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Abstract: Mathematical model of cross type multi-stream plate-fin heat exchanger is established. Meanwhile, mean
square error of accumulative heat load is normalized by dimensionless, and the equations of temperature-difference
uniformity factor are improved. Evaluation factors above and performance of heat exchanger are compared and ana-
lyzed by taking aircraft three-stream condenser as an example. The results demonstrate that the mean square error
of accumulative heat load is common result of total heat load and excess heat load between passages. So it can be
influenced by passage arrangement, flow inlet parameters as well as flow patterns. Dimensionless parameter of
mean square error of accumulative heat load can reflect the influence of passage arrangement to heat exchange per-
formance and will not change dramatically with the variation of flow inlet parameters and flow patterns. Tempera-
ture-difference uniformity factor is influenced by passage arrangement and flow patterns. It remains basically un-
changed under a certain range of flow inlet parameters.
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0 Introduction

With the development of industry and tech-
nology, multi-stream plate-fin heat exchangers
are widely used in fields such as petrochemical en-
gineering, aerospace, vehicle and nuclear industry
due to their advantages (i. e. small volume, light
weight and small size). However, the flow tem-
perature in each passage is affected by many fac-
tors due to the complex structure, and the phe-
nomenon as bypass effect of fin, temperature-
cross and heat consumption inside may occur un-
der certain conditions™”. Besides, the heat ex-
change mechanism will be more complex when
cross flow and phase change happen.

Over the decades, uniform method to esti-
mate the heat exchange performance of multi-
stream heat exchanger has not been performed.
Several theories have been proposed on the influ-
ence of passage arrangement to heat transfer per-
formance. For example, Suessmann et al. ¥ pro-
posed the local heat balance type passage arrange-
ment, and Prasad™ proposed passage arrange-
ment based on equal wall temperature principle.
Meanwhile, a quantitative criterion is required to
make evaluation for heat exchange performance.
Mean square error of accumulative heat load
method was provided in Ref. [2] in which the pe-
riodical vibration of the accumulative heat load a-
round zero reflects the optimal passage arrange-

4-6

ment. Other researchers'™ optimized passage ar-

rangement using the above performance evalua-
tion through a genetic algorithm. Guo et al. ™
considered that the enhance of heat exchange per-
formance could be conducted in two steps, first of
which is to increase the convection heat transfer
coefficient, and the second of which is to increase

the performance of heat exchanger under same

convection conditions (e. g. the flow pattern can

affect the heat exchanger performance). Based on
the second step, a principle of field synergy was
proposed and temperature-difference uniformity
factor was established for two-stream. CUI et
al. ) established the temperature-difference uni-
formity factor for multi-stream heat exchanger by
considering the synergistic impact of passage ar-
rangement and fin bypass effect. Based on
Rel.[8], LV et al.™ normalized sub-cell flow
temperature-difference with dimensionless param-
eter and strengthened the weighting factor of ad-
jacent passages to evaluate the merits of passage
arrangement., However, the evaluation methods
above mainly reflect the influence of passage ar-
rangement to heat exchange performance, applied
range of which should be taken into further con-
sideration.

Based on previous mathematical modeling

dHoB) ) a4 mathematical model of cross type

metho
multi-stream plate-fin heat exchanger is estab-
lished. Moreover, mean square error of accumu-
lative heat load is normalized with dimensionless
parameter and the expression of temperature-
difference uniformity factor is improved. On the
basis, two methods are compared and analyzed by
taking aircraft three-stream condenser as an ex-
ample, in which application ranges of each meth-
od are distinguished and are both expanded. Fi-

nally, the origins of two methods are concluded.

1 Mathematical Model

The physical model of cross type multi-
stream plate-fin heat exchanger is shown in
Fig. 1. In order to simplify the calculation, the
mathematical model is based on the following as-
sumptions:

(1) Generalized fin density f is defined as-
suming that the heat exchange amount between
fin and flow/plate within unit fin spacing is dis-
tributed into flow and plate cells, to ensure the
cell independent from the fin distance.

(2) Assume that flow temperature is equal a-
long fin height direction in a channel while tem-
perature of fin and plate are equal along fin thick-

ness direction. Besides fin and plate contact well
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and plate temperature equals to root temperature JT,-(O) =T,.., F=1 )

of fins, as listed below
L. CH ) =tg,.:41 (0)

(3) Lateral heat conduction for flows in a
passage is ignored by considering the rapid flow
velocity of the fluids in heat exchanger.

(4)Lateral heat conduction for fins and plates
is ignored by considering that the length of the fin

or plate is much larger than its thickness, as lis-

ted below
azti(I) —0 aztplam.i =0 92tplarc,i =0
ar Toor T

(5)Steady and uniform flow generate in each
passage, and it is close to actual in general.

(6)The type of fin is straight fin or serrated
fin. The complexity of the fin temperature distri-
bution determines that other types of fin do not

apply to the following model.

Fig.1 Diagram of multi-stream plate-fin heat exchanger

Based on assumptions above, energy conser-
vation equations are established for fins, plates
and flows. For flows

dT. (D) _
di

(FGe ) e H (1 — £6);

H
Zf;a,j o) — T,(D]de
0

T.(D # T/

dh; (D) _
d/

(FG) e H (1 — f0);

H
Zfiaij l [t:(x) — T, (D] dx
0

T,(H)=T;
@y
The boundary conditions of Eq. (1) are ob-
tained in Eq. (2), namely

IT.(L)=T,, F=—1
Energy conservation equation for fins is
shown as follows

d2 t; (.r)
A

Energy conservation equation for plates is

+ 20, [T —1,()]=0 ()

shown as follows

dtg. (H)D dt .01 (0)
dx dx

a1 — )i [T, — t4, (HD ]+
a1 (1 — 0t [T (D) — 2400 (00 =0 (4)
It is supposed that the up and down plates

7/\(f.8)fm,z +/1(Af6)ﬁu.i+l +

are adiabatic. When the up plate is adiabatic, the
second and fourth sections in Eq. (4) are both ze-
ro. While the down plate is adiabatic, the first
and third sections in Eq. (4) are both zero. For
flow and fin i=1,2,+, N, for plate :1=0,1,2,
-+, N.

Based on equations above, cross type multi-
stream plate-fin heat exchanger can be divided in-
to W X L sub-cell heat exchangers, as shown by
dash line in Fig. 1. Basic numerical method is de-
scribed as follows: If the size of sub-cell heat ex-
changer is small enough, flow direction inside the
sub-cell heat exchanger can be ignored. Taking
the sub-cell heat exchanger as research object,
physical parameters of each stream can be ob-
tained based on flow inlet temperature. Linear e-
quations of flow outlet temperature can be estab-
lished by energy conservation equations for fins,
plates and flows. Then outlet temperature of sub-
cell heat exchanger can be obtained. Based on
flow direction of each stream, flow outlet temper-
ature of sub-cell heat exchanger is set as inlet
temperature of adjacent sub-cell heat exchanger
while physical parameters are updated and then
fluid temperature distribution can be received in
turn. For countercurrent fluid, the beginning
temperature field should be assumed and should
be iterated until the convergence of upstream fluid
temperature field.

Compared with mathematical model acquired
by former researchers, the proposed numerical

method considers lateral heat conduction charac-
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teristics of fin to ensure the calculation accuracy.
Meanwhile, the mathematical model is expanded
to the calculation of cross type multi-stream
plate-fin heat exchanger. On the other hand, this
numerical method only needs to iterate under re-
verse flow pattern, and under other flow patterns
iteration is not needed which means higher calcu-
lation efficiency. The calculation accuracy and ef-

ficiency of the above method have been demon-
strated in Ref. [16].

2 Performance Evaluation Methods
2.1 Mean square error of accumulative heat load

Excess heat load between passages will influ-
ence the heat exchanger performance on account
of local heat balance theory of passages. Heat ex-
changer has better performance when mean
square error of accumulative heat load is smaller.

Mean square error of accumulative heat load can

be expressed as

5

Based on Eq. (5), ¢ is normalized with di-
mensionless parameter in order to reflect the in-
fluence of heat exchanger structure to heat ex-
change performance adequately. The meaning of
the parameter will specify in the following para-
graphs. Mean square error of accumulative heat

load by dimensionless is obtained in

N i

PO NDE
==t (6)
N qo)?

From Eq. (6) it can be seen that when ¢* ap-

proaches to zero, excess heat load between passa-
ges is smaller, and the heat transfer performance

becomes better.
2.2 Temperature-difference uniformity factor

Based on Refs. [10,11], the temperature-
difference uniformity factor is improved to mainly
consider the temperature-difference non-uniformi-
ty along the flow direction and eliminate the in-
fluence of non-adjacent passage. Temperature-

difference uniformity factor can be expressed as

¢:

z

-1 W L

DU TG+ 1.0 = TGk |

1 k=1

i

N—1 W L
«/(N DWL DI DDV [TG+ 14k — TGajk) ]

i=1 j=1 k=1

1

P

It can be seen from Eq. (7) that 4 =1 when

all passages are in the same temperature-differ-
ence and ¢ < 1 under different temperature-differ-
ence. The value of ¢ could reflect the uniformity
of flow temperature so as to reflect the heat ex-

change performance of heat exchangers.

3 Comparison of Two Methods

In this paper, a three-stream condenser for
aircraft vapor cycle refrigeration system is de-
signed, of which cooling fluid is air and thermal
fluid is antifreeze and R134a. R134a has a phase
change when this condenser operates. Design pa-

rameters are shown in Table 1.

Table 1 Performance parameters of three-stream condenser
T/ T../ Pressure/ Flow rate/
Medium
C T MPa (kg +h™ ")
Air(A) 40 — 0.4 4 000
Antifreeze(B) 70 <62 0.8 500
R34a(C) 80 <62 1. 85 300

For the convenience of pipe layout and reduc-
ing air flow resistance, cross flow is applied for
cooling fluid. Meanwhile, the serrated fin type is
applied for enhancing the heat transfer coefficient
of each stream. The length and width of the heat
exchanger are taken as 400 mm and 130 mm.
Structural design parameters of three-stream con-
denser are shown in Table 2.

Table 2 Structural parameters of three-fluid condenser

H/ Pitch/ o/

Uninterrupted flow

Medium
mm mm mm length/mm
Air 6.5 2.0 0.15 3
Antifreeze 2.0 1.4 0.15 3
R134a 2.0 1.4 0.15 3

3.1 Different passage arrangements

To prove whether ¢ , ¢" or ¢ can reflect the
influence of passage arrangement to heat transfer

performance, assumptions are proposed that pas-
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sage number and inlet parameters are unchanged
under cross flow. By combinatory theory, assume
that passage number of flow A, B and Cis 14, 13
and 13, there will be Cii Cii types of passage ar-
rangement for three-stream condenser. Obvious-
ly, it is not realistic to calculate evaluation factors
of all passage arrangements. According to pas-
sage arrangement principle of multi-stream plate-
fin heat exchanger, heat exchanger has good per-
formance under periodic passage arrangement.
Therefore, passage arrangements are established,
as is shown in Table 3. Arrangements 1—5 are
periodic passage arrangements while Arrange-
ments 6—10 are random permutations and combi-

nations for covering other arrangements.

Table 3 Ten types of passage arrangement in aircraft multi-

stream plate-fin heat exchanger

No. Passage arrangement

1 ABACABACABACABACABACABACABACABACA
2 ACABBACAACABBACAACABBACAACABBACAA
3 ABCAABCAABCAABCAABCAABCAABCAABCAA
4 ACBBAACAACBBAACA ACBBAACA ACBBAACAA
5 ABABABABABABABABACACACACACACACACA
6 CCBCBBACCAABABBBCAACCBAAAAAAAAAAA
7 CCCACCAAABAACACCAAABBAABBBABBAAAA
8 CBAACBCBCABBAACCAABBAAAACBCAAAAAA
9 ABAACAABAABAAACBCCCBAACBABBAAAACC
10 BAACAABBCBACACCCCCBAAABAAABBAAAAA

Considering fluid A is single cooling fluid,
total heat load of it can directly reflect the heat
transfer performance. The relationships between
evaluation factors such as ¢,¢", ¢ and heat load of

fluid A are shown in Fig. 2.

1.2
12.
"~ A o 0 0
Lof ~n ——¢ -m—d. 118 .
. 1.6 é
2 08 14
g ™
- 12 ¥
< 06 Z
10 3
0.4 0.8
o2, T, 706
1 2 3 4 5 6 7 8 9 10
Senquency number of arrangement way
Fig. 2 Relationship between evaluation factors

and heat load of fluid A under different

passage arrangement

From Fig. 2, it can be seen that no matter
passage arrangements are in order or not, ¢ and
¢ changes with heat load of fluid A, which can re-
flect the effect of passage arrangements to heat
transfer performance. For Arrangements 1—5
which have practical significance, ¢ shows an op-
posite trend with heat load of fluid A. The smal-
ler ¢ is, the better the heat transfer performance
is. However, for arrangements in disorder, ¢ is
not comparable, This is because ¢ is related with
total heat load of heat exchanger. Former re-
searchers who use ¢ to evaluate passage arrange-
ments consider that total heat load is same under
different passage arrangements and for one flow
there is equal distribution of heat load between
different passages. This consideration ignores
heat transfer characteristics between passages.
However, when applying the proposed numerical
to conduct heat transfer calculation under a cer-
tain heat exchanger boundary dimension, total
heat load is different under different arrange-
ments. If there is large difference in total heat
load between two passage arrangements, ¢ is
small under passage arrangement that has poor
heat transfer performance. This shows that ¢ nor-
malized with dimensionless parameter to ¢* has
significant value.

Outlet temperatures of each fluid under
Arrangements 1—75 are listed in Table 4. Because
required outlet temperature of hot fluid is less
than 62 °C, it can be concluded from Table 4 that
although Arrangement 1 has the largest heat
transfer amount, energy distribution of target
fluids B and C in Arrangement 2 is more reasona-
ble. This indicates that when temperature-differ-
ence uniformity factor is close to 1, the energy ef-
ficiency becomes higher. However, this does not
represent reasonable energy distribution.

Table 4 Outlet temperature under different passage arrange-

ment ways
] Outlet temperature/C
Fluid
1 2 3 4 5
A 58.05 57.20 56.72 55.95 57.46
B 53.10 55. 65 55.96 58.07 49.91
C 61.43 59. 65 62.30 62. 32 64.00
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3.2 Different inlet parameters

Based on Arrangement 2, passage arrange-
ment is optimized that the last passage A is dis-
carded and adjacent passages B are combined on
the condition of enough strength of passage B.
Meanwhile, fin height is twice of original height
and passage arrangement is ACABACAACABA-
CAACABACAACABACA.

flow rate of fluids A and B and inlet temperature

On the basis, inlet

of fluids A and C are changed. The relationship
between @,¢" s ¢ and inlet flow rate and tempera-

ture are shown in Figs. 3—6.
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From Figs. 3—6, it can be seen that ¢ is re-
lated with fluid total heat load. When heat load
has significant variation, ¢ has the same variation
trend. Within a certain range, ¢ and ¢ are more
steady which are not influenced by inlet parame-
ters so that ¢* and ¢ can reflect the effects of

structure characteristics to heat exchange per-

formance.
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3.3 Different flow patterns

Passage arrangement is ACABACAACABA-
CAACABACAACABACA. Evaluation factors of
cross flow and parallel flow are calculated. the re-
sults are listed in Table 5. Heat exchanger size of
flow patterns 1—3 is 130 mm X 400 mm and
which of flow patterns 4—6 is 400 mm X
400 mm.

Comparing the Arrangements 1,2, it can be
concluded that when flow pattern changes from
cross flow to parallel flow without considering the
growth of resistance, although ¢ decreases greatly
due to poor temperature-difference field, heat
load shows a little difference for convection heat
transfer coefficient of fluid A increases. Compa-
ring Arrangements 1 and 3, flow directions of
thermal fluids B and C vary from same to ad-
verse. In this case, convection heat transfer coef-
ficient remains unchanged, and heat load as well
as ¢ has a slightly decrease. Under Arrangements

4 and 5, if length and width of heat exchanger are
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similar, it can be seen that convection heat trans-
fer coefficient of fluid A remains unchanged while
heat load of fluid A and ¢ have similar change
trend. It can be concluded from above that using
¢ to evaluate the influence of flow patterns to heat

transfer performance should be under the condi-

tion of convection heat transfer coefficient of each
stream remaining unchanged, which is opposite
to Refs. [8,9]. The reason is that the possible
change of surface convection heat transfer coeffi-
cient caused by cross flow does not take into con-

sideration in Refs. [8,9].

Table 5 Calculating results under different flow patterns

Size/ No. of flow  Flow direction To./C qa / o/ o'/ as /
(mm X mm) patterns A B C A B C kW kW 107! ? (Wem?+«K")

130X A — — 57.4  55.79 57.62 19.34 0.780 0.403 0.873 359. 4

2 — — — 56.7 57.94 55.94  18.55 0.751 0.405 0.658 643.0

100 3 A -~ — 57.03 57.49 57.34 18.92 0.761 0.402 0.858 359.4

400 X 4 A — —  62.52 47.19 48.27 25.01 1.054 0.421 0.746 360. 2

- - — 57.38 57.43 57.39 19.31 0.790 0.409 0.497 359.5

400 6 A -~ — 59.57 56.62 55.31 21.74 0.885 0.407 0.676 359. 8

It also can be concluded that change flow pat-
terns under a certain structure size of heat ex-
changer, ¢* keeps unchanged while ¢ increases
with increasing total heat load, which has oppo-
site trend comparing with ¢ under different pas-
sage arrangements. This indicates that ¢ is com-
mon result of total heat load and excess heat load

between passages.

4 Conclusions

Mathematical model of cross type multi-
stream plate-fin heat exchanger is established,
and equations of mean square error of accumula-
tive heat load and temperature-difference uni-
formity factor are modified. Moreover, taking
aircraft three-stream condenser as an example,
evaluation factors and heat exchange performance
are compared and analyzed, then the applicability
of the two evaluation methods is obtained at last.
Conclusions are as follows:

(1) Temperature-difference uniformity factor
( ¢ ) reflects the influence of non-uniformity of
temperature-difference field to heat exchange per-
formance. It is influenced by passage arrange-
ment and flow patterns. As passage arrangement
and flow patterns become better, ¢ is closer to 1
while ¢ remains basically unchanged under a cer-
tain range of flow inlet parameters.

(2) Mean square error of accumulative heat

load (@) is common result of total heat load and

excess heat load between passages. which can be
influenced by passage arrangement, flow inlet pa-
rameters as well as flow patterns.

(3) Dimensionless parameter of mean square
error of accumulative heat load (¢") eliminates
the effect of total heat load, which can reflect the
influence of passage arrangement to heat ex-
change performance and will not change dramatic-
ally with the variation of flow inlet parameters

and flow patterns.
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