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Abstract The deterioration of the performance of a crossflow heat exchanger with condensation due
to the longitudinal conduction was investigated. For a relatively small change of wall temperature along the
flow directions which was shown to be common in many applications, the energy equations were solved
numerically. An iterative method was used to solve the resuiting equations of the finite difference form in
erder to obtain the hot fluid, the cold fluid and the wall temperature distributions and the exchanger thermal
effectiveness. A comparison was made between the effects of longitudinal conduction on the exchanger
Performance, without and with condensation. The results indicated that with the same values of NTU, the
capacity ratio and the conduction parameter, A, the performance deterioration of a crossflow heat exchanger
with condensation is not as strong as the case of pure heat transfer.
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INTRODUCTION

Longitudinal conduction through the heat
exchanger wall in the flow directions causes
a deterioration of the exchanger performance.
Many investigations of this effect have been
performed for various types of heat ex-
changers, all under sensible heat transfer
condition. The performance deterioration
due to longitudinal conduction in counter
flow heat exchanger has been studied by
Landau and Hlinka [1] and Kroeger [2].
The same analysis has been performed by
Chiou [3] for crossflow and by Bahnke and
Howard [4] and Schultz [5] for periodic
flow heat exchangers.

If the surface temperature is below the dew
point temperature of the surrounding air and
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‘above the freezing point the vapour present

in the air will condense on the surface. Con-
densation is a common place physical pheno-
menon which occurs frequently in heat ex-
changers operating in the summer for air
conditioning purposes. When it occurs, drop-
lets or a film of water collects on the surface,
depending on the rate of condensation and
cleanness of the surface. However, the clean-
ness of the surface can not last long because of
impurities and solid particles present in the
air. Thus, the droplets will eventually run off
in some direction due to the effect of gravity
and/or due to the drag exerted by the air
flow. Hence, a film of condensate will finally
prevail.

In a crossflow heat exchanger, the wall tem-
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perature varies in both the cold stream and
hot stream directions. The type of variation
is dictated by the inlet temperatures, the
transfer coefficients, the wall thermal resis-
tance and the ability of the wall in the longitu-
dinal conduction. The wall temperature may
be greater than the local hot air dew point
temperature on part of the surface and hence
condensation will not take place on this part.
However, when condensation occurs only on
a portion of the exchanger surface, the ex-
changer may be positioned such that the
condensate will be removed by gravity or
drag without flowing over sensible heat trans-
fer portion of the surface. Under certain
conditions the condensate will flow on the
dry surface and hence will evaporate. The
evaporation of the condensate will result in

a partial or total regain of the latent heat
removed from the hot stream during con-
densation. In this analysis, however, it is
assumed that condensation exists on the
entire exchanger surface.

In addition, the following assumptions are
made:

a- The mass flow rates, transfer coefficients,
thermophysical properties and the entering
conditions are independent of time and posi-
tion.

b- The thermal resistance of the wall and the
condensate film in the direction normal to the
fluid flows are neglected.

c- The energy exchange between the heat
exchanger and the surrounding is negligible.

d- The changes in the wall temperature along
the flow directions are small.

ANALYSIS

Consider a crossflow heat exchanger with
rectangular channels for both streams. Con-
densation occurs on the entire surface of the

exchanger on the hot air side. There is longi-
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‘tudinal conduction in the wall, in both flow

directions.

An elemental volume of the wall designated
by t dx dy is indicated in Figure 1. Using
Lewis relation between the heat and mass
transfer coefficients, the energy exchange
between the hot air and the solid wall can be
written in terms of enthalpy potentials. There-
fore, the energy balance for the elemental
volume can be expressed as:

2 2
Kt (oW 4 i TZW ) +hp (i — i)
ax2 a9y

in which K and t are assumed to be constant.
Furthermore, the energy transfer between
the wall and the adjacent fluids can be written

as:
! di )

Ch H dx=—-2hDdxdy(iH—1w) (2)
CP ax

Ce 2XC gy =2 hedxdy (Tc—-Tw) (3

oy
where Cg and CI’-I are the thermal capacities
of the two fluids contained in the channels
of width dx and dy respectively. Assuming
unitorm flow distribution, these quantities
Cu dy
W
On the other hand, the number of hot and
cold channels are approximately equal to half

may be replaced by ——:g % an

'hDdxdy. (igg — i)

4
v t
hot fluid 9¥
dx
cold fluid
thxdy (TW —TC)
‘Figure 1. Schematic view of an elemental volume

of the exchanger wall
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the number of plates. Therefore Egs. (1),

(2) and (3) may be written as:

Cy 9H o :
—H = —hD WnP (lH - lw) (4)

7CP 7aX
' aT :

Using Egs. (4) and (5), Eq. (1) can be written
in the following form:

, By CoW  3T¢
Cp ox CyL oy

a2 2
KthP (aTW+ BTW

=0 (6
o - 2y ) (6)
‘Now let
=X gy = PEA
L H™ "¢y ,
7 heA (7)
Y= —L ﬁc =
W Cc
Then Eq. (4), (5) and (6) can be expressed as
,(_.._aax +Byy) igg — Bpyiw = 0 (8)
d
~5 180 Tc—BcTw =0 (9)
1 iy Cc 3Tc . KtnpWL
X oy Ch
, 52 ' 2
34T 1 3T :
( 12 2W o ;V )=0 (10)
L® 3y oy

However, at the wall, the hot air is saturated
and the
between enthalpy and temperature may be

approximate relation

following

used

ViW=aTw+b ’(11)

in which a and b are functions of Ty.
If the wall temperature does not change
significantly along the flow directions, a and
b may be considered constant. It is shown in

Appendix A that the assumption of small
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change in the wall temperature in a heat

exchanger with condensation is not unrealistic.
In addition, the longitudinal conduction con-

tributes to smooth the wall temperature
variation therefore a and b are considered

constant for the present purpose.

In order to express the equations in com-
pletely non-dimensional, forms, the following
quantities are defined:

_ lH - b KtA
=_1 Ags =
¢H “a H CHLZ
= —H= Tal - _KtA
orr — T CcW2
TCc*~ ————-——TC—TCI a= p
a
¢ — Tar
- C
o= Tw=Ta -, - €
w T C
¢ur — 1ci H

‘Then Egs. (8), (9) and (10) can be written

in the following forms.

T T 1
] o
“hot fluid TwiL])
—_—
Ta(LJ) Eﬁﬂ
To(L))
Ax ¢
sy 1N
Y -
X I cold fluid
"Figure 2. Subdivision scheme of the exchanger
wall

7(a—2(7+ Bo)Tc—Bcrw =0

: 2
or or
H _,,2C - W o,
axX Y X2
2
a TW
ayA =0
Cov2
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‘These are the basic equations to be solved,
subject to the boundary conditions to be
discussed now.

The boundary conditions depend on the
location where condensation begins. In
general, condensation may occur on a part
of the exchanger surface only. In that case
the regions of sensible and latent heat transfer
should be treated separately. However it is
assumed, as discussed in the introduction,
that condensation begins at the hot air inlet
and continuous to exist over the entire exchan-
ger surface. Furthermore, the inlet temperatures
of the fluids are supposed to be known and
the heat dissipation through the edges of the
wall is neglected. Therefore the boundary

conditions can be written as
9 0,Y
2w (0Y)
X

,» TH(0,Y)=1 (16-a)

aTW (I,Y) =0
X

(16-b)

’

7 aTw(X,O) —
oY

0, r¢c(X,0)=0 (16-c)

Ay (X1) 0
Y

It is interesting to note that the differential

equations (13), (14) and (15) are similar to

the equations derived for sensible heat transfer

(16-d)

case in [3], except for the coefficient in which
Also the
boundary conditions (16) are similar to those

does not appear in the latters.

obtained for the case of sensible heat transfer
as indicated in [3]. A question remains to be
answered and that is whether condensation

stops somewhere inside the exchanger before
it reaches the exit. The answer is no, as

indicated in Appendix B.

NUMERICAL SCHEME
The exchanger wall is divided into M x N
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subdivisions.

The subdivisions are numbered
from (1, 1) at the two fluid inlet corner, to
(M, N} at the outlet corner as shown in Figure
2. For each subdivision, Tw(i, j) represents
the wall temperature at the center while
(b j) and 7(i, j) indicate the values of
these quantities at the inlets of the subdivision
as shown in Figure 2. Then the differential
equations (13), (14) and (15) are written for
each subdivision in finite difference forms.

An iterative method is used to solve the
resulting equations simultaneously for i, 7¢
and ry for each subdivision. The solution
begins with some arbitrary initial wall tempera-
ture distribution. In the present scheme, the ini-
tial wall temperature is taken as the midvalue of
the inlet temperatures of the two fluids.

_ | K 1 | 1 { | 1
o'60. 2. 4. 6. 8. 10. 12. 14, 16.

Number of Iterations

Figure 3. Convergence of the numerical scheme

Using this initial wall temperature distribution

and hot fluid inlet enthalpy and the cold
fluid inlet temperature, the values of 7; and
7c at the exit of each subdivision are calcu-
latea from the finite difference forms of
equations (13) and (14). The finite difference
form of equation (15) is then used to calcu-
late the new wall temperature distributions.
The hot fluid outlet enthalpy and the cold
fluid outlet temperature distributions are also
calculated.  Their mean values are then

evaluated by the numerical integration of
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¥CE=‘ T dX (18)

Obviously, the first iteration does not give
the correct results. The new wall temperature
provides a basis for the second iteration and
so on.

The accuracy of the result depends on the
number of subdivisions as well as the number
of iterations. Given the number of subdivi-
sions, the energy balance between the two
fluids is used as a criterion for the accuracy
of the results. After each iteration, the rate

of energy transfers are calculated from

Qyg = myy (iggg — E) (19)
Qc=Cc(Tee - Tar (20)

The desired accuracy is obtained when the
absolute value of (Q/Qc-1) remains within
certain limits.

The conduction effect on the performance
of the heat exchanger is expressed in terms of

the “performance deterioration factor”, 7,

which is defined by

n=1— —€ =_Ac -

GO EO (21)

in which the exchanger effectiveness, e, is

defined as

Qy Q¢

Chin (TH1I—Tcp) Chnin (Th1 —Tep)

(22)
It should be remembered that Qy includes

the latent heat transfer and is calculated from

equation (19)
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RESULTS AND DISCUSSIONS

The computer program was run for 10 x 10
and 20 x 20 subdivisions. It was found that
the calculated values of the performance
deterioration factor, n, for these two cases
Thus a
10 x 10 matrix arrangement was used
study. The number of
iterations was the second factor which had a

were different in the third digit.
throughout this
significant effect on the accuracy of the

results.
difference ratio (QM/Qc-1) as a function of

Figure 3, which shows the energy

the number of iterations, indicates the re-
latively fast convergence of the solution. This
figure indicates that using less than 10 itera-
tions is enough to give a sufficient accuracy
acceptable for most engineering applications.

Although the analysis was made for an
exchanger with rectangular flow channels the
results are qualitatively applicable for cross-
flow heat exchangers with finned surfaces.
In fact, with some modifications, such as
using total effective heat transfer area for
A, the results will be quantitatively applicable
for these exchangers.

The effect of conduction parameter, A,
on the exchanger performance for a balanced
flow is shown in Figure 4. The performance
deterioration factor, n, generally increases as
X increases. From the definition of A the
following conclusions may be drawn.

1- When the flow lengths are short (which
is common in heat exchangers designed for
high effectiveness) the conduction effects are
It should be noticed that the flow
length can be shortened while keeping the
heat transfer area, A, constant by adding
fins to the surface.

stronger.

2- The conduction effect is stronger in heat
exchanger made of materials of high con-
ductivity. However, this conclusion does

not justify the use of low conductivity
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materials for heat exchanger core, because
such materials enhance the thermal resistance
of the wall normal to the flow directions,
this has a significant adverse effect on the
exchanger performance.

3- The performance deterioration in heat ex-
changer with thinner wall structures is less
significant.

4- Among the operating conditions, the flow
rates and the inlet temperatures are particularly
important. Increasing the flow rates reduces
the conduction effect on the exchanger per-
formance. On the other hand, when the wall
temperature is raised as a result of increased
inlet temperatures the conduction effect
becomes less important. This latter is due to
the appearance of a=cp/a in equation (15).

The performance deterioration of a crossflow
heat exchanger with pure sensible heat transfer
for two values of Ay is also shown in Figure 4.
This result was obtained from [3]. A com-
parison indicates the conduction effect, for
the case of sensible heat transfer is much
stronger than the case of condensation. The
difference is due to the smaller gradient of
the wall temperature in the latter, as shown

0.2 with condensation _ A )\H =0.2
without condensation 3 -~
- 0.1
0.]
0.08 y
=0.4
H
0.0
6 0.3
0.04 0.2
0.02 0.1
0.01 [ i I S T N
4.0 6.0 8.0
1.0 2.0 NTU 10.0
Figure 4. Effect of conduction parameter on 1,

conditions: Cpy/C~=1.0, 7\H/)\C=1.0, bH/bC= 1.0
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~ in Appendix A.

The last observation from Figure 4 is
concerned with the effect of NTU on 7.
The performance deterioration factor reaches
a maximum for a value of NTU less than
10 for small values of Ayy. AsAp increases the
point of maximum moves towards higher
values of NTU. This result is not observed
in the case of pure sensible heat transfer for
the capacity ratio equal to 1.0.

Figures 5 and 6 show the effects of conduc-
tion parameters ratio and the heat transfer
coefficients ratio on n respectively. As the
ratio A/Ap increases the conduction effect
becomes greater. The same trend is observed
when hyy/h is raised.

Finally Figure 7 indicates the effect of the
capacity ratio on 7. The maximum deteriora-
tion in the performance occurs for Cpy/Cc less
than 1.0. The value of capacity ratio Cy/C¢
for maximum n depends on the wall tempera-
ture and thus on the inlet temperatures. The
location of maximum n moves towards Cy/C=
1.0 as the inlet temperatures are lowered. For
the typical case used in this analysis the
maximum deterioration occurs at Cp/Cc
equal to 0.4.

0.1
0.08F

0.06 ¥

AcfAy=2.0
1.0

0.04 0.5

0.02

0.01 . R bl
1.0 2.0 40 6.0 8.010.0

NTU

'Figure 5. Effect of conduction ratio on 1, condi-

tions: CH/CC=1.0, bH/bC=1.0, 7\H=0.25
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0.1
0.08}

0.06 ¢

10.04

“0.02f

10,01 ; -

1.0 2.0 40 6.0 8.0 10.0
NTU
Figure 6.  Effect of beat transfer coefficients ratio

on 1, conditions: CH/CC=1.0 Ay=0.25, 7\H/>\C=1.0

CONCLUSIONS

The differential equations of energy transfer
through the wall, and between the wall, and
the fluids for a crossflow heat exchanger with
condensation were written in finite difference
forms and solved by an iterative method. In
this study, the effect of two dimensional
longitudinal heat conduction through the ex-
changer wall on the exchanger performance
was analysed. The results were compared with
those of pure sensible heat transfer case [3] and
it was found that the longitudinal conduction
effect is less significant, when there is con-
densation. It was also observed from this
study that the performance deterioration is
smaller for balanced flow than for unbalanced
flow. In addition, the performance deteriora-
tion due to longitudinal conduction seemed
to be stronger in heat exchanger of short flow
lengths and thick wall particularly when the
capacity flow rates and the inlet temperature
are low.

NUMENCLATURE
‘a  defined by Eq. (11), KJ/Kg C
A heat transfer surface area, m

b  defined by Eq. (11), KJ/Kg
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"Figure 8.

= H’|n-:

£HH " O0ZP Z5

0.08
0.06

0.04

0.02

0.01 i ! 1 VR T T U
0.1 0.2 0.4 0.6 0.8 1.0 2.0
Cy/Cc
Figure 7. Effect of flow capacity ratio on 7,

conditions: A\y=0.2, )\H/)\C.:I.O, by / b=1.0
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Humid air flowing between isothermal

plates

'C  capacity flow rate, KW/C

Cp specific heat at constant pressure, KJ/KgC
h  heat or mass transfer coefficient, KW/m2
Cor K.g/m2

specific enthalpy, KJ/Kg

average specific enthalpy, KJ/Kg

thermal conductivity of the wall material,
KW/m C

flow length of the hot stream, m

mass flow rate, Kg/S

number of subdivisions in the hot stream
number of flow channels or plates
number of subdivisions in the cold stream
rate of heat transfer, KW

thickness of the wall, m

temperature, C

average temperature, C

flow length of the cold stream, m
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x  coordinate in the hot stream direction,m

Y  coordinate in the cold stream direction,
m

a  defined by Eq. (12), dimensionless

B defined by Eq. (11), dimensionless

&  thermal effectiveness defined by Eq. (22)

n  performance deterioration factor, defined
by Eq. (21)

¥  capacity ratio defined by Eq. (12)

A conduction parameter defined by Eq.
(12)

w  specific humidity
defined by Eq. (12), dimensionless

SUBSCRIPTS

no longitudinal conduction
cold side

mass transfer, hot side

exit

hot side

inlet

plates

WY~ T mHO OO

sensible heat transfer alone
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APPENDIX A

It is desired to specify the relative variation
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“of the wall temperature of a crossflow heat
exchanger, with and without condensation.
To do this an exchanger of short flow lenghts
is considered so that the wall temperature is
within a small range and a and b remain un-
changed. Obviously, the results obtained
for the relative magnitude of the gradient of
the wall temperature with and without con-
densation would be qualitatively applicable for
any flow length. It is also assumed that longi-
tudinal conduction through the walls is
negligible.

For condensation the energy balance may

‘be expressed as

_hy
Cp

(23)

‘Using Eq. (11) the following relation for the
wall temperature is obtained

h
H
(ig—b)+T

Tur =
v a Py
1+-2 _H
] Cp hc
Differentiating with respect to x gives

hy ey , 9Tc
3Ty _ N ax ax
ox a h
1+— B
Cp h¢

‘On the other hand, the gradient of iy and
T are related through

AT
oy

Sy

= —Cg

e o By
Substituting for 3 ;I in Eq. (25) one can get

ATy _ *he Cyg dy  ox
ax '1+ a hH
Cp he
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"For Cc=Cy and hH=hC the above equation
is simplified to
3T~ T
oT 1 C C B,
W oo Y (= C(@27)
dx 1+a/Cp ax ay

By taking similar steps for heat transfer
along the following equation may be derived

( aTW) T¢ _ T¢
ax 'S 0x ay

)s (28)

The gradients of the cold fluid temperature
for condensation and heat transfer alone are

Thus dividing Eq. (27)

almost the same.

by Eq. (28) gives: .
aTw/aX 7_ 1
(3Ty/3x)g 1+a/Cp

This ratio for a 5°C interval of the wall
temperature from 0°C to 35°C changes from
0.35 to 0.15. The same result can be obtained
for ratio of the gradient of the wall tem-
perature in the Y direction

Therefore, for a crossflow heat exchanger,
the variation of the wall temperature is
much smaller for the condensation case than
it is for the case of heat transfer alone.

"APPENDIX B

Does condensation stop somewhere inside

the exchanger once it begins at the hot stream
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‘inlet? In other words, will the wall tempera-

ture exceed the local dew point temperature

of the hot air? In fact, the wall temperature

decreases in x direction. But in certain con-

ditions, the wall remains isotherm and this is

the most probable case for which condensa-
tion might stop before the exit.

Consider a flow of humid air between
two cold isothermal parallel plates as in-
dicated in Figure 8. The surface temperatures
are below the dew point temperature at the
inlet and condensation begins at this point.
Since the air at the interface with the liquid
is saturated, its humidity ratio wyy» remains
unchanged along the flow direction. The

vapor mass balance can be expressed as:

de

m = —2hpW (w0 — wy) (29)
X
‘which can be integrated to give
- —2hpW
_:———— X
: _ m .
CHTOW - (30)
(wy—wwy)
X =0

‘The right hand side is always positive.

This means the humidity ratio of the hot
stream is always greater than the humidity
ratio at the wall. In other words, the wall
temperature remains below the local bulk
air dew point temperature in the entire

exchanger length.
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