geometry was studied a decade ago by a few researchers

causing  enhancement in transfer

inserts (Mousavi Ajarostaghi et al, rectangular

(Gandhi et al., 2012; Minocha and Joshi, 2020). A comprehensive
work has been carried out by Gandhi et al. (2012) on nine tube
assemblies without the need for any distributor. Minocha and
Joshi (2020) carried out investigations into a similar header tube
assembly and used eight different design strategies to reduce
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C; ENU% C, ENU% Cs ENU%
0.4 0.5 0.6

3 2 1

7 5 3

8 5 4

9 7 3

maldistribution and pressure drop inside such header tube
assemblies using a distributor. In their study, they concluded
that the most effective design strategy for maximum flow
uniformity and minimum energy dissipation would be the
flow

inclusion of the perforated baffle, which brings

uniformity up to 95%.

1.4 Literature review summary

The literature on microscale devices (both experimental and
CFD studies) has been discussed in detail in Section 2.1. Several
significant strategies to address the issue of maldistribution through
numerical/analytical different
configurations include 1) analytical/discrete models preferred as

techniques  for geometrical
compared to CFD by researchers (Devia et al, 2015; Wang and
Wang, 2015; Tomor and Kristof, 2016) for U- and Z-type manifolds,
2) incorporation of internals like distributors for manifolds with
central inlets and outlets (Zhao et al,, 2017; Gilmore et al., 2021), 3a)
optimization of geometric parameters like (b) inlet diameter to
individual tube ratios (Hadad et al., 2020); shape of the inlet (like
triangular inlets) (Zoljalali and Omidbakhsh Amiri, 2020); and (c)
other geometrical parameters (Zhuang et al., 2020; Ghasabehi et al,,
2021), 4) header designs with multistage topologies (Ju et al., 2018;
Zeng et al., 2018), and 5) number of flow inlets and outlets (Lim et al,,
2018). Experimental works to study maldistribution include the
following: 1) optimizing outlet diameters for bifurcation manifolds
(Zhuang et al., 2019); 2) geometry optimization by measuring current
as a function of flow (Ji et al., 2019). Gilmore et al. (2021) showed
encouraging results (on microscale geometries) of reducing
maldistribution to 1% with a nominal increase in pressure drop
for the Reynolds number of 200, while Buerkle et al. (2020) showed
optimization with the non-uniform hole distribution on the baffle
showing a non-uniformity to decrease up to 4%.

The literature review also shows that in macroscale
geometries, the transport phenomena in such manifolds would
depend on empirical correlations relating transport coefficients
with non-dimensional groups. Manifold designs are different
than the benchmark geometries (for example, conventional heat
exchangers such as shell and tube heat exchangers), and
development of empirical correlations for friction factors and
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FIGURE 7

Velocity contours for p = 10 bar. Without distributor Al:
Reynolds number (Re) = 2.82E+05; B1: Re = 9.86E+05; C1: Re =
1.91E+06. With distributor A2: Re = 2.82E+05; B2: Re = 9.86E+05;
C2: Re = 1.91E+06 (all units of velocity are given in m/s for the
color legend).

heat transfer coefficients is necessary. A brief discussion on
research works on transport phenomena in unconventional
heat exchangers has been provided in Section 2.2.

1.5 Objective of the present work
For the present geometry, no empirical correlation exists for

transport coefficients like friction factor and heat transfer for this
manifold geometry in terms of both the existing design and an
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FIGURE 8

Velocity contours for p = 40 bar. Without distributor Al:
Reynolds number (Re) = 2.82E+05; B1: Re = 9.86E+05; C1: Re =
2.82E+06. With distributor A2: Re = 2.82E+05; B2: Re = 9.86E+05;
C2: Re = 2.82E+06 (all units of velocity are in given m/s for

the color legend).

optimized design. The Re number range of the present work is
two orders of magnitude higher than that of the works available
on the similar optimized manifold in the published literature.
The lowest values of the extent of non-uniformity (ENU)
reported in previous studies for the present manifold have
been around 5% for lower Re number ranges (<10°). The
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FIGURE 9

Velocity contours for p = 70 bar. Without distributor Al:
Reynolds number (Re) = 2.82E+05; B1: Re = 9.86E+05; C1: Re =
2.82E+06. With distributor A2: Re = 2.82E+05; B2: Re = 9.86E+05;
C2: Re = 2.82E+06 (all units of velocity are given in m/s for

the color legend).

effect of operating pressure on the ENU and pressure drop in
such a manifold has not been carried out till date.

In view of the aforementioned opportunities, the
objectives of the present work have been defined and are as
follows: 1) to analyze different configurations with a
distributor in the existing design and select the best
configuration which can reduce flow non-uniformity to less
than 5%; 2) to carry out simulation studies to understand the
performance characteristics of such geometry (the best
configuration with a distributor) for different operating
pressures; 3) to develop empirical correlations for transport

Frontiers in Energy Research
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properties (friction factor and heat transfer coefficient) for the
chosen manifold (for both existing and optimized designs),
and 4) to compare predictions of friction factors of the present
manifold with the corresponding friction factors
benchmark geometries like shell and tube heat exchangers

for

due to wunavailability of empirical correlations from

experimental data.

2 Mathematical modeling
2.1 Geometry and grid details

In this subsection, the details of the geometry and grid are
presented. The geometry chosen for this system is a header tube
assembly that consists of the top and the bottom headers, which
are assumed to have diameters Dy, while the tubes have diameters
D,. The ratio D,/Dy, is assumed to be 0.2. The inlet and outlet
diameters are one-quarter of the header diameters.

The pitch between the tube centers is D,,. The length is L =
1.125 H, where the height of the tubes is considered H, such that
Dy, = 0.1875 H. The fluid enters at high pressures (10 < p <
70 atm) from the inlet and departs at the outlet. Due to a high
diameter ratio between the header tube and the tubes, the
position of the inlet poses a problem. The number of holes in
the distributor equals (n+1), where n is the number of tubes. The
diameter of each hole of the distributor is the same as D,. Figure 3
shows the geometry and mesh of the header tube assembly with
and without a distributor.

2.2 Grid sensitivity

A three-dimensional grid has been considered in the study. A
tetrahedral mesh has been created both for the header and tube
assembly with and without a distributor. Grid sensitivity was
performed with three grids: 1) 137,443 cells, 2) 187,731 cells, and
3) 229,154 cells. The results between 137,443 and 187,731 cells
were approximately 6%, while those between 187,731 cells and
229,154 cells and 187,731 and 393,775 cells were approximately
3%. Hence, a mesh size of 183,771 cells was chosen for the study.
Velocity variation with the tube number for three different grids
is shown in Figure 4.

The mesh consisted of non-uniform hexahedral mesh with
fine mesh near the walls and coarse at the center in case of the
tubes of the manifold. Both headers however had a tetrahedral
uniform mesh. For the design with distributor fine mesh near the
distributor walls and uniform mesh in top header was used. For
geometry with a distributor, the
249,135 tetrahedral cells. Appropriate grid independence tests
were carried out for both the cases. Table 2 shows the properties
of saturated steam for three different pressures, namely, 10 bar,
40 bar, and 70 bar and the header dimensions.

grid cells were
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FIGURE 10

Velocity profiles after installation of distributors for different Reynolds numbers at different pressures. Re = 2.82E+05: 1) 10 bar, 2) 40 bar, and 3)
70 bar; Re = 9.86E+05: 4) 10 bar, 5) 40 bar, and 6) 70 bar; Re = 1.91E+06: 7) 10 bar; Re = 2.82E+06: 8) 40 bar and 9) 70 bar.

2.3 Governing equations

The steady-state governing equations of continuity and
momentum have been used including the realizable k-¢
turbulence model in cylindrical co-ordinates and have been solved
using commercial software ANSYS Fluent 14. The comparison of
different turbulence models (standard k-¢, realizable k¢, and LES)
on the extent of non-uniformity for a range of Re numbers has been
performed by researchers (Zhang et al,, 2018; Minocha and Joshi,
2020). Due to the intensive computational time and transient nature
of LES simulations, it was decided to consider the best turbulence
model of the standard k-¢ and the realizable k-¢ models. The authors
have found that the realizable k-¢ model is able to predict the non-
uniformity well for both low and high Reynolds numbers. Hence, the
realizable k—¢ turbulence model has been considered for the present
simulations.

2.4 Assumptions

The assumptions in modeling are 1) steady-state flow. 2)
Incompressible fluid and compressible effects if any are
neglected. 3) The mode of heat transfer is by sensible
inside the

heat only, and no condensation occurs

geometry. 4) There is no spatial variation of steam

Frontiers in Energy Research

12

properties for the pressure and Re range considered. 5)
Steam properties are for saturated steam at the pressure
chosen. 6) Single-phase flow throughout the geometry and
no condensation occurs.

2.5 Boundary conditions

The boundary conditions are as follows: the inlet velocity
boundary condition for the inlet tube connecting the top header
and pressure outlet was used for the outlet tube connecting the
bottom header. A wall boundary condition was used for the tube
and header walls.

2.6 Method of solution

Details of the solution of discretized linear algebraic
equations for different variables are as follows: a second-
order upwind discretization scheme was used for the
pressure, velocity, and k and & equations, while all the
discretized equations were solved in a segregated manner
with the PISO (Pressure-Implicit with Splitting of Operators)
algorithm. The under-relaxation was set to 0.3 for pressure,
1 for density and body forces, 0.7 for momentum, and 0.8 for
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Symbols denote experimental data of Gandhi et al. (2012). (B) j-factor vs. Re. Bold line: present work. Dotted line: j-factor for the tube-side of the shell

and tube heat exchanger (Sinnott and Towler, 2019).

turbulence parameters. The solutions of the variables were
considered to be fully converged when the sum of residuals
was below 107%. All the computations were performed on an
Intel machine with a quad-core processor with 4 GB RAM
and 2.4 GHz processor speed.

2.7 Model validation

For model validation, the cases for Kubo and Uuda (1969)
and Pigford et al. (1983) were simulated using ANSYS Fluent
14. The realizable k-&¢ model was able to capture the dynamics
in all the three cases considered. The results of the mass flow
ratio of experimental measurements from the published
literature (Kubo and Ueda, 1969; Pigford et al., 1983) were
compared with CFD predictions of simulations carried out on
the same geometries for which experimental measurements
were made. Good agreements between predicted and
experimental results were obtained with a deviation in the
range of 5-6% as shown in Figure 5. This is in agreement with
the results of Gandhi et al. (2012) who used the same
geometries to validate their model and found deviations of
8%. The higher deviations of Gandhi et al. (2012) are due to the
fact that the authors used the standard k-¢ model instead of
the realizable k-¢ model. The realizable k-¢ model should be
used for such simulations for high Reynolds number flows
with high flow separation at the T-junctions (at the center in
the present case) and stagnant zones at the end of the top and
bottom headers (prominently in the present case) due to the
limitations of the standard k-¢ model. Furthermore, similar
analysis carried out by Minocha and Joshi (2020) showed that
the realizable k-¢ model has been able to predict deviations
within 5% for similar dividing manifolds.
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3 Distributor configurations

In this subsection, optimization in terms of distance of the
hole from the distributor to reduce flow non-uniformity has
been carried out, and the best configuration has been chosen.
The header and distributor plate used in the studies and the
parameters associated with configurations are shown in
Figure 6. Five different configurations were chosen for
reducing the non-uniformity. The ratio of the distance
between distributor plate perforations to the adjacent tube
opening in the header (/;) and the distance between the two
consecutive perforations in the distributor (I,) are vital in
reducing the non-uniformity. Figure 6A shows the top view of
the geometry created in ANSYS Workbench 14. The holes in
the distributor represented by the yellow dotted circles are the
configuration C; for which the magnitude of 1, is very low.
The dark circles represent the tube holes, while the bigger
circle represents the inlet to the header. The white circles
represent the configuration Cs for which the magnitude of 1,
is the highest. This ratio was varied, and five configurations
were defined (C,-Cs). A detailed diagram of configuration
5 is provided in Figure 6B. Representative results of the
reduction in %ENU with Re are shown in Table 3 for a
pressure of 10 bar.

4 Results and discussion

In this section, the first flow patterns of the manifold with
and without a distributor are presented to qualitatively
understand the distribution in both cases for the three
operating pressures considered. Furthermore, the quantitative
understanding of improvement in distribution is represented in
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Pressure drop variation with the Reynolds number. (A) p = 10 bar, (B) p = 40 bar, and (C) p = 70 bar. 1) Bold line denotes the case without a

distributor; 2) dotted line denotes the case with a distributor.

terms of velocity profiles. Quantification in terms of pressure
drop variation and %ENU is also presented for both cases. All the
data generated from the simulations have been used to develop
an empirical correlation for the friction factor. The predictions of
correlation are compared with the ones available for the
conventional shell and tube heat exchangers for the same Re
number range, and a correlation for heat transfer has been
suggested using the Chilton-Colburn analogy.

4.1 Flow patterns

The flow distribution in manifolds depends on the type of flow
being whether friction dominant, momentum dominant, or both. In
the present geometry, the interplay of momentum and friction can be
observed through the amount of flow passing through the central
tube of the top header. The presence of a distributor brings in proper
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balance between the momentum and friction forces, resulting in a
uniform distribution. This in turn improves the pressure recovery in
the bottom header as well. In this section, we explain the velocity
distribution for different Reynolds numbers for each pressure chosen.
Furthermore, the pressure drop across the header tube assembly for
the specified pressure range was also analyzed.

Figure 7 shows the velocity contours (2.82E+05 < Re < 1.91E+06)
for a specified pressure of 10 bar. Figure 7 (A1) shows the velocity
contour for flow distribution without a distributor for Re =
2.82E+05 and p = 10 bar, while Figure 7 (A2) shows the velocity
contour for the same Re number and pressure for the geometry with
a distributor. Figure 7 (A1) shows that the velocity in the central tube
is 1.6 times the velocities of its neighboring tubes, while Figure 7 (A2)
shows that the velocity in the central tube is nearly equal to that of its
neighboring tubes. Similarly, Figure 7 (B1) shows the velocity of the
central tube to be 1.69 times higher than its neighboring tubes, while
Figure 7 (B2) shows an equal distribution in all tubes of the top
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Variation of ENU with the Reynolds number for different pressures. (A) Without a distributor. (B) With distributor. Index: 1) p = 10 bar; 2) p =

40 bar; and 3) p = 70 bar.

header. For Figure 7 (Cl), the central tube velocity is 1.72 times that
of neighboring tubes, while near equal velocities are observed in
Figure 7 (C2) with a distributor. With an increase in Re, it can be
observed that the central tube velocity is 1.6-1.7 times the velocity in
the adjacent tubes, while the cases with a distributor show the
uniformity in distribution.

A similar observation to the ones found in Figure 7 can be
observed in Figure 8. The velocities, as shown in Figures 8 (Al),
(B1), and (C1), for central tubes are 1.75, 1.73, and 1.68 times the
velocities of their neighboring tubes, respectively. With an
increase in Re at this pressure, the velocity magnitudes of
central tubes show a slight decreasing trend. Figures 8 (A2),
(B2), and (C2), however, show equal velocities in all tubes.

Figure 9 shows velocity contours for a high pressure of 70 bar.
The velocity magnitudes are lower due to the same Re
maintained at an operating pressure of 70 bar. The velocities
in the central tubes are 1.76, 1.72, and 1.8 times the velocities of
the neighboring tubes for the geometry without a distributor as
shown in Figures 9 (Al), 7 (B1), and 7 (Cl), respectively.

4.2 Velocity profiles for the optimized
design with a distributor

The flow patterns (velocity contours) in Section 5.1 show an
improvement in flow distribution with the aim of comparing the flow
patterns with and without a distributor. A further quantitative
comparison of the flow distribution when a distributor is installed
(with distributor case) has been provided in Figure 10. The
comparison helps us understand the effect on flow distribution
with an increase in inlet velocity. Curves 1, 2, and 3 are for the
Reynolds number, which is constant (Re = 2.82E+05), and pressures
are 10 bar, 40 bar, and 70 bar, respectively. The velocity profiles show
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an absolutely uniform distribution (0 %ENU) for these Reynolds
numbers. Similarly, curves 4, 5, and 6 are for Re = 9.86E+05, and
pressures are 10 bar, 40 bar, and 70 bar, respectively. For curve 4, the
non-uniformity of approximately (%ENU) 2% is observed at the
central tubes, while for curves 5 and 6, uniform distribution is
observed. For higher velocity, (v = 95m/s) Curve 7 is for
Re =
uniformity is approximately 4.5% (%ENU), which indicates that
with the increase in Reynolds numbers, the non-uniformity from the

1.91E+06 and a pressure of 10 bar. Here, the non-

configuration with a distributor increases. Previous studies have not
investigated the extent of non-uniformity at this Re number and
pressure. It should be noted that the configuration still gives better
uniformity than previous studies, considering the fact that Re is
higher than in previous studies. Curves 8 and 9 on the other hand
show uniform distribution. Thus, the aforementioned analysis proves
that the installation of a distributor facilitates good distribution within
velocities of 5 < v < 96 m/s.

4.3 Development of correlations for the
friction factor and Nusselt number

Pressure drop generally applied to manifolds (for example,
plate heat exchangers) is given by as Eq. 1 as follows:

2
L
AP = af P2 e

—_ 1
ch2De ()

Pressure drop was obtained from the simulation data for
different Reynolds numbers. Eq. 1 can be written for the friction
factor as

2
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The effect of the inlet pipe on the overall pressure drop has
been neglected. Hence, the expression of equivalent diameter has
been formulated as follows:

_2D; +9D;

e = . 3
2D + 9Dy, ( )

The following correlations have been predicted for both

cases:

1. Without a distributor:

fuod = 0.119Re™*** 10* <Re<3x10% 0.8 <Pr <1.3; 10< P < 70bar.
4)

2. With a distributor:

fuwd = 0.119Re™** 10* <Re<3x10°0.8<Pr <1.3; 10 <P < 70bar.
(5)

The validation for the correlation of the friction factor has
been carried out by comparing the prediction of the correlation
with experimental data of Gandhi et al. (2012) and then with the
CFD predictions of the present work for the Re range. Figure 11A
shows the friction factor for the case without a distributor. Both
the magnitude and trends shown in Figure 11A are similar to the
ones for turbulent flow through tubes as in the shell and tube heat
exchangers with high values of friction factors for low Reynolds
numbers. The decrease in the friction factor becomes less
significant with an increase in Re. These results match well
with experiments and CFD simulations with deviations ~6%
with experimental data and ~10% with CFD data.

The Chilton-Colburn j-factor the relationship between
momentum, heat, and mass transfer as follows:

jn = StPr*? = fp. (6)

An analysis using the Chilton-Colburn j-factor (j,) was also
carried out. Figure 11B shows the comparison of j-factor variation for
the present geometry without a distributor and the j-factors for the
tube side in the shell and tube exchangers. The Re range (2.82 E+05 <
Re < 2.82E+06) is used to make sure that the effect of baffles in the
shell and tube heat exchangers (STHES) is avoided. The slope of the
decrease in the j-factor is nominal for the present geometry, while it is
steeper for STHE. The deviations are attributed to two reasons: 1)
vertical configuration in the present case and 2) large number of tubes
in comparison to STHE.

Furthermore, an effort to predict an expression for heat
transfer is taken though the scope is limited to friction and
pressure drop. By applying the Chilton-Colburn analogy, the
expression for the Nu number for both cases without a
distributor and with a distributor is given as follows:

Without a distributor:

Nu = 0.0595Re®””Pr** 10* <Re<3x10° 0.8 <Pr <1.3;10 <P < 70bar.
(7)
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With a distributor:

Nu = 0.0725Re"* Pr** 10* <Re < 3x10° 0.8 <Pr <1.3;10 <P < 70bar.
(6]

The pressure drop variation for different Re and Pr ranges is
performed using CFD simulations. Figures 12A-C show the
pressure drop variation for all three pressures with and
without a distributor. For high inlet velocities (~90 m/s), for
p = 10 bar, the pressure drops for the configuration with the
distributor range approximately 1.4 bar, while they are restricted
to 0.08 bar for higher pressures (40 < p < 70 bars).

For all the pressures, 10 bar, 40 bar, and 70 bar, a seemingly
linear trend is observed. Furthermore, most importantly, the
geometry with a distributor is able to obtain a pressure recovery
similar to the one without a distributor for the Reynolds number
till 1.25E+06 and similar pressure losses. At higher Re, the
increase in pressure losses is approximately 4-5%. An
inference that can be drawn from this is that the fluid
deceleration due to the presence of the distributor in the
present design does not allow the friction forces to
exorbitantly dominate over momentum forces. These results
in controllable pressure increase even at high Re for the
pressure range considered except in the case of 10 bar, where
the pressure drops are higher and unless controlled would cause
damage to upstream equipment due to back pressure. In other
words, for inlet velocity magnitudes below 40 m/s, there is a
reasonably good balance between the momentum and friction
forces (if not equilibrium), and pressure drops are lower
(<10,000 Pa) as far as pressure drop is concerned for both
designs (with and without a distributor). However, as the
velocities increase above 40 m/s, the friction forces overpower
the momentum forces (friction dominant regime), causing a
sudden increase in pressure drop.

Eqgs. 4, 5,7, 8 were found to be valid for a pressure drop range
of 0.06 <Ap < 1.8 bar. Furthermore, the equations for cases with
distributors would be valid for different distributor designs for
the inlet velocities below 95 m/s and the Pr numbers and Re
ranges mentioned. Simulations with a change in the diameter of
the holes of the distributor and non-uniform pitch showed that
the pressure drops might increase to a maximum by 0.05 bar for
which Egs. 5, 8 gave good predictions.

4.4 Extent of non-uniformity (ENU)

The average %ENU is defined similar to Gandhi et al. (2012)
and is given by Eq. 9 as follows:

m; — mavg

ENU=Y" x100. ©)

mavg

Figure 13A shows the ENU variation with Re over all the

mentioned three pressures without a distributor, while
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Figure 13B shows the ENU variation with a distributor. It is
important to note that when there is no distributor, the %ENU
variation varies from 30% to 40% for a pressure of 10, 40, and
70 bar. Figure 13B clearly shows that the non-uniformity is
decreased to less than 2% for 70 bar pressures, while it is
approximately 4% for 40 and 10 bar pressures.

5 Guidelines for the distributor design
for the manifold

Following are the guidelines for designing a distributor for
the manifold considered:

1 The perforations of the distributor should be misaligned
from the tubes of the manifold.

2 The distributor can have perforations of single or multiple holes
depending on the highest pressure drop for flows at high
velocities.

3 The pitch between a single row of holes can be non-
uniform, starting with the least pitch at the middle and
increasing at a linear variation until the end of the
distributor. This will again depend on the pressure drop
limited to 1.8 bar.

4 The manifold tube diameter to distributor hole diameter
ratio should not exceed more than 6 to avoid exceedingly high
pressure drops.

5 The header to tube diameter ratios and pitch of the tubes
should be as specified in the present work.

6 The distributor can have different sections of hole diameters
and pitch for the central and ending sections provided the
pressure drops are less than 1.8 bar.

6 Conclusion

Three-dimensional (3D) CFD simulations have been carried
out for a header tube assembly for the central inlet and outlet of
the top and bottom headers with and without a distributor. The
following conclusions are drawn:

1 Incorporating a distributor in an existing design of a header
tube assembly chosen for the present work promises good
performance in terms of providing uniform flow distribution
for a wide range of pressures and Reynolds numbers
considered in the study. The non-uniformity is reduced to
Re <

similar to

approximately 4% for the Re range (2.82E+05 <
2.82E+06 and 10 < P < 70 bar). Thus,
microscale assemblies, the macroscale assemblies with the
central inlet and outlet can also be classified into two variants,
namely, (1) conservative without internals (all configurations
considered by Gandhi et al. (2012)) and (2) baffle (with
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internals like perforated baffles as per the optimized design
considered in the present work).

2 Pressure drop for such assemblies having the central
inlet and outlet increases linearly for the Reynolds number
range 7.5E+05 < Re < 1.91E+06 for P = 10 bar and
7.5E+05 < Re < 2.82E+06 for P = 40 bar, while for P =
70 bar and same Re range, there is a steady nonlinear
increase following the power law profile.

3 The interplay of momentum and friction forces with
respect to operating parameters like pressure and Re
number shows different characteristics than anticipated.
This is due to the interplay of the momentum and friction
forces. For higher pressures (P = 40 and 70 bars) and
Reynolds number range (70,000 < Re < 85,000)), there is
a reasonable good force balance, while for lower pressures
of 10 bar and Re number approximately 10° (velocities
approximately 95 m/s, the momentum dominates over
friction forces. For higher Reynolds numbers considered
in the present study, momentum forces dominate friction
forces, leading to flow non-uniformity. Installation of the
distributor, however, ensures a reasonable balance between
momentum and friction forces, causing a reduction in flow
non-uniformity and a corresponding increase in
pressure drop.

4 Correlations developed for the friction factor with and
without distributors agree well within a 10% deviation with
experimental data.

5 The j-factor becomes constant at high Re for the heat
exchanger considered in the present work. The j-factor
versus Re profiles for the present geometry differs from the
conventional j-factors for STHE with flatter profiles after Re =
9 x 10%

6 The correlation for the Nusselt number has been presented
based on the Chilton-Colburn analogy. A detailed heat
transfer study is beyond the scope of the present work.

7 The correlations for both the friction factor and Nusselt
number would be applicable for other distributor designs with
pressure drops as high as 1.85 bar in Re and Pr ranges as in the
present analysis.

8 Appropriate guidelines for a distributor design for such type
of manifold have been provided.

7 Future work

Two-phase simulations (pure steam condensation inside
tubes) in such exchangers need to be investigated for studies
on pressure drop and heat transfer, and correlations need to be
developed. This can then be extended to condensation in the
presence of non-condensable gases like air and helium and
compared  with models and

analytical experimental

measurements.
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Notations

C,, notations for different configurations (-); n varies from 1 to 5
D, equivalent diameter of the channel (m)

D, diameter of the header (m)

D, pitch (m)

D, tube diameter (m)

ENU extent of non-uniformity (-)

f Fanning friction factor (-)

fon Fanning friction factor in a channel (-)

fwoa Fanning friction factor for the without-distributor case (-)
fwa Fanning friction factor for the with-distributor case (-)

H height of the tube connecting the headers (m)

h heat transfer coefficient (W m= K™)

i iteration number

jn j-factor as in the Chilton-Colburn analogy

k thermal conductivity of the fluid (W m™>K™)

I; ratio of the distance between distributor plate perforations to
the adjacent tube opening in the header
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I, the distance between the two consecutive perforations in the
distributor

L header length (m)

L, effective length of the manifold (m)

m; mass flow rate of individual tubes (kg/s)
Mg, average mass flow rate (kg/s)

Nu (hD/k) Nusselt number (-)

N number of tubes (-)

AP pressure drop in a channel

P pressure (bar)

Pr Prandtl number, (C,u/k)(-)

Re Reynolds number (Dup/u)(-)

u, average velocity in a channel (m/s).

Greek symbols

p density of the fluid (kg m™)
u viscosity of the fluid (kg m™'s™)
C, specific heat of the fluid (J kg™ K™).
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