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Abstract The methods to enhance the heat transfer in
heat exchanger may be classified into two levels: one is to
improve the heat transfer coefficient; the other is to upgrade
the whole arrangement of the heat exchangers. For the sec-
ond level, the performance of heat exchanger can be up-
graded by increasing the coordination degree between the
temperature fields of cold and hot fluids. When the tem-
perature distributions are similar to each other, the tem-
perature difference field (TDF) is more uniform, which
means that the temperature fields are more coordinated with
each other. For the cross-flow heat exchanger, rearrangement
of the heat exchange surface area should improve the heat
transfer effectiveness, which is even equal to that of the
counter-flow heat exchanger when the surface area is reas-
signed optimally. For the multi-stream heat exchanger, the
thermal performance is also dependent on the uniformity of
the TDF, and the parallel-flow arrangement may achieve
higher heat exchange effectiveness than the counter-flow
arrangement, which indicates that the performance of heat
exchanger depends on the coordination degree of tempera-
ture fields instead of the flow arrangement.
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Heat exchangers are widely used in industries, and
the improvement of their performances will raise the effi-
ciency of energy utilization, and minimize the equipment.
With the rapid growth of energy consumption in recent
decades, improvement of heat exchanger becomes more
important for energy conservation. Generally, to upgrade
the thermal performance of heat exchangers, increasing
the heat transfer coefficient is largely based on, and it is
referred to as the technologies of the enhanced heat trans-
fer. Because of the energy crisis occurred in the 70s last
century, the technology of enhanced heat transfer achieved
rapid development and the number of published papers in
this field grew fast every yearm, In the 1990s, however,
the growth in enhanced heat transfer technology was
slowed down, because some people thought that the tech-
nology had been termed “routine”?!, and the energy price
was stable. Nevertheless Bergles[3J believed that the tech-
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nology of enhanced heat transfer has been expanding its
application fields, particularly, in the processing industry.
Then the third generation of enhanced heat transfer tech-
nology is demanded, such as three dimension rib and
compound enhancement technology. Guo' developed a
new way to enhance the heat transfer by improving the
coordination between velocity field and temperature field,
which has been applied effectively in industry.

In fact, the effectiveness of heat exchanger can be
improved from two levels. At the first one, heat transfer
coefficient is increased by some enhanced devices such as
rib, insertion, turbulence generator, etc. At the second, the
heat exchanger effectiveness is improved under the same
heat transfer coefficient. For instance, the flow arrange-
ment will affect the thermal performance of heat exchang-
ers. It is well known that the effectiveness of the
counter-flow heat exchangers is higher than that of the
parallel-flow heat exchangers for the given number of heat
transfer unit. In this paper the concept of coordination
between temperature fields of the hot and cold fluid in
heat exchanger is presented to reveal the essence of ther-
mal performance improvements at the second level. Based
on this concept, some approaches can be developed to
enhance the heat exchanger performance by means of im-
proving the coordination between the temperature distri-
bution of the cold and hot fluid.

1 Coordination of temperature fields

(1) Concept of coordination. Due to the energy
exchange between the fluids with different temperatures in
the heat exchanger, the fluid temperatures vary along the
flow path and temperature fields of fluids are constructed.
Guo® regarded the whole heat exchanger made up of
many sub heat exchangers, in which the characteristic
temperatures (the average temperature) of hot and cold
fluid are t, 7. respectively. The local temperature differ-
ence 8 in every sub heat exchanger forms a temperature
difference field in the heat exchanger.

O(x,y,2) =ty (x,9,2)~ 1. (x, ¥, 2). ()

It is well known that the effectiveness of heat ex-
changer does not only depend on the initial temperature
difference of the hot and cold fluid and NTU, but also on
the flow arrangements (counter-flow, parallel-flow, cross-
flow). The characteristics of temperature difference field
(TDF) between the cold and the hot fluid, are essentially
considered to determine the thermal performance of heat
exchanger. The temperatures of both the cold and hot flu-
ids are the special function. The more similar functions
these two functions have, the better the coordination be-
tween temperature fields of hot and cold fluid is, when the
form of two function is the same and the difference be-
tween them is a constant. The temperature distributions of
hot and cold fluid are

L (xy, )= A+ f(x,¥,2), (2a)
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t.(x,y.2) =B+ f(x,5,2), (2b)
which means that the temperature difference does not vary
with the position, that is, the TDF becomes uniform
8(x,y,2) =1, (x, ¥, ) =1 (%, 9, 2)
=A~-B=_Const. (2¢0)
For this case, the temperature fields of the hot and cold
fluid are considered to be fully coordinated. Therefore, the
uniformity degree of TDF indicates the degree of coordi-
nation between the two temperature fields.

(ii) Field coordination number. The temperature
fields in heat exchanger are generally complicated so that
it is necessary to define a parameter to describe quanti-
tatively the coordination degree between two temperature
fields. A uniformity factor of TDF @ is defined for
cross-flow heat exchangerm, which is regarded as the
composition of iXj sub heat exchangers. When the fluid
of the larger heat capacity rate is mixed, and the fluid of
the smaller heat capacity rate is unmixed, the uniformity
factor of TDF is

&= 1—exp[—(1—exp(—=N NC,] )
C, N, [1+exp(—N I +exp(l—exp(—N,, )C)T’
(3a)
When the fluid of the smaller heat capacity rate is mixed,
and the fluid of the larger heat capacity rate is unmixed,

the uniformity factor of TDF is
D=

) 1-exp(—(1-exp(-C, N, )/ C,)
NI+ exp(=C, N, )Ix[1 - exp(-2(1 - exp(~C,N,, )/ )1
(3b)

where C,=C pnin/Crmax 15 the ratio of heat capacity rate, Ny, is
the number of transfer unit.

Because the uniformity factor of TDF indicates the
degree of coordination between the two temperature fields,
it is called as field coordination number.
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Fig. 1. Cross-flow heat exchanger.

(iii) Principle of coordinated enhancement for heat
exchanger. As the simple flow arrangements, the
counter-flow, parallel-flow and cross-flow heat exchang-
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ers can be ranked precisely by their thermal performances.
However, many more complicated flow arrangements are
-adopted in industry because of the practical factors. It is
difficult to quantitatively compare their thermal perform-
ance. However, the concept of coordination of temperature
fields provided a quantificational criterion for the thermal
performance evaluation. Fig. 2 shows the relationship
between heat exchanger effectiveness £ and field coordi-
nation number @ for heat exchangers with nine different
flow arrangements, in which the effectiveness increases
with increasing field coordination number. Therefore, the
field coordination principle in heat exchanger can be
stated as: the more coordinated the temperature fields of
the cold and hot fluid are, the better thermal performance
the heat exchanger has.
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Fig. 2. Relationship between N, and €.

3 Application of field coordination principle in heat
exchanger

In general, when the thermal performance of heat
exchanger is improved by increasing heat transfer coeffi-
cient, more pumping power is demanded. Nevertheless,
the improvement of temperature of field coordination and
the consequent increase of heat exchanger effectiveness is
of no cost of additional pumping power. Therefore, this
method is more effective in practical applications.

(1) Cross-flow heat exchanger. For the heat ex-
changer with given flow arrangement, uniformity of TDF
can be improved by adjusting the distribution of heat ex-
change surface area, and as a result the effectiveness of
heat exchanger is increased. A cross-flow heat exchanger
with fins divided into 16 segments is taken as an example
shown in Fig. 3. Obviously, the temperature differences
between hot and cold fluid in different segments differ
from each other greatly. It means that the temperature
fields are far away from the state of the complete coordi-
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nation. For example, the temperature difference in seg-
ment 1 is the highest among all the 16 segments and the
temperature difference in segment 2 is higher than those in
segment 9 or 10. As a result, the temperature differences
in left upper segments are larger than those in the right
lower segments, and decreased along the diagonal. The
heat exchanged in each segment can be calculated as:

Q;(x,¥)=CF,KAt,, (4a)
where F; is the local surface area in segment i, K the heat
transfer coefficient which can be considered as constant
approximately, Az(x, y) is the local characteristic tem-
perature difference in segment 7/, C is a constant which
depends on the structure of the heat exchanger. Obviously,
the transferred heat per unit area is

Q[-/F,- = CK At (x,y). (4b)
y
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Fig. 3. Cross-flow heat exchanger.

Since both K and C are constants, the transferred heat per
unit area is in direct proportion to the local characteristic
temperature difference. Consequently, the transferred heat
per unit area in segment 1 is the largest, that is, the heat
transfer is the most effective. Likewise, the heat transfer
efficiencies are more effective in left upper segments than
those in the right lower segments. Hence, it is not reason-
able to distribute heat exchange surface area equally. In-
stead, more area should be distributed in left upper seg-

ments, especially in segment 1. The adjustment of heat

exchange surface area was investigated in analytical and
numerical methods for the fixed total surface area'®. The
optimal distribution of the surface area is characterized by

the most uniform TDF, i.e. the highest coordination degree.

Fig. 4 shows the relationship of uniformity of TDF @ to
the heat exchanger effectiveness & for the heat capacity
rate ratio C;=1. Parameter r at Y-coordinate is the per-
centage of increased heat exchanger effectiveness. The
heat exchanger effectiveness is found to increase in direct
proportion to the field coordination number @ as long as
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the surface area is optimally distributed, the field coordi-
nation number is equal to unity and consequently the ef-
fectiveness of the cross flow heat exchanger can reach that
of the counter flow heat exchanger.

7.0

o N,=5.0

60r e N =40

O N,=3.0

5.0 w

I * N, =20

~40F ©N,=10

= C=10
5301
20}
1.0t

0

O_ o 1 & L 1 ] i 1 =
084 086 088 090 092 094 096 098 1.00
@D

Fig. 4. Effectiveness for the redistribution of heat transfer area in
cross-flow heat exchangers.

(ii) Multi-stream heat exchanger. There are more
than two streams in the multi-stream heat exchanger as
shown in Fig. 5 so that at least one of the sireams ex-
changes energy with other two streams with the flow ar-
rangement of either counter-flow or parallel-flow. It
should be noted that the logarithmic mean temperature
difference is no longer valid to evaluate the thermal per-
formance of heat exchanger, and the influence of flow
arrangement on the heat exchanger performance should be
reconsidered. A triple-stream heat exchanger is studied as
an example when the inlet temperatures:

T1;n=300 K, T»,=230 K, 73;,=180 K,
and the heat capacity rate:
MC =2, MC,=8, MC;=8.

Fig. 5. Schematics of multi-stream heat exchanger.

Two types of flow arrangement are shown in Fig. 6(a) and
Fig. 7(a), where stream (1) and stream (2) are arranged as
counter-flow and parallel-flow respectively. Numerical
results show that the heat of 134 J is exchanged between
streams (1) and (2) for counter-flow arrangement but the
heat of 143 J for parallel-flow arrangement. It seems un-
reasonable that the parallel-flow arrangement is better
than the counter-flow arrangement in heat exchange for
the same number of heat transfer unit (NTU). In fact, the
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opposite conclusion in textbooks and literatures for heat
exchangers is conditional, that is, there is no heat source
in the heat exchanger and no heat exchanged between the
fluids and the circumstances. In multi-stream heat ex-
changer these conditions are not satisfied so that paral-
lel-flow is not definitely better than counter-flow in heat
exchange. Hence we should analysis the problem with the
concept of temperature field coordination. The tempera-
ture distributions are shown in Figs. 6(b) and 7(b), where
the TDF of counter-flow is far from uniform, that is, the
coordination degree is low. On the contrary, the TDF of
parallel-flow is much more uniform so that the higher
thermal performance is achieved. This case shows that,
under the complex conditions, the heat exchanged be-
tween two parallel-flow streams may be higher or lower
than that between two counter-flow streams, and the coor-
dination degree between the temperature fields of two
streams determines the thermal performance of heat ex-
changer essentially.
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Fig. 6. Fluid temperature fileds for streams (1) and (2) being counter-
flow arrangement.

4 Conclusion

The thermal performance of heat exchanger can be
increased at two levels. The first is to increase heat trans-
fer coefficient. The second is to improve the coordination
degree of the fluid temperature fields. The more similar
the form of fluid temperature fields, that is, the more uni-
form the temperature difference fields of two streams, the
better coordination the temperature fields of two streams.
The better coordination of temperature fields leads to
higher effectiveness of heat exchanger.

For cross-flow heat exchanger, its thermal perform-
ance can be upgraded in terms of redistribution of heat
transfer surface based on the concept of improvement of
temperature fields coordination. The effectiveness of cross-

114

2
3
(a)
280 F i
240 t
¢ 2
[
200 f
3
160 + (b)
0 1 2 3 4

x/m

Fig. 7. Fluid temperature fileds for stream (1) and (2) being parallel-
flow arrangement.

flow heat exchanger can reach that of the counter-flow
heat exchanger when the heat transfer area is distributed
optimally.

In multi-stream heat exchanger, the thermal perform-
ance of parallel-flow may be better than that of counter-
flow under some conditions. It implies that, instead of the
flow arrangement, the coordination degree of fluid tem-
perature fields essentially determines the heat transfer
performance of the heat exchanger.

Acknowledgements This work was financially supported by the Na-
tional Key Fundamental R&D Program of China (Grant No.
G20000263).

References

1. Bergles, A. E., Jensen, M. K., Shome, B., Bibliography on en-
hancement of convective heat and mass transfer, Journal of En-
hanced Heat Transfer, 1996, 4. 1—6. .

2. Liehard, J. H. V., Review of heat transfer augmentation in turbulent
flows, Applied Mechanics Reviews, 1998, 51(2): B19.

3. Bergles, A. E., Advanced enhancement

third generation heat
transfer technology or the “final frontier”, Transaction of the Insti-
tute of Chemistry Engineering, Part A, 2001, 79: 437—444.

4. Guo Zeng-Yuan, Mechanism and control of convective heat trans-
fer: Coordination of velocity and heat flow fields, Chinese Science
Bulletin, 2001, 46(7): 597—600.

5. Zhou Sen-Quan, Guo Zeng-Yuan, Hu Wei-Lin, Effects of nonumi-
formity of inlet fluid temperature/velocity on the thermal perform-
ance of heat exchangers, Journal of Engineering Thermophysics,
1994, 15(4): 403—407.

6. Guo Zeng-Yuan, Zhou Sen-Quan, Li Zhi-Xin, Theoretical analysis
and experimental confirmation of the uniformity principle of tem-
perature difference field in heat exchanger, International Journal of
Heat and Mass Transfer, 2002, 45: 2119—2127.

(Received September 12, 2003)

Chinese Science Bulletin Vol. 49 No.1 January 2004



