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Abstract

A finite element analysis of a crossflow tube—fin compact heat exchanger is presented. The analysis takes into account
the combined effects of one-dimensional longitudinal heat conduction through the exchanger wall and nonuniform inlet
fluid flow and temperature distributions on both hot and cold fluid sides. A mathematical equation is developed to
generate different types of fluid flow/temperature maldistribution models considering the possible deviations in fluid
flow. Using these fluid flow/temperature maldistribution models, the exchanger effectiveness and its deterioration due
to the combined effects of longitudinal heat conduction and flow/temperature nonuniformity are calculated for various
design and operating conditions of the exchanger. It was found that the performance deteriorations are quite significant
in some typical applications due to the combined effects of longitudinal heat conduction, temperature nonuniformity
and fluid flow nonuniformity on crossflow tube—fin heat exchanger. © 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature

a elemental length of the exchanger in the x-direction
[m]

A total heat transfer area [m?]

Ayw total solid elemental area available for longitudinal
heat conduction [m]

b elemental length of the exchanger in the y-direction
[m]

¢, specific heat of the fluid at constant pressure
kg ' K]

C (=mc,) fluid heat capacity rate [W K~']

D pressure gradient constant in equation (4)

FN flow nonuniformity case

h  convection heat transfer coefficient [W m 2 K~']

I divisions in the x-direction (1,2,3,...,n)

J divisions in the y-direction (1,2,3,...,n)

k thermal conductivity of the exchanger wall
Wm 'K
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L, the length of the elemental exchanger in x- and y-
directions, respectively [m]

LHC longitudinal heat conduction case

m mass flow rate [kg s™']

NTU number of transfer units, 4U/C,,, dimensionless
O enthalpy/heat entering or leaving the plate [W]

P exchanger tube perimeter [m]

q enthalpy/heat entering/leaving the plate per unit area
[Wm~?]

T temperature [°C]

TN temperature nonuniformity case

U overall heat transfer coefficient [W m ™2 K =]

x flow length along hot fluid [m]

y flow length along cold fluid [m].

Greek symbols

o flow nonuniformity parameter as defined in equation
(%)

A longitudinal heat conduction parameter as defined in
equation (15), dimensionless

g exchanger effectiveness without longitudinal con-
duction and flow nonuniformity, dimensionless
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erncrntny  €xchanger effectiveness with longitudinal
heat conduction, temperature nonuniformity and flow
nonuniformity, dimensionless

n overall extended surface efficiency, dimensionless

7 conduction effect factor as defined in equation (16),
dimensionless.

Subscripts

¢ cold side

b bottom plate

h hot side

i inlet

m middle plate

max maximum magnitude
min  minimum magnitude
o outlet

t top plate

w metal wall and 1-6 node numbers when used with 7.

1. Introduction

The demand for high performance heat exchange
devices having small spatial dimensions is increasing due
to their need in applications such as aerospace and auto-
mobile applications, cooling of electronic equipment and
artificial organs. The accurate prediction of the thermal
performance of a compact heat exchanger in the design
stage is highly desirable for most aerospace applications.
In a heat exchanger, due to heat transfer taking place,
temperature gradients exit in both fluids and in the sep-
arating wall, in the fluid flow directions. In most heat
transfer and pressure drop calculations of heat
exchangers, it is presumed that the inlet flow and tem-
perature distributions across the exchanger core are
uniform. These assumptions are generally not realistic
under actual operating conditions due to various reasons.
Advancement of the heat exchanger design theory, which
takes these effects into consideration, therefore becomes
an important project in industry.

The longitudinal heat conduction (LHC) through the
heat exchanger wall structure in the direction of fluid
flows has the effect of decreasing the exchanger per-
formance for a specified NTU, and this reduction may
be quite serious in exchangers with short flow length
designed for high effectiveness (>80%) [1]. These effects
have been well recognized and the numerical data are
available in [2, 3] for periodic-flow heat exchangers and
in [4-6] for the direct transfer type heat exchangers.

The flow maldistribution effects have been well recog-
nized for heat exchangers. The flow nonuniformity
through the exchanger is generally associated with
improper exchanger entrance configuration, due to poor
header design and imperfect passage-to-passage flow dis-
tribution in a highly compact heat exchanger caused by
various manufacturing tolerances. The flow non-

uniformity (FN) effects have been well recognized and
presented for heat exchangers [7—12]. Similarly, the fluid
inlet temperature nonuniformity (TN) effects have also
been investigated for crossflow heat exchangers [13, 14].
Investigation of the deterioration of exchanger per-
formance due to two-dimensional flow nonuniformity on
both fluid sides is very limited [7, 11].

In actual practice, heat exchangers may be subjected
to wall LHC, inlet FN and TN together. No literature is
available on the investigation of combined effects of
LHC, TN and FN for a crossflow tube-fin heat
exchanger. Generally, the wall LHC effect in a tube—
fin heat exchanger is one-dimensional. Moreover, all the
previous works [8—11] were limited to specific types of
nonuniform flow models and cannot be interpolated or
extrapolated for other types of flow maldistributions. No
generalized solutions are available for inter-
polation/extrapolation of results for possible FN or TN,
due to inlet poor header design, along with exchanger
wall LHC effects. In this paper, the combined effects of
LHC, TN and FN using a finite element method are
presented and discussed for a crossflow tube—fin compact
heat exchanger. The design of the headers and inlet ducts
significantly affects the velocity distribution approaching
the face of the exchanger core as shown in Fig. 1(a). In
this type of FN, the variations in the fluid flow at the
inlet of the exchanger core mainly depend on the location
of the inlet duct, the ratio of core frontal area to inlet
duct cross-sectional area, the distance of transition
duct/header between the core face and inlet duct and the
shape of headers, i.e. oblique flow headers or normal
flow headers and with/without manifolds. In these cases,
generally, the pressure gradient is often higher at the
centre than that at the edge of the exchanger core.

2. Mathematical equations

Based on the concept of Fourier series a mathematical
equation is developed to generate the flow nonuniformity
models at exchanger inlet (either hot fluid side or cold
fluid side) duct. The heat exchanger core frontal face is a
rectangular domain having edges 2a, 2b in x—y plane as
shown in Fig. 1(b) and will be a square domain when
a = b. The lengths with respect to origin ‘0’ are x = a or
x = —aandy = bory = —b. The cold or hot fluid flows
under the influence of a constant pressure gradient and
its equation can be represented here:

PW FW 1P

ox2 | oyt moz I
On the boundary,

atx = +a, W(xa,y)=0 2)

aty=+b, Wi(x,+b)=0. 3)

The term (1/u)(0P/0z) is a constant that can be
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Fig. 1. (a) Exchanger schematic, (b) exchanger core frontal face, (c) arrangement of divisions, (d) tube—fin heat exchanger and (e) an
element.
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regarded as known since the choice of the pressure gradi-
ent is in one’s control here. As such there is only one
unknown, viz W = W(x, y), controlled by equations (1)—
(3) above. The solution to represent the fluid velocity

(W) is

64D © (_l)m+n+l
Wx,y) =—-

H4 mn=0 <2m + 1)2 (2}’[ =+ 1 >2
+
a b

Cm+DIIx  2n+ DIy
cos 2 cos b
Cm+1D)(2n+1)

4)

The local inlet flow/temperature nonuniformity par-
ameter () is defined as [8],

actual inlet fluid flow/temperature 5)
o= : .
average inlet flow/temperature

if flow/temperature distribution is uniform

Consider that the fluid (either cold or hot) flowing
in the y-direction is not uniformly distributed over the
exchanger core on the x—z plane. Similarly, the fluid
(either hot or cold) flowing in the x-direction is not uni-
formly distributed over the exchanger core on the y—z
plane. The actual flow field within each compartment of
the heat exchanger is very complex for both the hot and
cold fluid sides. In fact, the fluid velocity will be zero at
the walls of each compartment and will have a peak value
in the middle. However, the peak velocity value itself
varies from compartment to compartment, i.e., small
value in the corner regions and a large value in the central
portion, thus causing flow nonuniformity over the heat
exchanger cross-section. In the present analysis, instead
of the actual velocity field through each compartment, an
average value has been taken for the whole compartment.
This average value is assumed to be the same as given by
the mean velocity over the compartment for the fully
developed profile (laminar or turbulent) over the whole
heat exchanger cross-section. In general, equation (4) can
be used only to generate one type of nondimensional flow
nonuniformity model at the entry of the exchanger duct.
Using the above equation, different types of flow/
temperature nonuniformity models are generated by dis-
torting the velocity profile and keeping the average mass
flow rate as unity. These models, named as A0, Al and
A5 depending on its magnitude of nondimensional par-
ameter (o), are tabulated in Table 1. Also, the inlet flow
nonuniformity for a typical flow/temperature model A0
having the highest magnitude of maldistribution is shown
in Fig. 2. The velocity at the wall of the inlet duct is zero.
The non-zero velocity values in the proposed models are
at the points away from the wall of the transition duct.
In each model, there are 10 x 10 local flow nonuniformity
dimensionless parameters («’s), which correspond to the
10 x 10 subdivisions on the x—z plane perpendicular to

Table 1
Flow/temperature nonuniformity parameters (as)

= 1; 10 2;9 3;8 4,7 5,6
Model A0
J=1;10 0.100  0.100  0.100 0.100 0.100
2:9 0.100 0.352  0.597 0.819 0.996
3;8 0.100 0.597 1.080 1.523 1.879
4,7 0.100 0.819 1.523 2.177 2.717
5,6 0.100 0.996 1.879 2717 3.438
Model Al
J=1;10 0.500  0.500 0.500 0.500 0.500
2;9 0.500 0.639 0.776  0.899  0.998
3;8 0.500 0.776 1.045 1.291 1.489
4;7 0.500 0.899 1.291 1.655 1.956
5,6 0.500 0.998 1.489 1956 2.356
Model A5
J=1;10 0.900 0.900 0.900 0.900 0.900
2; 0.900 0923 0952 0978 0.999
3;8 0.900 0.952 1.009 1.062 1.104
4;7 0900 0978 1.062 1.139 1.203
5,6 0.900 0.999 1.104 1.203 1.289

>

the direction of nonuniform fluid flow/temperature. In
view of the symmetry of the equation (4) with respect to
o—x and o—y, only one-fourth of flow/temperature non-
uniformity parameters (xs) are presented in Table 1.

3. Finite element method

The arrangement of subdivisions is shown in Fig. 1(c).
A model of a tube—fin heat exchanger is shown in Fig.
1(d). It is divided into a number of elements. This is an
element which carries hot and cold fluids as shown in
Fig. 1(e). Since, the wall temperature distribution in a
crossflow tube—fin heat exchanger is one-dimensional, a
two-noded element has been considered for studying the
one-dimensional LHC effects on tube wall. These are the
basic elemental exchangers for which the finite element
equations are formulated as coupled conduction—con-
vection problems [16]. The linear elements (2-noded) for
both hot and cold fluids are considered in the present
analysis. The following assumptions are made in this
analysis:

(1) Thickness of the exchanger wall is small when com-
pared with its other two dimensions, so that the ther-
mal resistance through the exchanger wall in the
direction normal to the fluid flows is small enough to
be neglected.

(2) There is no phase change and no heat generation
within the exchanger.
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Fig. 2. Flow nonuniformity model A0.

(3) Fluids other than liquid metals are considered.

(4) Both fluids within the exchanger are considered
unmixed. Cross or transverse mixing of fluids is not
considered.

(5) The heat transfer surface configurations and the heat
transfer areas on both sides per unit base area are
constant and uniform throughout the exchanger.

(6) The entry length effects are not considered in the
present analysis.

(7) Steady state conditions are assumed.

Based on the above assumptions, the governing energy

balance equations considering one-dimensional LHC on
the exchanger are formulated as shown below:

—(MC,), % + (9hP),(T,—T,) =0 ©
O*T,
(k4,) P +(8hP)y (T, — T\) — (9hP) (T, —T.) = 0
X
(7
0T,
(MC,). o (84P).(T,—T,) = 0. ®)

The boundary conditions are,
Th(oa y) = Th,in; TC(X, 0) = Tc‘in- (9)
The temperature variation of the hot fluid (7)), cold
fluid (7,) and the wall (T,) in the element are approxi-
mately by a linear variation as

T, = N,T,+N,T; (10)
T.= N T +NT, (11)
T, = N.T;+N,T, (12)

where N, N;, N, and N, are shape functions, N; = [—x/a,
N; = x/afor cold fluid and walland N, = [—y/b, N, = y/b
for hot fluid.

The boundary conditions to be satisfied are

(eMCp) T\ = Oy 13)

(@MC,).Ts = Q.. (14)
The following dimensionless parameters are intro-

duced to study the influence of LHC, TN and FN on the

exchanger performance:

(a) LHC parameter (1) = (kA,,)/(LCpin) (15)

. & —¢&
(b) Correction factor (7) = w
0

(16)

The correction factor (t) directly shows the degree of
performance variations of the exchanger effectiveness.
Substituting the approximation in the above equations
and using Galerkin method [17], the final set of element
matrices are obtained as shown in Appendix A. In
crossflow tube—fin heat exchanger, the wall temperature
distribution is one-dimensional. A two-noded element
has been taken for wall temperature distribution. Hence,
a 6x 6 element matrix has been obtained as shown in
Appendix A. The element matrices for other pairs of the
stacks are evaluated and assembled into a global matrix.
The final set of simultaneous equations are solved after
incorporating the known boundary conditions (inlet tem-
peratures). Thus by marching in a proper sequence, the
temperature distribution in the exchanger is obtained.
The heat transfer surface geometry {CF-9.05-3/4 J(C)}
for finned tube heat exchanger is taken from Kays and
London [1]. The heat transfer coefficients are evaluated
for above surface geometry using procedures given by
Kays and London [1] at the bulk mean temperatures of
the fluids. If the temperatures are not known a priori, the
iteration is started with assumed outlet temperatures. The
new outlet temperatures are calculated and compared
with assumed outlet temperatures. The iterations are con-
tinued until the convergence is achieved to the fourth digit
for all cases. Analytical solutions without considering
the effects of LHC, TN and FN are obtained using the
solution procedure given by Kays and London [1] and
Shah [18]. In this study, the exchanger thermal per-
formance deteriorations due to LHC, TN and FN are
plotted as a function of NTU (NTU,,,,) for three mag-
nitudes of C,;;,/Cpax (1.0, 0.6 and 0.2) and for three mag-
nitudes of 4 (0.05, 0.1 and 0.2) for the following cases:

(a) the combined effects of LHC, TN and FN on C;,
fluid side;

(b) the combined effects of LHC, TN and FN on C,,,,
fluid side;

(c) the combined effects of LHC, TN and FN on both
Cpin and C,,, fluid sides.

4. Comparison of results

The accuracy of the solution depends on the number
of the elements used. Actually, the number of elements
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used is determined by a compromise between the accu-
racy desired and the time required by the computer. No
information is available on the investigation of combined
effects of LHC, TN and FN for crossflow tube—fin heat
exchangers. However, the present finite element analysis
has been validated with the individual effects of TN [13]
and FN [8] of a crossflow plate—fin heat exchanger. The
relative comparison with the present finite element results
is shown in Fig. 3. This comparison is found to be good.
The accuracy is believed to be sufficient for most of the
engineering applications.

The complete analysis of individual effects of LHC,
FN and TN for a tube—fin heat exchanger is available in
[6, 12]. However, the individual effects of LHC, FN and
TN of a tube—fin heat exchanger are compared with the
combined effects of LHC, FN and TN and shown in
Fig. 4 for ready reference. This figure indicates that the
performance variation due to combined effect LHC, FN
and TN is not just the cumulative sum of its individual
effects. Hence the detailed analysis has been carried out
for combined effects of LHC, FN and TN in a crossflow
tube—fin heat exchanger.

Chiou [13] has studied the effects of inlet fluid tem-
perature nonuniformity on the thermal performance of
crossflow heat exchanger using specified temperature
nonuniformity models. He has observed some significant
augmentation in thermal performance of crossflow heat
exchanger due to large variations in temperature differ-
ences between hot and cold fluids in the core. Similarly,
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Fig. 4. Comparison of individual effects and combined effects of
LHC, FN and TN.

the temperature nonuniformity effects have been shown
in Fig. 5 by reversing the model Al on C,,, fluid side and
Cox fluid side. It is observed that there is significant
augmentation in performance when TN model A1 is con-
sidered on C,,,, fluid side. It is noted from this figure that
the correction factor is positive up to NTU equal to six
when the TN model is considered on C,;, fluid side. This
is due to heat transfer process because of large variations
in temperature differences in the exchanger zone.

5. Results and discussion

In this analysis, air is used as cold and hot fluids and
an unmixed—unmixed crossflow exchanger is considered.
Heat exchanger surface geometry CF-9.05-3/4 J(C) from
Kays and London [1] is used for estimation of heat trans-
fer coefficients. In most cases, even a large variation in
some physical properties of air are reflected only mar-
ginally in the performance variations as observed by
other investigators [19, 20].

In this paper, the performance evaluation with the
combined effects of wall LHC and inlet fluid FN and TN
on a crossflow tube—fin heat exchanger is presented for
balanced flow, C,,/Cmax = 1, as well as for unbalanced
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£-0.05 1 \
§_Q,1o E gOND}EONS: os
~0.15 4 min/~¥max —
MODEL A1
-0.20 T T T T
0 10 20 30 40 50
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Fig. 5. Temperature nonuniformity effects, crossflow tube—fin
heat exchanger.
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flow, Cpin/Crax €qual to 0.6 and 0.2. Figures 6—13 shows
the combined effects of longitudinal heat conduction,
inlet temperature nonuniformity and flow nonuniformity
in the crossflow tube—fin heat exchanger. In each case,
there are three figures (a, b and c) considering 1 = 0.2,
0.1 and 0.05. It can be seen from these figures that the
correction factor (1) decreases with increasing of NTU
for all cases of balanced and unbalanced flows as shown
in Figs 6-13. It is noted that there is a significant aug-
mentation in thermal performance (upto 10%), when the
NTU is high and 2 is low as shown in Figs 8-12. This
augmentation in performance is due to the large vari-
ations between hot and cold fluid temperatures as
observed by earlier investigators [13, 14]. However, this
augmentation in performance is negligible for lower NTU
values even when / is equal to 0.05. This observation
indicates that the effects of LHC, FN and TN on the
deterioration of exchanger performance tend to eliminate
each other in the region of large NTU, but tend to aug-
ment each other in the region of small NTU at higher
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Fig. 6. Combined effects of longitudinal heat conduction, flow
nonuniformity and temperature nonuniformity effects, tube—fin
heat exchanger, C,;, fluid side (Cpip/Crax = 1.0).
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Fig. 7. Combined effects of longitudinal heat conduction, flow
nonuniformity and temperature nonuniformity effects, tube—fin
heat exchanger, both fluid side (C,/Cpax = 1.0).

values of 1. It has been observed that the performance
variations are higher when the flow/temperature models
are considered on C,;, side. Also, it has been observed
that the performance deteriorations are more for bal-
anced flows as compared to that of unbalanced flows.
The relative comparison of results are tabulated in
Table 2. In this table, the combined effects of LHC, FN
and TN are compared with individual effects of LHC,
FN and TN for the crossflow tube—fin heat exchanger.
The performance variations due to individual effects of
LHC (at A=0.05), FN and TN at NTU = 10 for
Chin/Crax = 1.0 for model A1l are 3.75, 5.95 and —2%,
respectively, whereas the performance variation for the
combined effects is around 6%. It can be seen from the
table that the performance variations generally decrease
when the LHC, TN and FN are considered together.
Information presented in these figures is not restricted
to the models considered in this analysis, but the results
can be interpolated for other similar flow models. For
example, the results can be interpolated, for any inter-
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Fig. 9. Combined effects of longitudinal heat conduction, flow
nonuniformity and temperature nonuniformity effects, tube—fin
heat exchanger, C,,,, fluid side (Cpn/Crnax = 0.6).

Effects of longitudinal wall heat conduction, flow and temperature nonuniformity crossflow tube—fin heat exchanger

Models  C* Performance variations (%)
NTU = 10 NTU = 50
LHC FN TN LHC+FN+TN LHC FN TN LHC+FN+TN
A= A= A= A= A= A= A= L= A= A= A= A=
005 0 0.2 0.05 0.1 0.05 0.1 0.2 0.05 0.1 0
Al 1.0 375 790 17.0 595 =20 6.00 990 14.0 4.00 17.5 5.00 495 —100 0.00 0.50 8.00
06 185 350 7.50 225 -—3.5 400 450 8.00 1.50 500 —4.0 180 —8.5 —4.00 —3.00 0.50
02 0.60 085 1.00 120 —7.0 —-50 —45 —4.0 0.00 0.00 —2.0 000 —3.0 —2.00 —1.75 —1.50
A5 1.0 375 790 17.0 0.15 —225 1.00 1.50 2.50 4.00 17.5 450 0.05 —11.0 —2.00 —1.00 5.00
06 185 350 750 0.10 —50 -—25 0.00  1.00 1.50 500 —50 000 —9.5 —8.00 —7.00 —5.00
0.2 0.60 085 1.00 0.05 —-75 =35 =30 =25 0.00 0.00 —2.5 000 —3.5 —225 —-2.00 —1.75

Conditions: C* = Cyin/Craxs (31P)/(31P). = 1.0, and flow/temperature nonuniformity on the C,;, fluid side.
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Fig. 10. Combined effects of longitudinal heat conduction, flow
nonuniformity and temperature nonuniformity effects, tube—fin
heat exchanger, both fluid side (Cpin/Crnax = 0.6).

mediate flow maldistribution model, between the curves,
as the upper curve is showing higher performance devi-
ations and lower curve is showing the minimum per-
formance deviations. The deterioration in thermal per-
formance of a single-pass crossflow tube—fin heat
exchanger due to the combined effects of LHC, FN and
TN presented in this section is generally similar to those
reported in previous investigations [15] for crossflow
plate—fin heat exchangers. However, the type of the fluid
maldistributions considered in this investigation are basi-
cally different from those reported previously; direct com-
parison of all these results is thus not possible.

6. Conclusions

The performance variations of high-efficiency crossflow
tube—fin compact heat exchangers are presented and evalu-
ated for both balanced and unbalanced flows having the
combined effects of wall longitudinal heat conduction, inlet
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Fig. 11. Combined effects of longitudinal heat conduction, flow
nonuniformity and temperature nonuniformity effects, tube—fin
heat exchanger, C,;, fluid side (Cpin/Crax = 0.2).

fluid flow and temperature nonuniformity. A mathematical
equation has been used to generate different types of fluid
flow maldistribution models considering the possible devi-
ations in fluid flow. The ranges of parameters investigated
are: 1 < NTU <50, Cpin/Crax = 1.0, 0.6 and 0.2 and
4 =0.05, 0.1 and 0.2. The thermal performance variation
of a crossflow compact tube—fin heat exchanger due to the
combined effects wall longitudinal heat conduction, inlet
flow/temperature nonuniformity is not always negligible,
especially when the fluid capacity rate ratio of both fluids
is equal to 1.0 and when the longitudinal heat conduction
parameter (4) is greater than 0.05. This estimation can
reduce the number of tests and modifications of the proto-
type to a minimum for similar applications.
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Appendix A: crossflow tube—fin exchanger stack element

2W, 0 0 0
Wo+H, W,+2H, —H, —2H,
—2H, —H, K+2H,+2H, K+H,+H,
—H, —2H, —K+H,+H, K+2H,+2H,
0 0 0 0
0 0 —H, —2H,

where K = kA/L, H=(3hPl)/6, W = a(mC,)/2.
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