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Abstract

The analysis of heat transfer in the heat exchangers of cocurrent and countercurrent flows with

external recycle, has been carried out by heat-transfer theory. Considerable improvement is achievable

by recycle operation if the increase in heat-transfer coefficient by applying the recycle effect to

enhance the fluid velocity, can compensate for the decrease in the driving force (temperature

difference) of heat transfer due to the remixing of inlet fluid. As expected, the heat-transfer rate

obtained in the countercurrent-flow heat exchangers with or without recycle are superior to those in the

cocurrent-flow devices. However, the space for the improvement in performance by recycle in the

countercurrent-flow device is smaller than that in the cocurrent-flow one.
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1. Introduction

Heat exchange between two fluid is one of the most

important and frequently used processes in engineering.

In the customary type of heat exchangers, two fluids of

different temperature flow in spaces separated by a heat-

transfer medium, and they exchange heat by convection

at and conduction through the medium. The heat ex-

changers may be extremely different in design and con-

struction, but in principle the only differences are those

of relative direction of the two fluids. Accordingly, dis-

tinction is made between parallel flow and cross flow.

The two fluid in parallel flow may be cocurrent or co-

untercurrent while the direction of two fluids in cross

flow may generally be different by 90 angular degrees.

Applications of the recycle-effect concept to the de-

sign and operation of heat and mass exchangers with ex-

ternal or internal refluxes can effectively increase in fluid

velocity and enhance the transfer coefficient, leading to

improved performance [1�8]. Actually, applying the re-

cycle operation to heat and mass exchangers results in

two conflicting effects: the desirable increase in transfer

coefficients and the undesirable decrease in driving force

due to remixing. It is the purpose of this work to investi-

gate the influence of the external-recycle effect on the

performance in a parallel-flow flat-plate heat exchanger.

2. Theory

2.1 Heat-Transfer Coefficients

The schematic diagram in Figure 1 may serve to ex-

plain the nomenclature to be employed for cocurrent-and

countercurrent-flow heat exchangers with external recy-

cle. These devices are perfectly insulated except of a sep-

arating sheet through which heat is exchanged perpen-

dicular to its exposed surfaces. During operation, fluids a

and b of different temperature flow in channels a and b,

respectively, with external recycle in channel a. The as-

sumptions made in this analysis are: (1) steady state; (2)

uniform temperatures, ta(x) and tb(x), and velocities, va

and vb, over the cross-section (channel width B � channel

height H) of parallel flow; constant rates of flow (qa =

vaBH and qb = vbBH) and constant heat-transfer coeffi-

cients (U, ha, hb and hw). The overall heat transfer coeffi-*Corresponding author. E-mail: hmyeh@mail.tku.edu.tw
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cient U is related with the average heat transfer coeffi-

cients ha and hb, in the respect channel and that, hw,

within the separated wall as

(1)

Since heat transfer within the solid wall is due to

conduction alone, the following expression may be used

for calculating the heat transfer coefficient in the wall

(2)

where kw is the thermal conductivity of the solid wall

and d denotes the thickness of wall. Since the heat

transfers in both channels are convective, ha and hb are

functions of fluid properties (thermal conductivity k,

density �, viscosity �, specific heat cp), flow pattern

(velocity v, channel width B, channel height H, channel

length L), etc. For laminar flows in channels a and b

[9,10].

(3)

and for turbulent flows [10]

(4)

where the equivalent diameters of both channels are

(5)

while Pr denotes the Prandtl number (� cp/k) and Re is

the Reynolds number (Deq��/� = Deqqa�/BH�).

2.2 Outlet Temperatures in the Devices without

Recycle

Figure 1 illustrates the heat exchange in parallel-

flow rectangular heat exchanger without recycle (R = 0).

A heat balance for the fluid in channel a of a differential

length dx:

(6)

Similarly, in channel b:

(7)

(8)

where the time rate heat capacities are defined by

(9)

(10)

Define the following dimensionless groups:

(11)

(12)

(13)

(14)

(15)

Substitution of Eqs. (11)�(15) into Eqs. (6)�(8) gives

(16)

(17)

(18)

2.2.1 Cocurrent Flow

The temperature distributions of fluids a and b for

cocurrent-flow systems can be obtained by solving Eqs.
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Figure 1. Parallel-flow flat-plate heat exchangers with length
L and width B.



(16) and (17) simultaneously with the use of the follow-

ing boundary conditions:

B.C.1 and 2:

(19)

The results are

(20)

(21)

The outlet temperature are then obtained by substitut-

ing the conditions: �a = �a,e and �b = �b,e at � = 1, into Eq.

(21)

(22)

(23)

where

(24)

(25)

It is obviously seen from Eq. (23) that both �a,e and �b,e

are functions of n and � only, and that though these out-

let temperatures depend on the overall heat-transfer area

S (= BL) but do not depend either on the length L, or on

the width B, of a heat-transfer wall.

2.2.2 Countercurrent Flow

The temperature distributions of the fluids in flow

channels a and b for countercurrent-flow systems can be

obtained by solving Eqs. (16) and (18) simultaneously

with the use of following boundary conditions:

B.C.3:

(26)

(27)

The results are

(28)

(29)

The outlet temperatures are than obtained by substitut-

ing the conditions: �a = �a,e at � = 1 and �b = �b,e at � = 0,

into Eqs. (28) and (29), i.e.

(30)

(31)

It is also seen from Eqs. (30) and (31) that �a,e and �b,e

depend on S but not on either L or B. Further, the rela-

tion between the outlet temperatures of two fluids in

countercurrent flow is the same as that in cocurrent

flow, as shown in Eqs. (20) and (30).

2.2.3 Outlet Temperatures

Once the dimensionless outlet temperatures, �a,e and

�b,e, are obtained from Eqs. (23) and (31), the outlet tem-

peratures are readily estimated from Eqs. (24) and (25),

i.e.

(32)

(33)

2.3 Outlet Temperatures in the Devices with

External Recycle

As indicated in Figure 1, the dimensionless outlet

temperatures for cocurrent and countercurrent devices

with recycle are readily obtained from those without re-

cycle, Eqs. (23) and (31), by replacing �ma and ta,i with

� ( )m Ra 1 � and 	ta i, (mixed temperature at the inlet), re-

spectively. The result is

(34)

where

(35)

and �a,e is defined by Eq. (23) for cocurrent flow, or by

Eq. (31) for countercurrent flow.

Since 	ta i, is unknown in a prior, an additional energy

balance is required at the inlet of the heat exchangers,

i.e.
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(36)

Substitution of Eq. (36) into Eq. (35) to eliminate 	ta i,

yields the outlet temperatures for fluid a in both cocur-

rent-flow and countercurrent-flow devices with recycle

as

(37)

It is noted that Eq. (37) reduces to Eq. (32) if 	�a e, is re-

placed by �a,e with R = 0 for the devices without recycle.

2.4 Heat Transfer Rate

The total heat-transfer rates for both flow-type heat

exchangers with or without recycle, can be calculated

from an energy balance over the entire heat exchanger

(38)

or

(39)

Substituting Eq. (32) into Eqs. (38) and (39), one has

the heat-transfer rates for the heat exchangers without

recycle as

(40)

where the use of plus or minus sign depends on whether

ta,i > tb,i, or ta,i < tb,i. Similarly, substitution of Eq. (37)

into Eqs. (38) and (39) results in the heat-transfer rates

for the heat exchangers with recycle

(41)

For the device without recycle, R = 0 and 	 
� �a e a e, , , Eq.

(41) reduces to Eq. (40).

2.5 Heat-Exchanger Efficiency

The heat exchanger efficiency may be defined as

Accordingly,

(42)

Substitution of Eq. (41) into Eq. (42) results in the heat-

exchanger efficiency with recycle

(43)

Some graphical representations of Eq. (43) are given in

Figures 2 and 3. It is seen in these figures that � in-

creases with R. Further, since the effect of recycle oper-

ation is really needed for low flow rate in channel a to

increase the fluid velocity, the heat-exchanger efficiency

increases with reflux ratio more rapidly as � �m ma b de-

creases.

3. Improvement in Performance

The improvement in performance by recycle opera-

tion is best calculating the percentage increase in heat

exchange based on the device without recycle, i.e.

(44)

3.1 Numerical Example

For the purpose of illustration, let us assign some nu-

merical value for the heat exchange of hot and cold wa-

ters as follows:

heat-transfer sheet: stainless steel, S = BL = (0.2)(1.2) =

0.24 m2; flow channels a and b: B = 0.2 m, H = 0.02 m;

fluid temperatures: ta,i/tb,i = 53.3 �C/26.7 �C, 60 �C/20 �C,

64 �C/16 �C, and vice versa; tav = 40 �C, fluid properties

[11]: �a = �b = 994 kg/m3, Cp,a = Cp,b = 4.185 kJ/kg K, ka

= kb = 0.629 W/mK, �a = �b = 6 � 10�4 kg/ms; flow rates:

qa � 105 = 4, 8, 16 m3/s, qb � 105 = 4, 8, 16 m3/s; overall

heat transfer coefficient:
1 1 1

U h ha b

 �

3.2 Results and Discussion

The heat-transfer rates for the heat exchangers with-

out and with recycle were calculated from Eqs. (40) and
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(41), respectively, with the use of above numerical va-

lues. Some of them are presented in Tables 1 and 2 for

recycle operated in hot (ta,i > tb,i) and cold (ta,i < tb,i) chan-

nels, phase a respectively. The improvements in perfor-

mance were calculated form Eq. (44) and the results are

also presented in the tables for comparison.

3.2.1 Effect of Flow Type on Heat-Transfer Rate

It is seen in Tables 1 and 2 that the heat-transfer rates

Q in countercurrent-flow heat exchangers are rather

larger than those in cocurrent-flow devices. On the other

hand, since the later device has larger space for improv-

ing the performance by recycling operation, its improve-

ment I in heat transfer rate is rather bigger than the for-

mer device. Further, the efficiencies of both heat ex-

changes are very close in present illustration, and may

approach to the same for higher flow rate and larger re-

flux ratio.

3.2.2 Effect of Reflux on Performance

Actually, the recycle operation has two conflict ef-

fects on performance. The application of recycle opera-

tion on heat exchangers not only creates the effect of in-

crease of fluid velocity, leading to enhance overall heat-

transfer coefficient, but also lower the temperature dif-

ference (heat-transfer driving force) due to the mixing of

inlet fluid. At small inlet volume rate qa the fluid velocity

va (= qa/BH) is small, therefore, the production of in-

crease in fluid velocity created by applying the recycle

with reflux ratio R which is not large enough, may not

compensate for the situation that the driving force of heat

transfer in the heat exchangers decreases. Thus, the heat

transfer rate Q in recycle devices of small qa with low R

cannot be over that Q0 in the devices of the same size but

without recycle. Taking a critical case of the given nu-

merical values for instance, if a countercurrent-flow heat

exchanger is operated with qa = qb = 2 � 105 m3/s, ta,i =

53.3 �C and tb,i = 26.7 �C, the performances obtained are

Q0 = 0.7791 kJ/s for R = 0 and Q = 0.7597 kJ/s for R = 1.

However, the introduction of reflux still has positive ef-

fects on heat exchange for larger inlet volume rate. This

is due to the increase of fluid velocity having more influ-

ence here than the decrease of temperature difference,

and the performance in a recycled device is over that in a

device of the same size without recycle, as shown in

Tables 1 and 2. The improvement increases with the re-

flux ratio.

3.2.3 Effect of Temperature Difference on

Performance

As expected, heat transfer rate increases with the

heat-transfer driving force (temperature difference).

However, the performances are the same for the cases

that the value of (ta,i � tb,i) for ta,i > tb,i is equal to the value
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flux ratio with � �m ma b as parameter.

Figure 3. Efficiency of countercurrent-flow heat-exchanger
vs. reflux ratio with � �m ma as parameter.
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of (tb,i � ta,i) for ta,i < tb,i. Further, the improvements in

performance I in each flow-type device are the same for

the six temperature differences employed in present study

with the same average fluid temperature, tav = 40 �C, as

shown in Tables 1 and 2.

4. Conclusion

The theory of heat exchange in parallel-flow flat-

plate heat exchangers with external reflux has been de-

veloped for cocurrent-flow and countercurrent-flow op-

erations. The performances obtained in such two devices

are very close, even with recycle, for the case illustrated

in present study. As expected, the performance in co-

untercurrent-flow heat exchanger is rather better than

that in cocurrent-flow device. This fact will be more ob-

vious when the devices are operated under higher tem-

perature difference and/or low flow rate and/or smaller

reflux ratio.

Considerable improvement in heat transfer is achiev-

able if heat exchange is operated with recycle which pro-

vides the increase in fluid velocity, as well as heat-trans-

fer coefficient. The enhancement increases with the re-

flux ratio R. The heat-exchanger efficiency � is defined

and also discussed in section 2.5. with the graphical

representations given in Figures 2 and 3. � increases

with reflux ratio, and the increment turns more rapidly

when � �m ma b decreases. This is because that the recycle

operation is really needed in the channel with low flow

rate. Actually, the recycle operation has two conflicting

effects on the heat transfer in heat exchangers. One is the

increase in fluid velocity as well as the improvement in

heat-transfer coefficient, U, which is good for perfor-

mance, while the other is lowering the driving force of

heat transfer (temperature difference) due to remixing at

the inlet, which is bad for performance. In the numerical

example given in present study, increase in U by increas-

ing reflux ratio compensate for the decrease in tempera-

ture difference, leading to improved performance. For

small inlet volume rate (say qa = 2 � 10�5 m3/s), however,

the increase in U by applying the recycle with R which is

not large enough (say R = 1), cannot compensate for the

decrease in temperature difference, as mentioned in sec-

tion 3.2.2. In this case, one may rather employ the heat

exchangers without recycle operation, instead of using

the recycled devices.

It should be noted that since the heat-transfer rates

(Q) obtained in the countercurrent-flow heat exchangers

with or without recycle, are superior to those in the co-

current-flow device, the space for the improvement (I)

by recycle in the countercurrent-flow device is smaller

than that in the cocurrent-flow one, as indicated in Tables

1 and 2.

Nomenclature

B width of flow channel (m)

Cp specific heat (kJ/kg K)

Deq equivalent diameter of flow channel (m)

d thickness of heat-transfer sheet (m)

H height of flow channel (m)

h heat transfer coefficient (W/m2 K)

I improvement in heat transfer rate

k thermal conductivity of fluid (W/m K)

L effective length of a heat exchanger (m)

�, n dimensionless group defined by Eq. (14), Eq. (13)

�m time rate of heat capacity, q �Cp (kJ/s K)

Pr Prandtl number (�Cp/k)

Q heat-transfer rate (kJ/s)

R reflux ratio

Re Reynolds number (Deqv�/�)

S overall heat-transfer area, BL (m2)

t fluid temperature (K)

ta,i inlet temperature of fluid flowing in channel a with-

out mixing (K)

U overall heat-transfer coefficient (W/m2 K)

v fluid velocity (m/s)

x x axis (m)

Greek Letters

� fluid density (kg/m3)

� fluid viscosity (kg/m s)

� normalized fluid temperature change in the flow

channel, compared to the maximum possible tem-

perature change, defined by Eqs. (11) and (12)

�	 � with qa replaced by qa (1 + R)

� x/L

Subscript

a, b flow channel a, b

i inlet

e outlet
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o the operation without recycle

w separated wall, heat-transfer sheet

Superscript

’ mixed
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