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Abstract

In a plate heat exchanger, heat transfer from the hot to the cold fluid is a multi-dimensional conjugate problem, in which longitudinal
heat conduction (LHC) along the dividing walls often plays some role and can not be neglected. Large-scale, or end-to-end, LHC is
always detrimental to the exchanger’s effectiveness. On the contrary, if significant non-uniformities exist in the distribution of either con-
vective heat transfer coefficient, small-scale, or local, LHC may actually enhance the exchanger’s performance by improving the thermal
coupling between high heat transfer spots located on the opposite sides of the dividing wall.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The elementary theory of heat exchangers [1] assumes
that heat is transferred locally from the hot to the cold fluid
through an interposed solid wall which only acts as a ther-
mal resistance s/k, while conduction along the wall is
neglected. The overall heat transfer coefficient is then

vo(Lisi ) (1)
Tk e

with obvious modifications to account for fouling factors
and geometrical effects.

In real equipment, however, heat transfer is actually a
multi-dimensional conjugate problem, in which heat con-
duction not only in the direction orthogonal to the walls
(transverse conduction), but also in that parallel to them
(longitudinal conduction), may play a role.

The coupling between conduction through a solid wall
and convection to a fluid is an issue in several classic prob-
lems of heat transfer, which are still actively studied. These
include, for example, thermal entrance effects [2], fluid pre-
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heating [3], and heat transfer with a plate of finite thickness
the outer surface of which is kept at a prescribed tempera-
ture [4].

In heat exchangers, it is important to separate the large-
scale from the small-scale effects of longitudinal heat con-
duction (LHC).

Large-scale (end-to-end) LHC acts at the length scale of
the whole unit, affects all kinds of heat exchangers, and is
always detrimental to their thermal performance. Simpli-
fied models to estimate its effects have been presented, for
example, by Shah [5] for recuperators and by Ranganayak-
ulu et al. [6] for plate-fin and tube-fin exchangers. Chiou [7]
proposed a quantitative criterion, based on the value of a
“conductance number”, to assess the relevance of LHC
in compact heat exchangers. Large-scale LHC can become
a very important issue in micro-channels and miniature
heat transfer devices [8-10]. It can also be relevant in very
high NTU exchangers such as the cryocoolers used in some
space applications [11].

On the contrary, small-scale (local) LHC acts at the
length scale of a unitary cell, depends on the existence of
non-uniformities in the local convection coefficients, and
is most significant in plate heat exchangers. The overall
effects of conduction are implicitly taken into account
by advanced, CFD-based, predictive techniques [12], but
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Nomenclature

Bi;, Bit longitudinal and transverse Biot numbers, see

text (—)
C (flow rate) x (specific heat) (WK ™)
h convection coefficient (Wm 2 K1)
n high value (“peak”) of / in two-region approxi-

mation (Wm 2K ™)

n' low value (“trough”) of 4 in two-region approx-
imation (Wm 2 K™

k thermal conductivity (Wm~! K1)

L unit cell length in flow direction (m)

R resistance per unit depth (mKwW™1)

S heat transfer surface (m?)

K wall thickness (m)

T temperature (K or °C)
U overall heat transfer coefficient (Wm 2 K1)

Greek symbols
o, 3, v, n dimensionless ratios, see text ()

simplified design procedures are still common and one
would like to have approximate but viable methods to
describe LHC effects by appropriate corrections to simpler
correlations like Eq. (1).

2. Local effects of LHC in plate heat exchangers

Plate exchangers (PHX), though less common than the
more traditional shell-and-tube exchangers, are widely used
in the chemical, process and food industry [13]. In PHX,
hot and cold fluids are separated by thin, usually metallic,
plates; materials such as graphite, ceramics or even plastic
may also be used for particular applications. Recently,
PHX have been the subject of increasing interest due to
the possibility of improving their performances, thus reduc-
ing volume and cost, by a relatively simple rational re-
design of the basic heat transfer elements, based either on
detailed local heat transfer measurements or on CFD.

A real PHX for industrial applications may include up
to hundreds of tightly packed plates delimiting more or less
tortuous flow passages. To optimize size, cost and effective-
ness the overall exchanger may be divided into zones where
either parallel flow or counter flow occurs. However, it is
always possible to think of a real exchanger as composed
of a very large number of elementary cells which repeat
themselves periodically and usually exhibit a shape apt to
promote mixing within each fluid and thus heat transfer
between the two fluids.

In an elementary cell, the fluid-to-wall heat transfer
coefficient / on each of the two sides of a plate exhibits a
more or less complex distribution, associated with the exis-
tence of flow features such as separation, recirculation and
reattachment. Detailed experimental results can be
obtained, for example, by using liquid crystal thermogra-
phy associated with true-colour digital image processing
[14] and are usually well predicted by CFD methods [15].

& exchanger effectiveness (—)
0 temperature difference (K)
Subscripts
AV average
C,H cold-fluid/hot-fluid sides
L, T longitudinal/transverse
a
T hy
S
b Flow H
hy
he TS
Flow C
<—

Fig. 1. Different distributions of the convective heat transfer coefficient /
on the two sides of a plate in a PHX. (a) Matched / distributions; (b)
unmatched / distributions. Plate geometry, / distribution and flow pattern
are supposed to be periodic along the main flow direction.

For the sake of simplicity, Fig. 1 shows two possible %
distributions for the simplified case of two-dimensional
flow.

In some cases, see Fig. 1a, the distributions of /z over the
two sides may be approximately symmetric with respect to
the dividing plate. In such cases, the plate only acts as an
obstacle to heat transfer, and thus it is desirable that its
transverse thermal resistance, proportional to s/k, be kept
as low as possible compatibly with structural requirements.
Standard formulae like Eq. (1) for the computation of the
overall heat transfer coefficient U, once written using wall-
averaged values of / on each side, will give fairly accurate
results. This case is more likely to occur in parallel-flow
regions and with only moderately tortuous flow passages.

In other cases, see Fig. 1b, the distribution of % over
either of the two sides may match poorly that observed
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on the opposite side of the dividing plate. This case is more
likely to occur in counter-flow regions and in the presence
of highly tortuous flow passages. In such cases, most of the
thermal coupling between the two fluids may depend on the
longitudinal conduction along the plate. As the wall thick-
ness decreases, its longitudinal conductive thermal resis-
tance increases; therefore, the thermal coupling between
the two fluids decreases and the effective overall heat trans-
fer coefficient U may become much lower than that pre-
dicted on the basis of mean values of each /4. These
coupling effects may affect heavily the overall performance
of a PHX [16].

In the following, a simple model of the LHC effects will
be described and its predictions will be compared with
computational results obtained by CFD for geometrical
and physical conditions representative of a PHX. It is for-
mulated here for a two-dimensional geometry, but its
extension to fully three-dimensional cases is relatively
straightforward.

First, with reference to Fig. 2a, let us approximate the
real (continuous) distribution of the convection coefficient
h on either side of the dividing wall by a simple two-region
stepped distribution, characterized by “peaks” and
“troughs” of values /', 1" (with « = /'/h") and widths yL
and (1 — y)L, respectively. Let also L be the longitudinal
distance between the hot and cold wall peak centres and
n = h¢-/hy; (ratio of “trough” values of &).

o le—

(B)e °(A)

Fig. 2. (a) True profile (shaded area) and two-region approximation
(broken line) of the convective heat transfer coefficient / distribution on
the two sides of a plate in a PHX. (b) Equivalent resistance network.

Now, observe that the heat transfer process between the
hot and cold fluids can be approximated as occurring
through the resistance network of Fig. 2b. The equivalent
thermal resistance network method has been commonly
used to describe conjugate heat transfer problems [17]. It
can be generalized by the inclusion of capacitors and
nonlinear elements to simulate transient heat transfer and
other particular thermal effects [18].

The quantities R;...R¢ (thermal resistances per unit
length in the direction orthogonal to the figure) in
Fig. 2b have the following expressions:

R — Ot;ll +BlT . 1 +BZT
b LVHh;:[ P L(1 - ”/H)h;/{
-1 . -1 .
o + Bi + Bi
R3 _ (’1 C) i T R4 _ n T” (2)
Lychy L(1 — pc)hy
_ PBBiL (1= p)BiL
=g Ry
H H

in which, besides the dimensionless ratios oy, ac, fu, Pc,
71, Yc and 7 defined above, the two following Biot numbers
play a role:

"

Bir = S2—;: (transverse Biot number) (3)
291

Bip = - " (longitudinal Biot number) 4)
S

It should also be observed that the two resistances Rs,
Rg are actually in parallel due to the periodic geometry
of the exchanger, so that they are equivalent to a single
thermal resistance Ry = (1 — f)Bir/(Lh};). Of course, the
choice of hj; as the reference heat transfer coefficient is
arbitrary and any other /# might have been used instead.

The (trivial, but cumbersome) resolution of the resis-
tance network in Fig. 2b yields the following value for
the overall heat transfer coefficient U= (power per unit
area)/(Tu — To):

U—l- (Ri +Ry)(R3 + R4) + RL(Ry + Ry + R + Ry)
L (RyR3R4 + R\R3Ry + R\RyRs + RiRyR;) + RL(R| + Ry)(R> + R3)

(5)

The above value can be compared with that predicted by
Eq. (1) using average values of sy and hc. By using the
dimensionless parameters defined above, this can be
re-written as:

1 -1

n

+2Bir+ ———
! 1+ (o = 1)ye

Uy =hy|l——————
¢ T+ (o — D)yy

(6)

Note that this value of U,,, cannot be obtained from
Eq. (5) by letting Ry — 0 due to the different assumptions
underlying Eq. (5) and Egs. (1) or (6). Note also that the
ratio F = U/U,,, depends only on dimensionless parame-
ters and not on A}, or L.
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The influence of longitudinal heat conduction (LHC) is
shown in Fig. 3 by reporting F as a function of Bi for dif-
ferent values of Biy, and in Fig. 4 by reporting F as a func-
tion of Biy for different values of Bit. In both figures it was
assumed that oy =oc =3, yu=7yc=0.5and n=1.

It can be observed that, for the highly non uniform /4
distributions assumed here, F decreases strongly with Bi,
(as expected) for all values of Bit. The influence of Bit is
more complex; an increase in Bir causes F to decrease for
strong longitudinal coupling, but to increase for the more
likely case of loose longitudinal coupling (high Bip).

The use of the common design Eq. (1) — written on the
basis of average /1 values, i.e. in the form of Eq. (6) — may lead
to overpredicting the overall heat transfer coefficient U up to
25% for strongly non uniform / and high values of Biy.

In the limiting case of /4 distributions characterized on
both sides of the wall by localized and unmatched peaks,
with zero “trough” values, the overall heat transfer coeffi-
cient vanishes for high Biy, and only LHC effects provide
for non-zero values of U.

An interesting effect of LHC is that, as the wall thickness
s increases, the reduction in U due to a larger transverse
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Fig. 3. Influence of LHC shown by expressing F as a function of Bir for different values of Biy.
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Fig. 4. Influence of LHC shown by expressing F as a function of Biy for different values of Bir.
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Fig. 5. Influence of the wall thickness s on the overall heat transfer coefficient U for different degrees of non-uniformity in the distributions of /.

conductive resistance may be counteracted by the increase
in U due to a better longitudinal coupling, with the result
that a maximum of U is attained for some value of s. This
is illustrated in Fig. 5, which refers to the case of globally
symmetric /& distributions (ag=o0c=0o, ypy=7yc, 1=1)
with = 0.5. The overall heat transfer coefficient U (nor-
malized by 4j};) is reported as a function of the wall thick-
ness s for different values of the & peaking factor a. Of
course, the case of flat distributions of & (x=1) yields a
monotonic decrease of U with s; however, for « > 1 a max-
imum appears in the curves for values of s which increase
with the degree of non uniformity.

The predictions provided by the LHC model described
above were also tested against CFD results for two-dimen-
sional conjugate heat transfer. The unitary cell of the
geometry chosen is shown in Fig. 6; it is representative of
a plate heat exchanger in which plane plates are alternately
stacked with sinusoid-shaped plates. The RNG k—¢ turbu-
lence model was adopted to simulate the flow of water on
either side of the plate at a Reynolds number of ~3000.
The simulations were run by using the computer code
CFX-4.3 [19]. Note that, although computational results
can not generally be regarded as completely trustworthy
(especially when turbulent flow is involved), in the pres-
ent case they can be considered sufficiently accurate to test
an explicitly crude model such as the resistance network
one.

Fig. 7 shows the computed profiles of the convective
heat transfer coefficient on the two sides of the plate for
either parallel flow or counter flow. It can be observed that
the 4 distributions are identical but are shifted by half pitch
and, in the case of counter flow, also mirror-reflected.

The & distributions in Fig. 7 were approximated by using
the two-region model with o =2, y = 0.5 on both sides and

@

1

]

Fig. 6. Geometry chosen for the CFD conjugate heat transfer simulations.

n=1, =0.5. In the CFD simulations, the transverse and
longitudinal Biot numbers Bit, Bi; were independently
allowed to vary by assuming two different thermal conduc-
tivities kt, ki of the plate in the two mutually orthogonal
directions.

Results are summarized in Fig. 8 for two rather extreme
values of Bit (0.0066 and 0.66) and for Bij varying from
~0.6 to ~250. The quantity shown is the ratio of U to that
given by Eq. (6). The agreement is quite satisfactory, indi-
cating that the simple network-of-resistances model is
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Fig. 7. Computed profiles of the convective heat transfer coeflicient / on the two sides. Profiles of /, are reported both for the case of parallel flow and for

the case of counter flow.
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Fig. 8. Comparison of predictions obtained by the network-of-resistances model (lines) and by computational fluid dynamics (symbols).

adequate to capture most of the significant features of
LHC-associated phenomena.

3. Conclusions

The influence of longitudinal heat conduction (LHC) on
heat exchanger performance was briefly reviewed. Large-
scale and small scale LHC were separately treated as they
may have contrasting effects on heat transfer. For small-
scale effects, related with non-uniform and unmatched
distributions of the convection coefficient 4 and most sig-
nificant in plate heat exchangers, a simplified model was
presented, based on the concept of network of resistances

(NOR), and its predictions were discussed. In particular,
it was shown that LHC may significantly enhance heat
transfer and may cause the overall heat transfer coefficient
U to exhibit a maximum when represented as a function of
the wall thickness s. The results provided by the simple
NOR model compared favorably with CFD predictions,
in which convection in the fluids and conduction in the wall
were simultaneously taken into account.

The simple model proposed here can be used to get a
quick and inexpensive estimate of the actual overall heat
transfer coefficient U for any thickness s and conductivity
k of the interposed plate once the distribution of the con-
vective heat transfer coefficient /2 on the two sides is known,
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for example from a single CFD analysis (making, of
course, the reasonable assumption that / itself is flow-dom-
inated and little affected by conduction phenomena).
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