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Abstract

The heat and flow analyses of a parallel-flow heat exchanger are performed. Two models with and without con-
sidering the effects of the geometric characteristic of flat tube are used. Comparing the two models, the modeling using
the heat transfer correlations of flat tubes shows the better accuracy and stability of numerical solutions. The effect of
flow distribution on the thermal performance is examined with varying the design factors (i.e., the locations of sepa-
rators and inlet/outlet, and the aspect ratios of microchannels of the heat exchanger). The flow uniformities along the
paths of the heat exchanger are proposed, and are observed to evaluate the thermal performance of the heat exchanger.
The optimization using the ALM method has been accomplished by maximizing the flow uniformity. It is found that
the heat transfer rate of the optimized model is increased by 6.0% compared to that of the base type and the pressure

drop by 0.4%.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The heat exchangers for refrigeration and air-condi-
tioning systems are often required to be compact in size
and light in weight because they are usually installed in
confined spaces. The heat capacity of a parallel-flow
heat exchanger (PFHE) is 150-200% larger than that of
the conventional heat exchanger. The high heat capacity
of the PFHE can meet the requirements of compactness
and lightness. The PFHE has a good thermal perfor-
mance, but it is different in structure compared with
conventional heat exchangers. Therefore, the study on
the internal heat and flow characteristics is required.

Considering the internal shape of the PFHE, it can be
modeled as the multiple passages problem. The uniform
flow distribution is the most important phenomenon
when the heat and flow characteristics of multiple
passages problems are considered. Nakamura et al. [1]
designed passages of a power transformer using the
multi-block method so that the flow distribution of the
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air in each passage can be uniform. Karvounis and
Assanis [2] examined the flow distribution inside a cat-
alytic converter by varying the size of its inlet, based on
the fact that the more uniform the distribution of inlet
velocity, the more uniform the flow rate in each passage.
Choi et al. [3] studied the effects of the inlet size of a
cooling fan and the spacing between PCB boards on the
uniformity of the flow distribution, with no increase in
pumping power, for electronic packaging applications.
But it is expected that there will be differences between
the multiple passages and PFHE in the heat and flow
characteristics because the PFHE is composed of mul-
tiple passages with multi-directional flow. In regard
to the thermal performance of a PFHE, Sugihara and
Lukas [4] explained the basic structure and materials of
a PFHE for automobiles, and reported some experi-
mental results on its thermal performance. It has diffi-
culties examining the heat and flow characteristics with
varying geometric parameters, because the results of
reference [4] are focused on a comparison with the other
types of heat exchangers.

In this study, the numerical analysis on the thermal
performance of a PFHE is performed. To evaluate the
thermal performance, flow uniformity is defined. The
design parameters are selected and the effects of these
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Nomenclature

Ain diameter of inlet, reference length
Aout diameter of outlet

B width of header (non-dimension)

Ci, C,, C, turbulent constants

D hydraulic diameter

f friction factor

g constraints

g gravity (m/s?)

G mass flux (kg/m?s)

h convective heat transfer coefficients (W/
m?K)

hm height of microchannel (mm)

H height of heat exchanger (non-dimension)

k thermal conductivity (J/kg K)

& length (non-dimension)

L length from upper side or lower side (non-

dimension)
Ly louver thickness (non-dimension)
m flow rate (kg/s)
NP number of passages
NPP number of passages of path
Nu Nusselt number
P pressure, P = 2p/pu?,
Repse Reynolds number, Reps, = 2Gh /1
T temperature (K)
u, v dimensionless velocity
U flow uniformity
/4% length of louvered fin (non-dimension)

Greek symbols

o aspect ratio of microchannel

AX length between wall grid point and near grid
point

€ turbulent dissipation rate

e efficiency of louvered fin

0 non-dimensional temperature, 0 = (T — T;;)/
(T; - T;lir)

0. louver angle

K turbulent kinetic energy
viscosity (kg/ms)

v dynamic viscosity (m?/s)

o density (kg/m?)

ot turbulent Prandtl number

Subscripts

0 smooth tube (o = 15)

e end or equivalent

eff effective

f fin

iJ tensor indexes

ideal ideal case

in inlet

out outlet

overall overall

pth path

psg passage

t flat tube

parameters on heat and flow characteristics are exam-
ined. To suggest the optimum geometries for the PFHE,
the optimum process is applied.

2. Mathematical modeling

A PFHE is composed of headers combining or sep-
arating working fluid, flat tubes that are the passages for
the working fluid, and separators that determine the
path of the passages. Air flows through the frontal area
of a PFHE as shown in Fig. 1(a) and the louvered fin
(see Table 1) is equipped between the flat tubes to im-
prove the thermal performance. The PFHE (see Fig. 1(a)
and Table 1) is chosen as a base type that is commer-
cially available. In the PFHE shown in Fig. 1(a), the
heat transfer area of flat tubes occupies most of the
overall heat transfer area of the PFHE. The flat tube has
several microchannels inside it. Microchannels inside flat
tube improve the thermal performance of a PFHE. In
this study, the heat and flow analyses are performed
using two models on flat tube to investigate the effect of

the geometric characteristics of flat tubes on the thermal
performance of a PFHE. Two-dimensional plain mod-
eling called “P-modeling” that neglected the effect of
microchannels inside flat tube and modeling using the
heat transfer correlations of flat tube called “C-model-
ing”. In P-modeling, the physical quantities of the whole
passage are numerically computed at each node point.
In C-modeling, the whole passage is divided by three
parts as shown in Fig. 1(b), and the physical quantities
are calculated in a similar fashion as in Section 2.3.

2.1. Governing equation

For the analysis of PFHE, the internal flow is as-
sumed to be two-dimensional, steady, and incompress-
ible turbulent flow. It is also assumed that viscosity and
density of the working fluid are kept constant. Phase
change is not considered because of the absence of a
suitable two-phase model that can be applied to the flat
tubes with a small hydraulic diameter. Under these as-
sumptions, the general governing equations in tensor
form is as follows:
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Fig. 1. Physical model of a PFHE: (a) schematic diagram, (b) passage (flat tube) of PFHE, (c) geometry of louvered fin.

Table 1 0 D oG
The geometric specifications of a PFHE (dimensionless) % (puig) = x Hegr o +5; (1
1 1 1

Ain Aoul Lin Loul b
1.00 0.75 1.02 0.87 1.46
H <z Pr Pt O where ¢ becomes 1, u, v, &, k, or ¢ for mass, momentum,
22.68 48.03 0.71 0.16 24° energy, and turbulent transport equations, respectively.
m W, W W L The standard x—& model is used for turbulent flow

analysis. The source term (S;) for each variable in

1.26 0.11 0.04 0.04 0.04 equation (1) is listed in Table 2.
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Table 2
g, 04, and S; for governing equation (1)
Equations q g, S;
Continuity 1 - 0
d 0 Ou;
X-momentum u 1.0 o {uc“ (a)}
9 Ou;
y-momentum v 1.0 P + — | Mesr S | g
dy  Ox; oy
0 0AH
E H 0.9 —-—
nergy o, {:ueff< o, >}
k-equation K 1.0 p(P—¢)
g-equation € 1.3 p(e/x)(C1P, — Cre)
_ _ 2 _ _ _ _ M 2, .2 2 2 2
o = (0 + 1) /04, w =pCu’le, Cr=144, C, =192, C,=0.09, P = o 2(% + Uy> + (v +u,)” — 3 (ux +vy)

2.2. Boundary conditions

Boundary conditions of the dimensionless velocity
and the dimensionless temperature are as follows:
Dimensionless velocity:

u=uy, v=0 at the inlet
u=v=0 at the header and the passage walls

(2)
/ udA = / udA at the outlet
in out

Dimensionless temperature:

0 =0, =1 at the inlet

an

Opay = ——— 20
W NuguAX + 1

at the header and the passage walls

Gl
—=0 h 1
- at the outlet 3)

In Egs. (2) and (3), subscripts ‘in, wall, nb, and out’
denote inlet, wall, grid next to wall, and outlet, respec-
tively. Nuoy in Eq. (3) is the outside Nusselt number at
the wall or between the blocks, is defined as
hed

Nuoul = 7 (4)
where equivalent heat transfer coefficient (4.) is used for
considering the air-side heat transfer, and is defined as
follows:

4
he = (1+11fA—:)h (5)

where #;, Ar, A and & represent fin efficiency, area of fin
and tube, and heat transfer coefficient, respectively. The
air-side heat transfer coefficient (%) is calculated by using
the heat transfer relation to a louvered fin [5].

2.3. Treatment of passages

The PFHE shown in Fig. 1(a) has many flat tubes,
and the heat transfer area of flat tubes occupies most of
the overall heat transfer area. The accuracy of numerical
solutions should be affected by considering the effect of
microchannels inside the flat tube. Therefore, the phys-
ical quantities of passages are calculated by the numer-
ical computing in P-modeling and by the heat transfer
correlations [6] together with the numerical computing
in C-modeling. Bending flow owing to the connection of
flat tube to the headers appears at the inlet and outlet
of the passages. The developing region resulting from
bending flow is shown in the inlet and outlet of the
passages. Each passage is divided into three parts in C-
modeling to consider the bending flow. The numerical
analyses based on the governing equations must be
performed in the developing region (see Fig. 1(b)). The
length of the developing region is determined by the
profiles of temperature and velocity [7], and it is about
5% of the whole passage. In the fully developed region,
the correlations are applied to the correlation region as
shown in Fig. 1(b).

S , Ay Ay

— =4 A A —+— 6
f() o+ Ao+ 20(+O(+a2 ()
Nu o \4

Y By 4 B+ By + Bodd B<—> 7
Nuo o+ Bi1o + Bro” + B30 + By 10 (7)

where o is the aspect ratio of the microchannel, and the
coefficients of equations, 49—A44 and By—B,4 expressed by
the function of Reynolds number, are mentioned in Ref.
[6]. The above correlations are valid for the range of
150 < Repsy <460 and 0.74 <« <2.00, and the coeffi-
cients of determination are over 0.99. The Reynolds
number at each passage (Reps,) is calculated for the
correlations as below.

2Ghy,
Repg = —— 8
psg T (8)
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where G is mass flux, &, is the height of microchannel
of flat tube, and u is the viscosity of the working fluid.
The mass flux (G) is calculated using the ratio of flow
distributions of each passage and the flow rate at the
inlet.

3. Numerical methods and validation

The governing equation (1) is discretized by using the
finite difference method. The convective term of the
governing equation is discretized by using a 2nd order
central difference scheme and the adaptive damping
term. The diffusive term is separated with an orthogonal
and a non-orthogonal term. The orthogonal term is
treated implicitly and the non-orthogonal term is treated
explicitly in the source term. The first-order upwind
scheme is used for the energy equation. A non-staggered
grid system is adapted. A checkerboard pressure that
often occurs in a non-staggered grid system is avoided
by adding the 4th order pressure damping term into the
pressure correction equation. Since there are several
regions that do not require computation in the domain,

Table 3
Comparison of heat transfer and pressure drop between P- and
C-modeling

as shown in Fig. 1(a), a multi-block method was incor-
porated for saving the computation memory and time.

In this study, the number of mesh lines parallel to the
passage is important because the accurate calculation of
flow distributions in passages determines the accuracy
of numerical solutions. To check the grid independency,
four cases of different grids (namely: 5-, 10-, 12- and 15-
mesh lines/passage) are tested. The proper grid size
without affecting the accuracy of the numerical solutions
is 12-mesh lines/passage, in both models. The total grid
points are 62,749(= 131 x 479) and 24,908(= 52 x 479)
in P- and C-modeling, respectively. In all cases, the
convergent solutions are obtained when the sum of er-
rors is less than 0.1% in flow distribution calculated by
the velocities, and the sum of the thermal imbalance at
each node is less than 107° for the temperature.

For the determination of accurate and stable mod-
eling, the ratios of the difference of dimensionless tem-
perature and pressure of P- and C-modeling to the field
test [8] are shown in Table 3. The Reynolds number at
the inlet is 9766. The numbers of passages in the path
(NPP) of base type and S, type (see Table 4) are 9-8-5-5
and 11-7-5-4, respectively. And Inlet/outlet positions of
two types are the same. As shown in Table 3, in the case
of P-modeling, the heat transfer and pressure drop are
underestimated by 30% and 40% compared with the field
test, respectively. In the case of C-modeling, the heat
transfer and pressure drop are underestimated by 11%
and 17% compared with the field test, respectively. The

P-modeling C-modeling deviations of the numerical results are +4% in P-mod-
Base type eling and £1% in C-modeling. C-modeling improves the
AO/Abged pase 0.60 0.83 accuracy and stability of the numerical solution because
AP/ APrield base 0.70 0.89 of using the heat transfer correlation of the flat tube
Si type which incorporates the most heat transfer area of the
22/ AAiﬁE‘dS] 0'6; 0'25 PFHE mentioned above. Therefore, the following nu-
/APsaas: 0.7 0.90 merical calculations are applied to C-modeling.
Table 4
Comparison of uniformities, heat transfer, and pressure drop for the base, S-, I-, and O-types

Type NPP, Lin» Loul Uoverall(Ula Uz, U35 U4) AQ/Aebase AP/APbase
Base

9-8-5-5, 1.02, 0.87 3.95(2.62, 7.77, 3.79, 4.73) 1.00 1.00
S-types
Si 11-7-5-4, 1.02, 0.87 3.91(4.88, 4.13, 3.00, 3.01) 1.02 1.17
S, 8-7-6-6, 1.02, 0.87 2.38(1.92, 3.77, 3.00, 3.82) 0.97 1.03
S5 9-8-6-4, 1.02, 0.87 3.62(3.91, 2.30, 2.97, 2.98) 0.98 1.20
I-types
I 9-8-5-5, 0.29, 0.87 2.72(1.86, 2.96, 3.79, 4.73) 0.99 1.02
I, 9-8-5-5, 1.76, 0.87 2.60(1.80, 3.58, 1.93, 8.87) 1.02 1.05
I; 9-8-5-5, 2.75, 0.87 2.49(1.54, 2.08, 65.36, 4.68) 0.98 1.03
O-types
(o)) 9-8-5-5, 1.02, 0.33 1.77(1.65, 2.91, 1.73, 1.63) 0.97 1.00
O, 9-8-5-5, 1.02, 2.19 2.26(6.24, 2.10, 1.12, 2.26) 1.00 1.07
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4. Results and discussion

The base type (see Fig. 1(a)) and several other types
are numerically analyzed. Design factors are selected so
that the total volume of the heat exchanger does not
change. The increase of heat transfer rate due to the
increase of the total heat transfer area is not desirable in
the heat exchanger design. Each path and passage has
been numbered in an ascending order from top to bot-
tom. The heat transfers and pressure drops of various
types are compared with those of the base type. The flow
distributions of passages are examined, and then flow
uniformities are calculated. Flow uniformity of path
(Upw) and overall flow uniformity (Ugyeran) considering
the heat transfer area are defined as

Upth

I 2
- m - mp:g ideal
psg,n sg.idea
= E . (Ne — D)
n=Ns Mpsg,ideal

-1

pth

©)

LA -
Uoveral = NP — 10
( 38 AmUmh) (10

pth=1

where N and N, represent ‘starting passage number’ and
‘end passage number’ at each passage, respectively.
Subscripts psg, pth, and ‘ideal’ indicate passage number,
path number, and ideal case, respectively. Ay, Ao, and
NP are the heat transfer area of each path, that of the
overall PFHE, and the number of the path, respectively.

The flow uniformity of path (Uyu) is used for eval-
uating the thermal performance of each path, and
overall flow uniformity (Uyeran) is done for comparing
among types and evaluating the overall heat exchanger.
C-modeling is applied for the governing equations in all
cases. S-, I-, O-types modify the location of separators,
that of the inlets, and that of the outlet, respectively. The
representative results (flow uniformities, the heat trans-
fer and pressure drop ratios of each type to the base
type) are shown in Table 4.

4.1. The locations of separators

Flow rates of base type and S, 3 modifying the lo-
cation of separators are shown in Fig. 2. S increases the
number of passages in path 1. The numbers of passages
are almost uniformly distributed in S,. S; changes the
number of passages in paths 3 and 4 compared with the
base type. Flow uniformities and the ratios of the heat
transfer and pressure drop are shown in Table 4. One
noticeable trend is that the flow rates are slightly greater
at the lower passages (i.e., larger passage number) than

30
—0O— Base type
—O—§8, type
25 —%— S, type
—v—§, type
= - - - - Ideal case Path 3
o~
T 0r 8
-
g
= Path2 . ...
E 151 Path 1 N /Ajé,g:’;—o
..AA’A A AOD foas ﬂ%.gfg_
| :v/v, K ~
10k d‘ /U\D(D
- O_O.—Q\.O: O/.@,@L@@rof.o -
5 1 1 1 1 1 1
(1] 4 8 12 16 20 24 28

N

Fig. 2. Flow distribution rates in each passage of the base type
and S-types.

at the upper passages (i.e., smaller passage number) for
all paths. This may be due to the gravity of the working
fluid in all types. Also the pressure drop is larger at the
lower passage of each path. In Table 4, overall flow
uniformity of S; type is decreased by decreasing flow
uniformities of paths 2, 3, and 4. But the heat transfer of
S, is increased by 2% compared with that of the base
type because the flow uniformity of path 1, which oc-
cupies larger heat transfer area, is increased. The worse
thermal performance shown in S, type is caused by the
decrease of flow uniformities in all paths. S; type, similar
to the base type, shows the lower values of flow uni-
formities. The flow uniformity of path 4, which de-
creases the number of passages in path 4 compared with
that of the base type, is largely decreased. The results of
the heat transfer and the pressure drop for the various
locations of separators indicate that the value of U, in S,
with the number of passages in path 1 less than 9 is
decreased significantly and the value of U, in S; and S;
types with the number of passages in path 4 less than 5 is
also drastically decreased compared to the other cases.
Therefore, in the present PFHE with a fixed number of
passages of 27, the base type with 9 passages in paths 1
and 5 passages in path 4 shows the best thermal per-
formance.

4.2. The locations of the inlet and the outlet

Upths Uoverall, AO/ABpase, and AP /APy, are listed in
Table 4. In the case of I; type, the inlet is located toward
the upper side of path 1. The flow is relatively concen-
trated on passage 1 (located in the upper side of path 1).
The flow rate of the other passages (except passage 1),
affected by the body force, is larger at the lower pas-
sages. In the case of I, and I types, the inlet is located
downward. The flow of the passages above the inlet is
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not adequately distributed, and it decreases U, and
Upyeranl, sSimultaneously. Therefore, the location of the
inlet is adjusted upward compared with the base type for
improving the heat transfer and the pressure drop of the
PFHE.

In the case of the O, type, the location of the outlet
moves to the lowest part of path 4. Flow uniformity of
path 4 and overall flow uniformity are decreased because
the flow is concentrated on the lowest passage (27)
parallel to the outlet. On the contrary, in the case of O,
type, the location of the outlet moves upward. The
working fluid passing through path 4 does not flow out
smoothly and some part of the working fluid is stag-
nated through the lower part of path 4. It highly elevates
the pressure drop and degrades the thermal performance
of the PFHE. If the outlet is located between passages 26
and 27, the flow uniformity is increased and thus im-
proves the thermal performance. It is shown in Table 4
that the heat transfer and the pressure drop are changed
by 1.8% and 2.7%, respectively, according to the loca-
tion of the inlet. Table 4 also indicates that the heat
transfer and the pressure drop are changed by 1.3% and
7.2%, respectively, according to the location of the
outlet. The change of the locations of the outlet gives a
large influence on the pressure drop.

4.3. Aspect ratio of microchannel

Flat tubes with microchannels are used as the pas-
sages of the working fluid in the PFHE. When the width
of the tube is fixed, the aspect ratio of the microchannels
determines the number of the microchannels. It changes
the heat transfer and pressure drop. If the width of the
tube is changed, the overall volume of the PFHE is
changed. It causes the change of the heat transfer area,
and varying the configuration of the louvered fins
changes the convective heat transfer coefficient. Thus,
the width of the tubes and the configuration of the
PFHE are fixed as those of the base type.

Both the heat and flow characteristics of the PFHE
are investigated for various aspect ratios of the flat tube.
The increase of flow resistance of the microchannels
hinders both the effect of the location of the inlet and the
concentration of flow rate on the lower passages. The
heat transfer and pressure drop ratios are shown in Fig.
3. In Fig. 3, the temperature curve is located above the
pressure curve at the range of aspect ratio from 0.8 to
1.3; otherwise the pressure curve is located above the
temperature curve. The larger heat transfer appears at
the range of aspect ratio from 0.8 to 1.3. In the figure,
the slope of the temperature curve is decreased, and that
of the pressure curve is increased when the aspect ratio is
about 1.0. The large difference between the temperature
curve and the pressure curve is shown in the aspect ratio
1.0. Hence, it is expected that best thermal performance
occur around the aspect ratio of 1.0. It is also shown

1
0.8 1.0 1.2 1.4 1.6 1.8 2.0

Aspect ratio, o

Fig. 3. The ratios of heat transfer and pressure drop with
various aspect ratios.

that flow uniformity shows a high value in the aspect
ratio around 1.0.

5. Optimization

The effect of the design parameters on the thermal
performance is examined. These are the locations of
separators and the inlet/outlet, and the aspect ratio of
the microchannels. The optimum array of the PFHE is
9-8-5-5, which is the same as that of the base type. The
optimum process does not consider the location of
separators because it is impossible to express the loca-
tions of separator as a continuous function.

The overall flow uniformity (Ugyeran) is the evaluation
parameter of the PFHE that considers the heat transfer
and pressure drop. For performing the optimum pro-
cess, flow uniformity is approximated as the appropriate
polynomial function of Li,, Loy or a. For approximat-
ing, additional numerical results are performed and
these are shown in Table 5. The final object function is
expressed as the products of normalized flow uniformi-
ties as indicated below.

F(Lin ) Louh OC) - Uovcrall (Lin )Uovcrall (Lout)Uovcral] (CX) (1 1)

where F and U are the approximated functions. Eq. (11)
is defined as the following optimum problem under gi-
ven conditions.

Table 5
Additional values of Ugyeran for I- and O-types
I'types Uoverall O'types Uoverall
Ly, =0.39 2.90 Loy = 1.34 3.18
L, =197 2.51 Low = 1.65 2.64
Ly, =2.36 2.50 Loy = 0.63 2.78
Loy =047 2.10
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Min: F(Lin, Lou, ) = Norm[F (Lin, Lou, )] (12)

0.825<2<2.00, 0.294 < L, <2.746,
0.332 < Loy < 2.189 (13)

where Eqgs. (12) and (13) are the object function and the
constraints, respectively. The ALM method is used for
finding the minimum value of the multi-variable prob-
lem. For the determination of searching directions, the
Broyden—Fletcher—Goldfarb-Shanno method is used.
The golden section method is used together with the
polynomial approximation [9] for updating the design
parameters. The final object function for the ALM
method is expressed as below:

A(LirnLoLlh(x? )~7 rp) :F(LIH7LOUI7 +Z[ (/)j +rp(pj

= Max |g;(Lin, Lou, %), — 2/17’} (14)

p

where / is the Lagrangian multiplier, and g; are the
constraints.

The optimum values of the design parameters are
Liy = 0.789, Loy = 1.060, and « = 1.08. The approxi-
mated value of the overall flow uniformity is 4.65 for
these values. This value of the overall flow uniformity
for the optimum process is validated for the proposed
PFHE. Its flow non-uniformity shows an error of 1.7%
compared with the approximated flow uniformity. This
means that the approximated functions are valid, and
the proposed optimum geometries are well applied when
designing the PFHE. Finally A0/AOy,. = 1.060, AP/
APy = 1.004, indicate that the heat transfer of the
optimum PFHE is increased by approximately 6.0%,
and the pressure drop is increased by 0.4%, compared to
those of the reference model. The optimum PFHE im-
proves the thermal performance because the increment
of heat transfer is much larger than that of the pressure
drop.

6. Conclusions

Both the heat and flow analyses of a PFHE, applying
two models, are performed. Comparing the two models,
the modeling using the heat transfer correlations of the

flat tube shows better accuracy and stability of the nu-
merical solutions. For investigating the effect of the flow
distribution on the thermal performance, flow unifor-
mities are used. On investigations varying the design
factors, 9 and 5 passages are required for paths 1 and 4
such as in the base type for the locations of the sepa-
rators. The location of the outlet affects the pressure
drop. The optimum value of aspect ratio is around 1.0.
Finally, the proposed geometrical values obtained by the
optimum process are Li, = 0.789, L., = 1.060, and
o = 1.08. The heat transfer and the pressure drop of the
optimum PFHE are increased by 6.0% and 0.4%, re-
spectively, compared to those of the base type.
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