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ARTICLE INFO ABSTRACT

Handling Editor: Petar Sabev Varbanov Two-phase flow parallel heat exchange systems are widely used in solar energy collectors, nuclear reactors, air-
conditioners and electronic thermal management. However, flow maldistribution in multiple channels may lead
to heat transfer deterioration. In this study, a numerical model is developed to quickly predict the flow distri-
bution and heat transfer of two-phase flow in the parallel flow system, and the maximum average relative de-
viation with experimental data is 4.4%. The effects of geometric parameters and non-uniform thermal load on
flow and heat transfer are discussed. Decreasing the channel to header area ratio AR can significantly improve
the flow maldistribution when AR is greater than 0.3. Moreover, dimensionless parameters Y, and H are
introduced to predict the worst operating condition when the heating is non-uniform. The results indicate that
the mass flow rate of the channel near the low thermal load channel reduced significantly, especially the
downstream channel. The 2nd channel from the inlet should be avoided being the low thermal load channel, and
the maximum outlet vapor quality (Xout)max is @ linear function of H. If it’s assumed that (Xout)max = 1 is the worst
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condition, the thermal non-uniformity dimensionless parameter H must be less than about 198 in this study.

1. Introduction

With the global energy scarcity and environmental problems
aggravation, new and clean energy systems are in urgent demand [1],
where high-performance and compact heat exchangers are vital tech-
nologies. Parallel flow heat exchange systems are widely used in solar
energy collectors [2], nuclear reactors [3], air-conditioners and elec-
tronic thermal management among others [4]. Besides, flow boiling is
always a hot issue due to the higher heat transfer coefficient and more
uniform temperature compared with single-phase flow. Therefore, to
improve performance and optimize design, it is essential to investigate
the heat transfer characteristics of two-phase flow in the parallel flow
heat exchange system.

However, flow maldistribution significantly affects the thermal
performance of the parallel flow system, especially in the two-phase
flow system. Therefore, a great quantity of studies on flow distribution
have been carried out in the past several decades. Wang et al. [5]
experimentally and numerically studied the flow distribution of
single-phase flow in the heat exchangers with typical headers, and they
pointed out that jet flow effects significantly affect flow maldistribution.

* Corresponding author.

Afterwards, Wang et al. [6] investigated the flow distribution in a par-
allel flow system through modified headers like trapezoidal header,
baffle tubes header and so on. The results indicated that the baffle tube
header could remove the vortex flow so it’s best to improve flow dis-
tribution. Siddiqui et al. [7] measured the flow velocity and flow dis-
tribution in 10 channels using the particle image velocimetry (PIV)
technique, and they pointed out that a U-type wider header is recom-
mended for better flow distribution. Klugmann et al. [8] studied heat
transfer and flow distribution in minigap based on visualization exper-
iments, and they proposed a modified minigap surface to reduce the
maldistribution and flow resistance. Kumar et al. [9] focused on the
effect of flow maldistribution on flow boiling in the microchannel heat
sink with an I-type header. Experimental results showed that the vapor
from side microchannels would flow back into the central microchannel
and block the flow through it when the heat flux is high, named mirage
flow restraint. Conversely, Kurose et al. [10] explored the characteristics
of flow distribution in unequally heated two parallel channels by
experimental method. They developed correlation equations to predict
mass flow rates and inlet vapor qualities in each channel under uneven
heating conditions. With the development of computer technology,
more numerical simulations are carried out to reveal abundant local
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Nomenclature

A Heat transfer area (m?)

The dimensionless flow area ratio (1)
Boiling number (1)

The hydraulic diameter (m)
Correction factor (1)

Darcy friction coefficient (1)
Froude number (1)

Gravitational acceleration (m/s%)
Mass velocity (kg/(mz-s))
Specific enthalpy (J/kg)

The thermal non-uniformity dimensionless parameter (1)
Local resistance coefficient (1)
Length (m)

Mass flow rate of channel (kg/s)
Total mass flow rate (kg/s)
Molar mass (kg/kmol)

Channel number

Pressure (Pa)

Relative pressure (1)

Heat flux (W/m?)

Volume flow rate (m®/s)
Correction factor (1)

Reynolds number (1)

Mass flow rate ratio (1)
Temperature (K)

Flow velocity (m/s)

Thermal power (W)

Weber number (1)

ST

T m D

5

HOR T UIREREICRNTSQN

x
N

At

X Vapor quality (1)

X Martinelli number (1)

Y Flow non-uniformity dimensionless parameter (1)

Ym Dimensionless parameter (1)

Greek symbols

a Heat transfer coefficient (W/(m?K))

0 Tilt angle (°)

A Thermal conductivity (W/(m-K))

u viscosity (Pa-s)

p Density (kg/m>)

o surface tension coefficient (N/m)

¢ The friction correction factor (1)

Subscripts

br Side branch channel

f Frictional

G Saturated gas phase and liquid phase

GO The two-phase flow is regarded as the gas flow with the
equal mass flow rate

i i-th

in Inlet

L Saturated liquid phase

LO The two-phase flow is regarded as the liquid flow with the
equal mass flow rate

m Mass average

out Outlet

st Straight passage

us Upstream

characteristics. Minocha and Joshi [11] revealed the effects of turbulent
parameters (k and ¢) on pressure drop and flow maldistribution by using
3D simulation. They suggested placing perforated baffles in the parallel
flow system to reduce the vortex flow, which is good for flow uniformity.
Zhou et al. [12] numerically investigated the roles of several modified
methods on flow distribution in a multi-channel heat exchanger. The
results showed that improved double-inlet could reduce pressure drop
(29.62%) and improve flow distribution (66.36%). Zheng et al. [13]
studied the flow uniformity at the entrance of LNG (liquefied natural
gas) heat exchangers using FLUENT, and they found that the flow dis-
tribution is more sensitive to gas flow velocity than liquid flow velocity.
Tan et al. [14] proposed a spider netted microchannel network, which
can improve the temperature and flow distribution when the heat flux is
non-uniform. Zhou et al. [15] investigated the flow area ratio on flow
uniformity, and they concluded that when the flow area ratio between
the inlet header and outlet header is smaller than 1, flow distribution
will be worsened.

Unfortunately, experimental methods and traditional CFD methods
are difficult to investigate the flow distribution and heat transfer in the
complex parallel flow system with many heat transfer channels, which
requires tremendous economic cost and time cost. Actually, even
simulating the two-phase flow of simple multi-channel heat exchangers
requires a long calculation period due to the complexity of capturing the
phase interface, which is not beneficial to the two-phase flow heat
exchanger design. Therefore, a fast and accurate method to predict flow
distribution and heat transfer of two-phase flow in the parallel flow
system is required to design the system. Cross [16] established a flow
network to simulate the flow distribution in pipe networks. Camilleri
et al. [17] proposed a flow distribution prediction model for compact
heat exchangers based on Kirchhoff’s law and introduced the channel to
header area ratio to analyze flow distribution. Bava and Furbo [18]
presented a model for single-phase flow distribution in the solar

collector using pressure drop correlations. They pointed out that tur-
bulent flow in the header can improve the flow maldistribution. Gar-
cfa-Guendulain et al. [19] developed a theoretical model to analyze the
flow uniformity in a flat plate collector using the conservations of mass
and momentum. Moreover, they extended the theoretical model to
simulate the flow characteristics in large solar collector networks and
found that the flow non-uniformity of the solar network will be reduced
when the channel to header area ratio is less than 0.25. Similarly, Bava
and Furbo [20] established a modified TRNSYS-Matlab model for large
solar collector fields through coupling flow distribution theoretical
model. Unlike the single-phase flow problem mentioned above, the flow
distribution of two-phase flow is more difficult to predict. Lee and Jeong
[21] proposed a numerical model for multi-port heat exchangers
considering phase distribution in the header. Mahvi and Garimella [22]
developed a new model to predict liquid and vapor mass flow rates in
each branch of the condenser based on the flow pattern in the header.
However, the effect of unequal heating on flow distribution wasn’t
discussed in their investigation. Huang et al. [23] presented an analyt-
ical model to calculate the flow distribution in proton exchange mem-
brane fuel cell stacks using the flow network method, and the effect of
two-phase flow in the unit cell on the flow distribution was quantita-
tively studied. Aka and Narayan [24] established a numerical model to
predict the transient flow distribution of two-phase flow by MATLAB
Simulation, but they did not consider the effect of headers.

It can be seen from the above literature that investigations on flow
distribution in a complex parallel flow system are usually focused on
single-phase flow, and the pressure drops of two-phase flow in the
header are often neglected in the above theoretical models. Besides, the
effect of non-uniform heating on two-phase flow maldistribution and
heat transfer is rarely studied. Therefore, a numerical model is estab-
lished in this study to quickly predict the flow distribution and thermal
performance of two-phase flow in a parallel flow system. Moreover, the
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effects of header and non-uniform thermal load are discussed in detail.
This study is expected to be used in heat exchanger design and
optimization.

2. Numerical model and validation

As shown in Fig. 1, the parallel flow heat exchange system consists of
several parallel channels connected by the inlet and outlet header. Ac-
cording to the flow direction, parallel flow heat exchangers can be
divided into U-type and Z-type, and others can be regarded as a com-
bination of these two types, such as H-type. The flow directions in the
inlet and outlet header of the U-type exchanger are opposite. On the
contrary, the flow directions in the inlet and outlet header of the Z-type
exchanger are the same. H-type exchangers have two inlets and outlets.
This study is focused on U-type and Z-type exchangers.

In order to simplify the model, the following reasonable assumptions
are proposed in this paper based on practical physical problems.

(1) The flow conditions are steady state;

(2) The axial heat conduction on the branch channel can be ignored;

(3) The heat transfer of the header is not considered, but the pressure
drop of that is taken into account;

(4) The simulated parallel flow heat exchangers are symmetrically
designed.

2.1. Governing equations

According to the mass conservation, the total mass flow rate of the
heat exchanger is equal to the sum of the mass flow rate in all branch
channels, thus,

Mw =m; +my + ... +m;i + ... +m, @

where M and m are mass flow rate (kg/s), n is the total channel number
and the subscript i represents the i-th channel. Moreover, as shown in
Fig. 2, for a mass node in the heat exchange system, the total mass
flowing to the node equals the total mass leaving the node. N is mass

.

Outlet

}Qy/

Inlet Inlet

(a) U-type

(b) Z-type
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M, N,

P
M, O N,

J
Fig. 2. The mass node P.
flow rate and j is the total number of leaving streams.
M +My+...+M,_, +M, =N +N, + ...+ Ni_y + N; 2

Analogously to Kirchhoff’s laws for electrical circuits, in solar col-
lectors as well as in any other parallel flow systems, the total pressure
drop of each branch channel is the same. That means equation (3) can be
written as follows:

Piy — Pouw = (APy_in); + (APeamner)1 + (APh_out); = oo = (APh_in); + (AP chamner);
+ (APh_Out),‘
3

where P;, and P, are the inlet and outlet pressure of the parallel flow
heat exchanger (Pa), and (AP nanne)); means the pressure drop between
the inlet and outlet of the i-th branch channel. (APy ,); represents the
pressure drop between the header inlet and the i-th channel inlet.
Similarly, (APy oup; is the pressure drop between the i-th channel outlet
and the header outlet. According to the momentum equation, pressure
drop can be divided into frictional pressure drop, accelerated pressure
drop, gravitational pressure drop and local pressure drop, whose specific
formulas are shown in the next section. Moreover, the flow in this study
may involve three flow states: subcooled fluid, flow boiling and super-
heated vapor.

Based on the energy conservation, fluid specific enthalpy and vapor
quality can be calculated as follows:

gA = (o — hig)m 4

Outlet Outlet

-~ -~
Outlet
Inlet
A A

Inlet

(¢c) H-type

Fig. 1. 3D model of typical parallel flow heat exchangers.
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where q is heat flux (W/m?), A is heat exchange area (m?), hoye and hiy
(J/kg) are outlet and inlet specific enthalpy of one segment. x is vapor
quality (1), hy.gq is the specific enthalpy of saturated liquid and hy, is the
latent heat.

2.2. Pressure drop and heat transfer correlations

2.2.1. Frictional pressure drop and heat transfer of single-phase flow
From fluid dynamics knowledge [25], the frictional pressure drop of
single-phase flow can be written as follows:

AP —f (%pvz) > ©
where APy is frictional pressure drop (Pa), p is density (kg/mB), vis flow
velocity (m/s), L and Dy, are path length and hydraulic diameter (m). F is
Darcy friction coefficient. If the fluid flow is laminar, the flow is divided
into the developing flow and the fully developed flow depending on the
distribution of the boundary layer. Correspondingly, when the flow is
the fully developed flow, the friction coefficient is given as Eq. (7) [25].

64
f=ze (7)
where Re is Reynolds number. L;, is introduced to describe the length of
entrance flow, which depends on Reynolds number and hydraulic

diameter [26], as follows:
L;, =0.05ReD,, (8)

The friction coefficient in the developing flow f;, is calculated as Eq.
(9) [271.

0.6189
fin="4x1.495 (%fh) / (Lin / Dn) ()]

Therefore, when the fluid flow is laminar, the frictional pressure
drop is expressed by Eq. (10).

(1 L
APy = fiu (5/"/2)

— L<L,
Dy

(10)

1 1
AP; = [fiLin + f(L — Ly)] <§pv2) D L>L,

Besides, when the fluid flow is turbulent, the influence of the
entrance section can be negligible and the friction coefficient is given as
Eq. (11) [25].

f=0.3164Re™ > an

As for the heat transfer of single-phase flow, Gnielinski formula [28]
is accurate enough to predict the heat transfer in the channel [28],
which is defined as follows:

_ (f/8)(Re — 1000)Pr <£> 2 .
Nu=17 127/F/8(PeF — 1) +(o a2
e 13)

where Pr, @ and A are Prandtl number, heat transfer coefficient (W/
(m%K)) and thermal conductivity (W/(m-K)), and f is given as Eq. (11).

2.2.2. Frictional pressure drop and heat transfer of two-phase flow

According to the study of Whalley [29], when the ratio of liquid and
gas viscosity is less than 1000, Friedel model [30] is recommended to
calculate the frictional pressure drop of two-phase flow, which is given
as follows:

Energy 270 (2023) 126957

APf = ¢ZOAPLO (14)

where ¢2,, is the friction correction factor, and subscript “LO” represents
that the two-phase flow is regarded as the liquid flow with equal mass
flow rate. APy is the frictional pressure drop in liquid flow, which can
refer to the formulas in the previous section.

3.24A,A
2 2A3
$ro = A1+ 70045 /0,035 s
Ar=(1—x)7 +2 (%) (16a)
fLo
Ay =x"78(1 — x)* (16b)
091 0.19 0.7
v=(e) G (-0) s
Pc He He
2
Fr— prz (17a)
8PnPm
2
) arm
X 1—x
/G5
G L

where subscript “GO” means that the two-phase flow is considered the
gas flow with an equal mass flow rate. Subscripts “G” and “L” mean
saturated gas phase and saturated liquid phase. x is vapor quality (1),
and f is friction factor, obtained in section 2.2.1. u, G, ¢ and g are vis-
cosity (Pa-s), mass velocity (kg/(m2~s)), surface tension coefficient (N/
m) and gravitational acceleration (m/s?). Fr and We are Froude number
and Weber number. p,, is the average density of two-phase flow, so the
gravitational pressure drop of two-phase flow is shown below:

AP, =p,gLsin@ 18)
where 6 is the tilt angle.

For the sake of heat transfer simulation, Gungor-Winterton model
[31] is used to calculate the heat transfer in two-phase flow.

a=Ea; + Ra, (19)
where E and R are correction factors, and «; is the heat transfer coeffi-

cient of liquid phase, which is determined by using Gnielinski formula
Eq. (12) and Eq. (13).

55q0.67pr0.12
=M,

where p, is relative pressure, defined as the ratio of pressure to critical
pressure. M, is molar mass (kg/kmol).

r

1\ 05
0.434 1n —> (20)

1.37
X, 056

E =1+ 24000Bo"'® 21

where Bo and X, are boiling number and Martinelli number. They are
defined below:

q
Gh,

0.1
1=\ 05
v (5 G
X Pi He

Based on the calculation of E, R can be calculated as follows:

Bo=

(22a)

(22b)
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1
R=
1 +1.15 x 10-6E?Re; "’

(23)

where Re; is Reynolds number of the liquid phase.

2.2.3. Local pressure drop

Undoubtedly, the flow characteristics of the header have significant
effects on flow distribution in parallel flow systems. As shown in Fig. 3,
the local pressure losses discussed in the connection between the header
and the branch channel are given as follows:

1
Py — Py = APy = Ky (E/}vslz>

) (24
Pf - Pb = AP:[ = Ksl (Epvusz)

where K is the local resistance coefficient. Subscripts “us”, “br” and “st”
mean upstream, side branch channel and straight passage.

In this study, the angle between the straight passage of the header
and the side branch channel ¢ is 90°. Besides, the cross-sectional area of
header upstream, side branch channel and header straight passage
satisfy the relationship that Ap, + Ag > Ays, Ast = Ays. Therefore, ac-
cording to the local resistance coefficient reported by Idelchik [32], Ky,
and Kj of the diverging wye are expressed respectively as below:

2
Ky = C; [1+ (E) 2mcosq):|
VUS VUS

Qsl . Abr Qsl (25)
=11-0.7 f —<o. <04
Cy 0 Ou i 1S 0.35, 0 0

us us

. Abr Qsl
=0. f —<o0. 4
C, =0.85 (1 1S 0 35,Q >0 )

us us

where Q is the volumetric flow rate (m>/s).

Qst

us

Kie=C
(26)
. Abr
C, =04 (1f . < 0.4)

us

Moreover, for the converging wye, the loss factors of branch channel
and header straight passage are expressed as follows:

Qbr Vst ? ( Qbr)2
Ky =GC5|1 ——] =2(1-
> 3|: * (Qsl Vbr) Qus

27)
o Abr (% )
CG=1 [if 22 <035="<1
’ ( Ac ™ T 04
2
K, ~ 1552 (%) (28)

2.3. Mathematical model

Based on the governing equations and correlations mentioned in

Fig. 3. A distribution part of the header.
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sections 2.1-2.2, a numerical model is established in this study to predict
the flow distribution and heat transfer of two-phase flow in the parallel
flow system. Fig. 4(a) shows the flow chart of the calculation, and Fig. 4
(b) presents the computational model. The iterative procedure continues
until the maximum relative deviation of the total mass flow rate is less
than 1073. Besides, the flow in this model should be divided into three
main sections: a section where the subcooled fluid is heated, a section of
flow boiling and a section where the fluid is superheated vapor.
Furthermore, the flow boiling problem is more complex than single-
phase flow, where flow pattern is variable and vapor quality changes

Start

|

Define heat exchange system

|

Define total mass flow rate M

}

Mass flow rate of each
channel: m;= M/n

}

Calculate (AP, ;)15 (AP, )1 (APy i) <
Eq. 6-11, Eq. 14-18 and Eq. 24-28

|

Calculate (Py,-P,,),

Eq.3 Update m,
For i=2:n, calculate (AP, ;)i (APy, i); (AP, 1); No
Eq. 6-11, Eq. 14-18 and Eq. 24-28
Yes
| Mo-M

Calculate (P;,~P,..);
Eq.3

Yes
@iPoidi= PpPodi - ——> Mo = my+tmy*+...mtm,

lNo

Update m;

End <+«—

(a) Flow chart of the mathematical model.

Poe T 00 0T ST r Ty rp
h o I n 1 n o1 nhoh |
|__ll._ll.__ll._ll—_ll.rll.__l mltaale el
T TS
wap Aa || Do Lo o o
It' ! 0! D o
e by 'y N |
1 1 ) 1 1
Pz Bz 2 & ro 5—'—| 5—'-'
:tl : 1 : 1 : 1 : 1
1 p ! ) Pl Pl
O A A O
[y - g [ . Lo
Py by |re- lr"I = e ro=
Iy b o o '
1 ] }
LT I N (A N (A N
| I [}
| | I | I
Pasny Bayy [ros Fo Fe F- -
1 | 1 } 1
4! o D ) )
F—Tt'__u | 1 1 1
Il'Ptrql zll:..1|: n_ll: nl:
Ligs L L b L=
Po T 0T - A o T
nPs PP, o o o 1
[ ey [ Wy | ey [y [ ey [y PO I npegeny gy [y |

(b) Computational model

Fig. 4. Mathematical model: (a) Flow chart of the mathematical model; (b)
Computational model.
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along the flow direction. Therefore, it can be seen from Fig. 4(b) that the
computational model needs to be discretized to simulate complex
operating conditions and improve accuracy. As shown in Fig. 4(b), the
fluid state is defined at the segment node. The pressure and specific
enthalpy are obtained by iteratively solving pressure drop correlations
and energy equations. Once the pressure and specific enthalpy are ob-
tained, other thermophysical properties can be determined. Moreover,
the average density of two-phase flow is calculated by Eq. (17c¢).

2.4. Model validation

For the sake of model validation, the simulation results are compared
with the experimental data from Wang et al. [5] and Baikin et al. [33].
The computational model is shown in Fig. 4(b), and the operating pa-
rameters and geometrical information are shown in Table 1. Fig. 5
compares the simulated flow distribution with the experimental data
from Wang et al. [5] (Total mass flow rate M = 0.033 kg/s; channel
number n = 9). It can be seen that the numerical results agree well with
the experimental data and the average relative deviations are 2.9%
(Z-type) and 1.7% (U-type). In addition, the comparisons between the
predicted flow distribution and experimental results from Baikin et al.
[33] (Channel number n = 3) are shown in Fig. 6. When the total mass
flow rates M are 0.057 and 0.102 kg/s, the average relative deviations
are 4.3% and 4.4% respectively. Therefore, the numerical model used in
this study is reliable for the following investigation.

3. Results and discussions
3.1. Effect of geometric parameters

3.1.1. Header type

The header is an important component of the parallel flow heat ex-
change system, which directly affects the flow direction. In order to
investigate the effect of header type on flow distribution, two typical
structures U-type and Z-type are compared in this section. The geometric
parameters of the simulated heat exchangers are the same as those in
case 2 (Table 1). The system has nine branch channels, and each channel
is uniformly heated with 2000 W. The fluid is water with the inlet
temperature of 363 K. The inlet pressure of the parallel flow system is
200 kPa. Therefore, the pressure range of water in this study is within
101-200 kPa, which means the ratio of liquid and gas viscosity is less
than 23. As a result, Friedel correlation can be used to calculate the
frictional pressure drop of two-phase flow in this study according to the
investigation of Whalley [29].

The dimensionless mass flow rate ratio R; is used to quantify the flow
distribution in each channel, defined as the ratio of the mass flow rate in
the i-th channel to the total mass flow rate.

m;

Ri=—

=3 (29)

Besides, a dimensionless parameter Y is introduced to analyze flow
non-uniformity, which is expressed as follows:
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0.14
0.12 i
.8
«é 0.10 4 i
(]
IS
% 0.08
p f
w
3
p= A Z-type(case2) - Simulation
0.06 B Z-type(case2) - Experiment (£5%) [5]
v U-type(casel) - Simulation
® U-type(casel) - Experiment (£5%) [5]
004 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Channel No.

Fig. 5. Model validation with experimental data of Wang et al. [5].

0.6

(=]
W
1
G
3

N
~
1

Mass flow rate ratio R, (1)
(=}
T

0.2 4
® m=0.057 kg/s(case3) - Experiment (+5%) [33]
0.1 1 A m=0.057 kg/s(case3) - Simulation
m m=0.102 kg/s(case4) - Experiment (+5%) [33]
N v m=0.102 kg/s(case4) - Simulation
0.0 T T T T T
1 2 3

Channel No.

Fig. 6. Model validation with experimental data of Baikin et al. [33].

The flow distributions in two typical heat exchangers (U-type and Z-
type) are shown in Fig. 7. It can be seen that the flow distribution in U-
type exchanger is more uniform than that in Z-type no matter how the
total mass flow rate changes, which is beneficial to heat transfer. Be-
sides, in Z-type heat exchanger, the mass flow rate in the branch channel
increases gradually as the branch moves away from the header inlet. On
the one hand, the spacing between adjacent branches is small, so the
frictional pressure drop of single-phase flow between adjacent branches
can be ignored. On the other hand, according to the Bernoulli equation,

(30) . s .
the decrease of dynamic pressure will increase the static pressure. As a
result, the pressure increases along the flow direction in the inlet header,
where R is the arithmetical average of R;, thus R = 1/n.
Table 1
Operating parameters and geometrical information of model validations.
Case Data from Dchannel (mm) Dheader (mm) L (mm) Total mass flow rate (kg/s) Channel number Tilt angle (deg)
1 Ref. [5] 2 12 300 0.033 9 90
2 Ref. [5] 3 12 400 0.033 9 90
3 Ref. [33] 5 19 6000 0.057 3 30
4 Ref. [33] 5 19 6000 0.102 3 30
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0.124 4 ® U-type-M = 0.013 kg/s
: O Z-type-M =0.013 kg/s
®  U-type-M =0.015 kg/s
- O  Z-type-M =0.015 kg/s 8
= 01201 U-type-M = 0.02 kg/s °
[ & Z-type-M = 0.02 kg/s .
o
B 0.116 ®
o " ]
§ [
£ 0.112 o)
I L L N
2 [ ] " ° - -]
< [ ]
> 0.108 5
g
g 8
0.104 4
T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10
Channel No.

Fig. 7. Flow distribution in different types of parallel flow heat ex-
change systems.

but decreases in the outlet header. Therefore, the pressure drop between
the channel inlet and outlet (AP pgnnel);i increases gradually as the branch
moves away from the header inlet in Z-type. But the pressure drop of
each channel in U-type is more uniform because the flow direction is
opposite in the inlet and outlet header. To quantitatively compare the
flow non-uniformity of U-type and Z-type, the dimensionless parameter
Y under the above working conditions are presented in Table 2. It is
indicated that the flow distribution of Z-type is improved with the in-
crease of the total mass flow rate, but that of U-type is worsened.

3.1.2. Flow area ratio

Except for the header type, the header geometric parameters are also
important factors affecting flow distribution, especially the flow area.
Therefore, the dimensionless flow area ratio is introduced to investigate
its effect on flow distribution in this section. The dimensionless flow area
ratio is defined as follows:

naD,?
AR=
4D?

(3D

where Dy, is the hydraulic diameter of branch channel, and D is the hy-
draulic diameter of header. The length and hydraulic diameter of the
branch channel are 0.4 m and 0.003 m respectively, and the header
length is 0.12 m. The simulations in this section focus on the Z-type
exchanger composed of 9 branches, heated uniformly with 2000 W. The
inlet temperature and pressure of fluid are 363 K and 200 kPa.

As illustrated in Fig. 8, when the dimensionless flow area ratio AR is
0.22, flow distribution is more uniform than that when AR = 0.79 or
1.30. The mass flow rate in the branch channel no longer monotonically
increases as the branch moves away from the header inlet. Furthermore,
it can be seen from Fig. 9 that Y increases with increasing AR, which
means the decrease in the flow area ratio can improve the flow unifor-
mity of Z-type parallel flow system. On the other hand, when the flow
area of branch channels is determined, the smaller AR requires a larger
header, which will sacrifice the compactness of system. As shown in
Fig. 10, (dY/dAR) is pretty small when AR is less than 0.3, which in-
dicates that the flow maldistribution will not be improved significantly

Table 2
The dimensionless parameter Y in different heat exchange systems.
M = 0.013 kg/s M = 0.015 kg/s M = 0.02 kg/s
U-type 0.0023 0.0031 0.0037
Z-type 0.0057 0.0055 0.0050
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Fig. 8. Flow distribution vary with the dimensionless flow area ratio AR.
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Fig. 9. The dimensionless parameter Y and (dY/dAR) vary with the dimen-
sionless flow area ratio AR.
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Fig. 10. Pressure drop proportions of the nine channels.
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as AR decreases when AR is less than 0.3. Therefore, decreasing the
dimensionless flow area ratio AR is beneficial to flow uniformity and
heat transfer, but for the sake of the system compactness and production
cost, it is not necessary to design AR as smaller as possible if AR is less
than 0.3.

In order to explore the reason why decreasing the dimensionless flow
area ratio AR can improve the flow distribution in the Z-type parallel
flow system, the pressure drop proportions of each channel are pre-
sented in Fig. 10. It can be found that the pressure drops of channel and
outlet header are the main part of the total pressure drop, so the inlet
header pressure drop can be ignored. Besides, when AR = 0.22, the
proportion of outlet header pressure drop is reduced to about 40%, and
the channel loss proportion of each branch is more uniform than that
when AR = 1.30. In general, the local pressure drop determines the
corresponding header pressure drop. As shown in Fig. 11 (a), the local
resistance coefficient Ky, of the converging wye decreases as the channel
moves away from the header inlet, so channel loss proportion and mass
flow rate increase gradually. Fig. 11 (b) shows Ky, of the converging wye
and the ratio of Ky when AR is different. It can be seen that although Ky,
increases as AR decreases, the ratio of Ky, between each branch de-
creases as the AR decreases, which means relative values of outlet
header pressure drop between each channel are reduced. Therefore, the
outlet header loss and channel loss between each branch are more

35
N diverging wye
30 4 ® converging wye
[ |
25
20
—_
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515
10 H
°
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04 u m ] n ] ] ° ° °
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Channel No.

(a) The local resistance coefficient of each branch, AR = 1.30.
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(b) Kor of the converging wye and the rate of Kur vary with AR.

Fig. 11. The local resistance coefficient variation in different conditions.
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uniform when AR decreases, which eventually improves the flow dis-
tribution in the system.

3.2. Effect of non-uniform heating

In addition to the geometric parameters of the heat exchanger,
operating condition is also a significant factor affecting the flow distri-
bution and heat transfer. Some terrible operating conditions should be
considered when designing the heat exchanger. Therefore, the effects of
non-uniform heating are discussed in the following sections.

3.2.1. The location of the low thermal load channel

Because of the header effect, the location of the low thermal load
channel will affect the flow and heat transfer when the system is heated
unevenly. Keeping the total mass flow rate M = 0.015 kg/s, the total
thermal power is 22,000 W, the thermal power of the low thermal load
channel is 2000 W, and other channels are heated uniformly. So the
thermal load deviation is fixed in this section. Besides, the geometrical
dimensions of heat exchange system are the same as those in case 2
(Table 1) and Z-type exchanger is studied. The fluid is water, of which
inlet temperature and pressure are 363 K and 200 kPa.

As shown in Fig. 12 (a), it can be found that the mass flow rates of
branches near the low thermal load channel are affected significantly,
especially the downstream channel. Moreover, it should be mentioned
that the mass flow rate deviation increases gradually when the low
thermal load channel is away from the header inlet, but the mass flow
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(a) Flow distribution when the location of the low thermal load channel changed.
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(b) Outlet vapor quality of each channel when the location of the low thermal load
channel is different.

Fig. 12. Flow distribution and outlet vapor quality of each channel variation
when the location of the low thermal load changed.
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rates of channel are not the smallest when the low thermal load channel
is channel 9. Furthermore, as illustrated in Fig. 12 (b), the outlet vapor
quality of the downstream channel adjacent to the low thermal load
channel is the maximum. Besides, (Xout)max iS up to 0.86 when the low
thermal load channel is channel 3, but (Xout)max is only 0.74 when the
low thermal load channel is channel 9. Actually, the outlet vapor quality
of channel ought to be paid more attention to because once X,y is above
1 or a smaller value, heat transfer deterioration may occur in this
channel and causes the wall temperature to rise sharply. Therefore, the
greater the (Xout)max, the more likely the heat transfer deterioration will
occur in the system.

In order to quantitatively investigate the effect of the low thermal
load channel location on flow distribution, the dimensionless parameter
Y variation is shown in Fig. 13. It is clear that Y increases gradually as
the low thermal load channel is away from the header inlet, which
means flow distribution is worsened. However, according to the above
analysis, the heat transfer performance may not be the worst when the
low thermal load channel is channel 9. On the one hand, the mass flow
rate of the low thermal load channel is too large, making Y unreason-
able. On the other hand, the greater the mass flow rate of the channel,
the dryout is less likely to occur. Therefore, the dimensionless parameter
Y., is proposed to evaluate heat transfer characteristics and identify the
channel with high risk of heat transfer deterioration. The expression of
Y, is the same as that of Y, but the mass flow rate of the low thermal load
channel isn’t used. It can be seen from Fig. 13 that Y, increases firstly
and then decreases, and Yy, is the maximum when the low thermal load
channel is channel 2, which is the same as the trends of (Xout)max-
Overall, the dimensionless parameter Yy, rather than Y is more suitable
for non-uniform heating conditions. Moreover, setting channel 2 as the
low thermal load channel is the worst operating condition for taking
both the flow distribution and heat transfer into account in this study.

3.2.2. Thermal load deviation

Moreover, the thermal load deviation is another significant factor
influencing the flow and heat transfer when the system with non-
uniform heating. According to section 3.2.1, channel 2 is kept as the
low thermal load channel, and other channels are heated uniformly. The
dimensionless parameter H is introduced to describe the thermal load
deviation, which is given as follows:

(32)
where W is thermal power (W), and W = %
0.050 0.012
°
| |
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Fig. 13. The dimensionless parameters Y and Y, vary with the location of the
low thermal load channel.
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As shown in Fig. 14, it’s clearly concluded that the greater H is, the
worse the flow distribution is. Moreover, the mass flow rate of channel 3
is the minimum. For analyzing the heat transfer characteristics, the
trend of (Xout)max With the dimensionless parameter H is presented in
Fig. 15. It can be seen that the maximum outlet vapor quality (Xout)max iS
a linear function of H. This result is helpful for engineers to roughly but
quickly predict the worst operating conditions. For example, assuming
that (Xout)max = 1 is the worst operating condition, the dimensionless
parameter H must be less than about 198.

4. Conclusion

To quickly and accurately simulate the flow distribution and heat
transfer performance of two-phase flow in the parallel flow system, a
numerical model is established in this study. Moreover, the effects of
geometric parameters and non-uniform thermal load are discussed in
detail. The main conclusions are drawn as follows.

(1) The ratios of mass flow rate predicted by this model are in good
agreement with the experimental data, and the maximum
average relative deviation is 4.4%.

(2) The flow distribution in U-type heat exchanger is more uniform
than that in Z-type exchanger due to the header effect.

(3) Decreasing the channel to header area ratio AR is beneficial to the
flow uniformity of Z-type heat exchanger, but for the sake of the
system compactness and production cost, it is not necessary to let
AR be as smaller as possible when AR is less than 0.3.

(4) Non-uniform heating will worsen the flow distribution because
the pressure drop of two-phase flow is sensitive to heat flux. The
mass flow rate of branch channels near the low thermal load
channel reduced significantly, especially the downstream
channel.

(5) Unlike uniform heating conditions, a dimensionless parameter Y,
is defined to evaluate the flow distribution for non-uniform
heating conditions. It should be avoided to set the channel 2 as
the low thermal load channel in this study for taking both the
flow distribution and heat transfer into account.

(6) The dimensionless parameter H is introduced to predict the worst
operating condition. The outlet vapor quality (Xout)max is @ linear
function of H, which is helpful for engineers to predict the worst
operating conditions quickly. If it is assumed that (Xout)max = 1 is
the worst operating condition, the thermal non-uniformity
dimensionless parameter H must be less than about 198 in this
study.
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Fig. 14. Flow distribution varies with the dimensionless parameter H.
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Fig. 15. (Xou)max varies with the dimensionless parameter H.

This work established a numerical model that can simplify the
calculation and predict the flow distribution and heat transfer of the
complex parallel flow system, which is significant for the design of two-
phase flow system. Conclusions obtained from this study are expected to
optimize and design two-phase flow heat exchangers. For the wide
application of the present numerical model, considering the effect of
flow pattern on flow and heat transfer will be the focus in our future
work.
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