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Abstract ~ Basic heat-transfer and pressure-drop results for laminar airflow through arrays of in-line or
staggered plate segments have been determined from numerical solutions of the fluid flow and energy
equations. The results depend on only a single dimensionless parameter which encompasses the relevant
geometrical and fluid flow quantities. Application of the results was made to compare the performance of the
two types of segmented-plate arrays with each other and with the parallel-plate channel. At constant mass
flow rate and constant heat-transfer surface area, the heat-transfer effectiveness ¢ of the segmented arrays is
appreciably higher than that of the parallel-plate channel, both in the range of small and intermediate
effectiveness values. In addition, for a fixed heat duty corresponding to an intermediate ¢ value and for a
constant mass flow, the heat-transfer area of the segmented arraysis only about a third of that for the parallel-
plate channel. Under constant pumping power and constant surface area conditions, the heat transfer for the
segmented arrays exceeds that for the parallel-plate channel when the effectiveness of the latter is less than
0.65-0.75. Under most conditions, the staggered array yields better performance than the in-line array, but
situations are identified where the reverse is true.

NOMENCLATURE

A, surface area of a plate;

Cpr specific heat;

D,,  hydraulic diameter, 4H ;

£ friction factor, equation (19);

H, transverse spacing, Fig. 1;

h,,  per-plate heat-transfer coefficient, equation
(17);

k, thermal conductivity;

L, plate length, Fig. 1;

L... heat exchanger length;

Nu,, per-plate Nusselt number, equation (18);

n, mass flow rate;

P, pumping power, equation (21);

Pr, Prandtl number;

o, pressure;

Pss pressure at inlet;

P pressure at axial station x;

Ap,  pressure drop, p; — p.;

0, heat-transfer rate for exchanger of lerigth x
or L,,;

Q,.  heat-transfer rate per plate;

Re,  Reynolds number, #(4H)/v;

Tee, bulk temperature at x;

T,  bulk temperature at inlet;

T.. plate temperature;

U,V, dimensionless velocities, equation (2);
u,v, velocity components;

u, mean velocity ;

t Present address: Owens-Corning Fiberglas Company,
Granville, Ohio, U.S.A.

X,Y, dimensionless coordinates, equation (1);

x,y, coordinates, Fig. 1;

L, heat-transfer effectiveness, equation {14);

g, dimensionless temperature, equation (6);

U, viscosity ;

v, kinematic viscosity;

I, dimensionless pressure, equation (2).
Subscripts

IL,  in-line segmented plates;

P, constant pumping power;
S, staggered segmented plates.

Superscript
*.  parallel-plate channel.

INTRODUCTION

TT HAS been recognized for some time that higher
convective heat-transfer coefficients can be obtained
when a succession of colinear flow-aligned plate
segments are employed instead of a single continuous
plate. As the fluid passes along such an array of plate
segments, a new boundary layer is initiated as each
segment is encountered, and it is the thinness of the

~ restarted boundary layers which is responsible for the

high coefficients. This characteristic is widely em-
ployed in the design of high performance heat ex-
change devices, as manifested by the use of fin surfaces
that are periodically interrupted in the flow direction
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(e.g. strip fins). The performance of heat exchangers
which incorporate interrupted surfaces has, in the
main, been determined from experiments involving
actual exchangers or large-scale models (e.g. [1-5]). In
[6]. the heat-transfer characteristics of an array of
offset (i.e. staggered) flow-aligned plate segments was
determined via finite-difference solutions of the fluid
flow and energy transport equations.

The higher heat-transfer coefficients provided by
interrupted surfaces are accompanied by substantial
increases in pressure drop, as witnessed by results
given in the aforementioned references. Until recently,
there was considerable uncertainty as to how to
appraise the degree of performance improvement (or
degradation) resulting from the conflict between the
increase in heat-transfer coefficient and the increase in
pressure drop. Methodology for evaluating the be-
nefits of using augmented heat-transfer surfaces (of
which interrupted plates are a subset) has been
formulated by Bergles and co-workers[7-9]. 1t was
demonstrated that the advantage or disadvantage of
using one type of heat-transfer surface relative to
another depends upon the goals to be achieved and the
constraints of the comparison. The potential goals
may include increasing heat transfer or reducing
pumping power or reducing the size of the heat
exchanger. Possible constraints encompass fixing se-
veral among such quantities as the mass flow rate,
pressure drop, heat load, heat exchanger size, etc.

From the foregoing, it is evident that there is not a
unique appraisal of the merits of an augmented heat-
transfer surface ; rather, there may be as many different
appraisals as there are applications. Therefore, to
enable the various types of appraisals to be performed,
it is necessary that basic heat-transfer and friction-
factor information be available for candidate augmen-
ted surfaces.

The present analysis was undertaken to provide
such basic information for an array of in-line flow-
aligned plate segments and also to employ this infor-
mation to calculate performance comparisons with
related heat-transfer configurations. A schematic dia-

. gram of such an array is shown in the upper sketch of
Fig. 1. The three-high stack of plates pictured there is

E. M. Sparrow and C. H. Lt

possible end effects at the top and bottom of the stack
can be neglected. In addition, the number of stream-
wise rows is not constrained to that shown in the
sketch. The analysis and computations were perform-
ed for the case of laminar flow.

The relationship between the in-line array studied
here and the offset (i.e. staggered) array of [6] can be
clarified with the aid of the figure. If the plates
occupying positions AB, CD, EF, etc. were to be
moved to positions BC, DE, FG, etc., then the in-line
array shown in the upper part of the figure would be
transformed to the staggered array shown in the lower
part. Under such a transformation, both arrays would
have the same amount of heat-transfer surface area but
the staggered array would be longer by one row in the
streamwise direction.

The initial impetus to undertake the present study
came from inquiries (motivated by the publication of
[6]) about the relative performance of in-line and
staggered strip fin arrays. In the early stages of the
work, it was discovered that by proper
nondimensionalization, the number of dimensionless
parameters could be reduced by one compared with
those used in [6], thereby permitting both a more
compact and a more general presentation of results
than that of [6]. Thus, not only are solutions carried
out here for the in-line array, but also the staggered
array was solved in terms of the new variables.

Basic heat-transfer and pressure-drop results are
presented here for both the in-line and staggered plate
arrays as a function of a single parameter which
incorporates both the Reynolds number and the ratio
of the plate length L to the transverse spacing H. The
results encompass both the entrance and fully de-
veloped regions. In this regard, it may be noted that a
streamwise periodic geometry such as that pictured in
Fig. 1 does not admit the same type of fully developed
regime as does a conventional duct flow. This matter
will be elaborated upon later when the results are
presented and discussed.

The basic heat-transfer and pressure-drop results
are then employed in various performance com-
parisons. These comparisons encompass two augmen-
ted configurations - the in-line and staggered plate

intended to portray a much higher stack such that arrays - and the conventional continuous-walled
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FiG. 1. In-line and staggered plate arrays, upper and lower diagrams, respectively.



In-line, staggered, and continuous plate heat exchangers

parallel-plate channel. Comparisons are first made for
the condition of constant mass flow rate, and then the
condition of constant pumping power is employed.

The computational scheme employed for the simul-
taneous fulfillment of the constant pumping power
constraint for all three flow configurations is described
in some detail. These computations yield the relative
magnitudes of the heat-transfer rates for the three
configurations at a fixed pumping power. In addition,
they reveal the quantitative differences in the Reynolds
numbers for the three configurations that are nec-
essary for the attainment of the same pumping power
for each. Although it is known that the constant power
constraint brings forth such differences in the Rey-
nolds number, the quantitative extent of the
differences appears not to have been presented here-
tofore. The importance of these Reynolds number
relationships is underscored by the fact that a heat
exchange device is typically implanted in a fluid flow
circuit containing other flow resistances. Therefore, a
higher (or lower) mass flow through the heat ex-
changer will have ramifications throughout the entire
flow circuit.

ANALYSIS
Formulation of the problem

As was noted earlier, computations will be perform-
ed here for both the in-line and staggered arrays in
order to enable the results for both configurations to
be presented on a common basis. Therefore, the
analysis will be framed so that it is applicable to both
arrays.

The flow entering the array is at a uniform tempera-
ture 7, and the inlet velocity is uniform and equal to 4.
The plates are isothermal (temperature = 7T, ) and are
assumed to be sufficiently thin so that thickness effects
can be neglected. It is further assumed that laminar
flow prevails throughout the length of the array.

If the Kays-London definition [2] is used for the
hydraulic diameter, it is readily demonstrated that D,
= 4H for both arrays, and this quantity will, therefore,
be used as a reference length. Then, if capital letters are
used for dimensionless quantities, the following dimen-
sionless variables may be introduced : '

X = (x/4H)/Re, Y = y/4H, (1)
U=uwi, V=uv@Hy, 0O=ppi® Q)

where Re, the Reynolds number, is given by
Re = d(4H)/v. (3)

With these variables, the mass and momentum
conservation equations become

1] N v —o “

ax a3y )

U6U+ VaU_ dn+62U )
oX aY  dx 8y’

Owing to the nondimensionalization, these equations
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are free of parameters. Then, a dimensionless tempera-
ture variable is introduced as

0=(T-TH(T,—-T) (6)
and the nondimensional energy equation becomes

o0 o 1 9%

UaxtVay = m o

X (M

Here, as in equations (4) and (5), geometry and flow
parameters have been absorbed into the dimensionless
variables, so that, thus far, Pr appears as the only
prescribable dimensionless group.

Since this study is directed to tall stacks of plates (i.e.
negligible end effects associated with the top and
bottom of the stack), attention can be confined to a
typical channel definedby0 < y < H(0 < Y < })and
x > 0 (X > 0). On all solid surfaces bounding such a
channel

U=V=0 0=1 (8)
whereas on all symmetry boundaries
oU/RY =V =00/0Y =0 9)
and at the inlet

U=1, V=0=0. (10)

Thus, the boundary conditions are also free of
parameters.

The only dimensionless parameter in the analysis
(other than Pr) is the nondimensional plate length

(L/4H)/Re (11)

which incorporates both the dimensions and the fluid
flow rate that characterize the problem.

. The governing equations (4), (5) and (7), along with
the boundary conditions (8), (9) and (10), were solved
by finite differences. The program, which was written
specifically for this task, was based on the
Patankar-Spalding boundary-layer procedure [10]
modified to determine the unknown pressure gradient
dIT/dX in accordance with the methodology described
in the Appendix of [6]. The program was verified by
comparison of heat-transfer and pressure-drop results
for the staggered array with selected cases of [6]. In
addition, results obtained for the continuous-walled
parallel-plate channel were compared with those of [6]
and{11].

Solutions were carried out for seven values of
(L/4H)/Re between 0.0003 and 0.005. This range spans
the values of L/H and of the laminar Reynolds number
that are relevant to practice. The Prandtl number was
fixed at 0.7 (air) for all of the solutions.

Presentation parameters

Attention will now be turned to the output of the
numerical solutions and to the variables that have
been selected for the presentation of the results. During
the execution of the solutions, the bulk temperature
T,. at any axial station X was determined by integrat-
ing the 8 and U distributions as follows:
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Tbx - Ti _
T.-T,

_jeuay

T judr (12)

Oy

with the integration extended over therange 0 < ¥

L Since the rate of heat transfer Q between X = 0 an
X = X is given by

Q = mcp(Tbx - T:)

IA

[=%

(13)

and the heat-transfer rate Q,,,, for an array of infinite
streamwise length is

Qm;u = mcp(Tw - Tn) (133)

it follows that (T,, — T)(T. — T) = Q/Qmu
Moreover, Q/Q...., is the heat exchanger effectiveness «,
so that

(Tye = TH(T ~ T} == (14)

Thus, the dimensionless bulk temperature, when
interpreted as the effectiveness, is of direct relevance as
a heat exchanger performance parameter. It has,
therefore, been selected as one of the quantities for
which graphical results will be presented. The distri-
bution of « along the length of the array will be plotted
as a function of the dimensionless streamwise coor-
dinate (x/4H)/Re. Since this quantity is a measure of
the size (i.e. streamwise length) of the heat exchanger, it
can be regarded as the NTU (number of transfer units),
although it is different from the conventional de-
finition of NTU. Since heat exchangers are typically
made up of an integral number of plates, the « values at
the ends of the successive plates are of primary interest,
and these are the values that will be presented here.

If desired, the average heat-transfer coefficient #
encompassing N rowst between X = 0and X = NL
can be readily evaluated from the distribution curves
for «. If

h = (Q/4)/(LMTD) (15)

and LMTD is the log-mean of (T,, — T;) and (T, —
Te), then

h(4H)/k = — RePrin(l ~ &)/QL/H)  (16)

where Q = N or Q = (N + 1), respectively for the
staggered and in-line arrays. From the h values, the
Stanton number St and Colburn j factor can also be
determined. These evaluations will not be reported
here because of journal space limitations and because «
(which will be reported) is believed to be a more
fundamental quantity than the others.

A set of heat-transfer coefficients which will be
evaluated and reported are those for the fully de-
veloped regime. As noted earlier, periodically varying
geometries such as are pictured in Fig. 1 do not yield
the same type of fully developed regime as do con-
ventional ducts with continuous walls. Rather, for the
multi-plate arrays of Fig. 1, thermal development is

+ For the in-line array, the plates are stacked in the first,
third, fifth, etc. rows, so that N is odd.
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attained when the average heat-transfer coefficient per
plate is the same for all plates beyond the thermal
entrance region. If h, is the average heat-transfer

coefficient per plate, then

Fp = (Q,/A,)/(LMTD), . (17)

The LMTD appearing in equation (17)is based on (7,
— Ty) and (T, — T,.)", where " and " respectively
refer to the upstream and downstream ends of a plate.
From the definition, it readily follows that

RePr 1t —-7¢
In
AL/H 1 -2

Nu, = h(4H)/k = (18)

in which A = 1 for the staggered array and A = 2 for

the in-line array. The Nu,, results will be tabulated as a
function of (L/4H)/Re.

With regard to the fluid flow results, the pressure
drop is the quantity of most direct practical interest.
The pressure information from the solutions was
arranged to be printed as (p; — p,)/}pi?, where p; is the
inlet pressure and p, is the pressure at an axial station
X. This dimensionless pressure-drop parameter will be
plotted as a function of {x/4H)/Re at axial stations
corresponding to the ends of the successive plates.

In addition to these pressure distributions, the fully
developed friction factor f was evaluated and will be
reported. For periodic geometries of the type con-
sidered here, the fully developed p vs x distribution is
not a straight line as for conventional duct flows.
Rather, since the velocity field repeats itself at axial
stations X, (x + 2L),...in the fully developed regime,
so do the pressures at x, (x + 2L),(x + 4L),...lieona
straight line. If the slope of this straight line is dp/dx
and if the fully developed friction factor is defined as

f=(=dp/dx)D,/}pur’ (19)
then

fRe = 2(—dT/dX). (20)

Additional computations related to performance
comparisons will be described later.

RESULTS AND DISCUSSION

The basic heat-transfer results for the in-line and
staggered arrays are presented in Figs. 2 and 3. In both
figures, the effectiveness ¢, equal to (T,, — T)AT,, —
T.), is plotted as a function of the dimensionless axial
coordinate (x/4H)/Re for parametric values of
(L/4H)/Re. As discussed earlier, the « values given in
the figures correspond to the end points of the
successive plates of the array. For the parametric
values of (L/4H)/Re appearing in Fig. 2 (i.e. the larger
(L/4H)/Re), the successive end points are relatively far
apart, and the corresponding ¢ values are plotted as
discrete data. The smaller (L/4H)/Re values used to
parameterize Fig. 3 give rise to more closely spaced
end points, and the ¢ values have been connected by
faired curves.
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FIG. 2. Heat-transfer effectiveness — range of larger (L/4H)/Re.
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The figures have been structured to facilitate com-
parisons between the in-line and staggered arrays.
Each figure is subdivided into several side-by-side
panels, and in each panel the « distributions for the two
arrays are plotted for a given value of (L/4H)/Re.

In addition to the results for the two types of
segmented-plate arrays, Figs. 2 and 3 also show the
dimensionless bulk temperature distribution for the
conventional parallel-plate channel for Pr = 0.7. To
ensure a proper comparison between the parallel-plate
channel and the segmented arrays, the spacing be-
tween the parallel plates of the former should be 2H.
The suitability of this spacing can be verified with the
aid of Fig. 1. If, in the upper diagram, the plates
occupying positions AB, CD, EF, etc. were to be
moved to positions B'C’, D'E, F'G’, etc, then
A'B'C'D’...would form the upper wall of a parallel-
plate  channel.  Similarly, the lower wall
A"B"C"D"... would be formed by moving plates up
from below. Such a channel, of spacing 2H, would have
the same heat-transfer surface area and hydraulic
diameter as both the in-line and staggered arrays. The
channel results are, of course, independent of
(L/4H)/Re and, to avoid undue clutter, they are
included in only the first panel of Fig. 2 and last panel
of Fig. 3 (highest and lowest values of (L/4H)/Re).

From an inspection of Figs. 2 and 3, itis seen that for
all cases, the effectiveness is relatively low for arrays
that are short in length (i.e. small (x/4H)/Re). As the
length of the array increases (i.e. greater number of
plates), the effectiveness increases and approaches a
limiting value of unity. At a fixed value of (L/4H)/Re,
examination of any one of the panels in Figs. 2 and 3
shows that the effectiveness of the in-line array exceeds
that of the staggered array. The difference in the
effectivenesses is most marked at the larger values of
(L/4H)/Re (Fig. 2) and diminishes as (L/4H)/Re de-
creases (Fig. 3). The effectiveness values for the
parallel-plate channel lie below those for the segmen-
ted-plate arrays, with the deviations being most
marked at small (L/4H)/Re.

The higher effectiveness values for the in-line array
merit some explanation. Part of the difference stems
from the fact that at any (x/4H)/Re where effectiveness
data are plotted in Figs. 2 and 3 (i.e. at plate end
points), the in-line array has more heat-transfer surface
than the staggered array. This can easily be verified by
examining Fig. 1 (compare, for example, the respective
surface areas between x = 0 and x = 5L for the two
arrays). Even when the area difference is taken into
account, the effectiveness of an in-line array continues
to exceed that of a corresponding staggered array. The
reason for this is that higher local velocities are
developed in the more closely spaced passages of the
in-line array (for the same mean velocity). As will be
demonstrated shortly, the higher velocities have im-
portant pressure-drop ramifications.

Careful comparison of the results shown in the
successive panels indicates that somewhat higher
effectivenesses are attained in the presence of shorter
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plate segments, that is, for smaller values of (L/4H)/Re.
Such an examination also reveals that the staggered-
array effectivenesses are more sensitive to (L/4H)/Re
than are the effectivenesses for the in-line array. This
can be easily affirmed by comparing the results for the
two arrays with those for the parallel-plate channel,
which are plotted in the first and last panels.

The substantial gains in heat-transfer effectiveness
that accrue from using segmented plates rather than
continuous parallel plates are evident from the figures.
It should be noted, however, that for sufficiently large
(x/4H)/Re, the gains become marginal since = ap-
proaches unity for all of the investigated
configurations.

Attention will now be turned to the pressure distri-
butions that are presented in Figs. 4 and S. In these
figures, the dimensionless pressure drop between the
inlet at x = Qand axial stations x which correspond to
the end points of the successive plate segments is
plotted as a function of (x/4H)/Re. The structure of
Figs. 4 and 5 is patterned after that of Figs. 2 and 3,
with separate panels for the various (L/4H)/Re and
with either discrete data or faired curves used to
represent the results.

From Figs. 4 and S, it can be seen that except at
small (x/4H)/Re, the pressures at the successive end
points decrease linearly along the length of the array
(ie. p, — p, increases). For all of the conditions
investigated, the pressure drop for the in-line array is
larger than that for the staggered array. Thus, the
higher heat-transfer effectiveness of the in-line array is
bought at the price of a higher pressure drop. The
greatest pressure deviations between the two arrays
are at the larger values of (L/4H)/Re (i.e. longer plates),
and the smallest differences occur for the shorter
plates. Furthermore, there is a general tendency for
larger pressure drops to be sustained at smaller
(L/4H)/Re (ie. shorter plates), with this trend being
more marked for the staggered array than for the in-
line array. These characteristics are identical to those
for the effectivenesses that were noted earlier.

It may further be seen that the pressure drops
sustained by both of the segmented-plate arrays are
substantially larger than that for the paraliel-plate
channel. This is an expected result and, as will be
demonstrated later, it does not necessarily subvert
the overall benefit of using an augmented heat-transfer
surface.

The heat-transfer and pressure-drop results for the
fully developed regime will now be presented. As noted
earlier, the per-plate Nusselt number N—u,, defined by
equations (17) and (18) is a constant in the fully
developed regime. In addition, the friction factor f of
equations (19) and (20) is also a constant, where the
pressure gradient appearing in f corresponds to the
pressures at the end points of the successive plates.

The Nu,and f Re values for the two arrays are listed
in Table 1 as a function of the dimensionless plate
length parameter (L/4H)/Re. The results for the
parallel-plate channel are also given in the table and
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Table 1. Results for the fully developed regime

Nu, fRe
(L/4H)/Re In-line Stagg. In-line Stagg.
0.0003 246 235 288 256
0.0005 23.6 224 276 239
0.0007 228 21.5 268 228
0.0010 21.8 206 259 216
0.0014 20.9 19.5 250 204
0.0025 19.1 17.6 234 185
0.0050 17.0 149 217 162
% 7.54 7.54 96 96

are identified by (L/4H)/Re = v .1t can be seen from
the table that the highest fully developed Nusselt
numbers and friction factors occur in the presence of
the shortest plates, that is, at the smaller values of
(L/4H)/Re. With increasing plate length, both Nu,and
fRe decrease monotonically, but even for the largest
value of (L/4H)/Re considered here they are sub-
stantially larger than the corresponding parallel-plate
results. The deviations between the two arrays are least
for short plates (4} and 129, for Nu, and fRe for the
first line of the table) but become substantially greater
for longer plates (13 and 29%, for the last line of the
table).

PERFORMANCE COMPARISONS

As was discussed in the Introduction, the appraisal
of the possible benefits of using augmented heat-
transfer surfaces depends on the goal(s) to be fulfilled
and the constraints being imposed. Here, successive
consideration will be given to two basic constraints —
constant mass flow rate and constant pumping power.
Various goals will be identified during the course of the
discussion.

E. M. Sparrow and C. H. Liu

Constant mass flow rate

In addition to the constant mass flow constraint, the
performance comparisons will be made for segmented
plate heat exchangers having the same frontal area and
with the same value of the transverse plate spacing H
(see Fig. 1). These same constraints will also be
employed for comparisons with the parallel-plate
channel, except that the spacing between the plates is
2H. 1t may be noted that these conditions correspond
to a constant Reynolds number. Furthermore, the
constancy of the mass flow means that the magnitudes
of the respective ¢ values provide a direct measure of
the heat-transfer rates for the various heat exchangers.

The values of ¢ and of Ap/pa® will
now be compared for in-line, staggered, and
paraliel-plate heat exchangers having the same heat-
transfer surface area. It has already been pointed out
that to achieve the same transfer area, the staggered
array is one row longer than the in-line array. If L,
denotes the streamwise length of the exchanger, then,
for example, in-line plate arrays with L_, = 9L, 19L, ...
have the same transfer surface area as staggered plate
arrays with L, = 10L, 20L,.... Furthermore, the
length of the equal-area parallel-plate channel is 10L,
20L....

To establish the trends, it is sufficient to show the
results for L_,/L = 9(10) and 19(20), respectively in the
(a) and (b) parts of Table 2, where the notation 9(10)
and 19(20) reflects the discussion of the preceding
paragraph. The ¢ and Ap/}pu? values listed in the table
are taken from Figs. 2-5 and are parameterized by
(L/4H)/Re which, for the present conditions, is a direct
reflection of the plate length.

The table shows that, as expected, both the
effectiveness and the pressure drop increase as the
surface area increases. However, of greater significance
from the standpoint of optimal design is the fact that at
small and intermediate values of «, the effectivenesses

Table 2. Performance comparisons at constant mass flow and constant heat-
transfer surface area

(@) L /L = 9(10)

€ Ap/tpi?
(L/AH)/Re IL Stagg. P-PCh IL Stagg. P-P Ch.

0.0003 0400 0382 0221 1.32 1.13 0.766
0.0005 0.527 0504 0293 1.83 1.54 103
0.0007 0623 0597 0354 232 192 1.26
0.0010 0728 0699 0434 3.02 2.46 1.57
0.0014 0819 0791 0525 - 392 3.16 1.96
0.0025 0936 0916  0.706 6.26 490 3.02
0.0050 0992 0984 0901  il.2 8.36 5.38

(b) L. /L = 19(20)
0.0003 0608 0587 0324 2.19 1.90 1.15
0.0005 0760 0737 0438 333 2.73 1.57
0.0007 0849 0828  0.525 4.19 3.51 1.96
0.0010 0922 0506 0642 5.61 462 2.54
0.0014 0966 0955  0.742 7.42 6.02 330
0.0025 0996 0993 0901 121 9.53 539
0.0050 1.00 1.00 0989 220 16.5 10.14
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of the augmented arrays are resoundingly higher than
those of the parallel-plate channel. These gains in
effectiveness are sufficiently great so that the pressure
drop penalty may be tolerable. Indeed, as will now be
demonstrated, the higher heat transfer per unit ex-
changer length for the augmented arrays can lead to a
lower pressure drop if the heat duty is fixed and the
exchanger area is correspondingly adjusted.

Under the condition of constant mass flow, a fixed
heat duty is equivalent to a fixed value of «. Suppose
that for (L/4H)/Re = 0.0005, the three configurations
are compared at a constant heat duty given by ¢ ~
0.59, the corresponding pressure drops Ap/}pa® and
exchanger lengths (L.,/4H)/Re are listed below.

Bpfhpi®  (L,/4H)/Re
In-line 2.11 0.55
Staggered 1.90 0.65
Parallel-plate channel 2.28 1.73

This listing indicates that the pressure drop for the
parallel-plate channel is the highest of all. Of even
greater significance is that its length (and surface area)
is 21-3 times greater than those of the augmented
arrays. Therefore, the use of an augmented array
results in a very substantial materials savings and a
slight decrease in pressure drop.

The benefits of using an augmented array diminish
(and become negative) at higher values of «, as can be
surmised from Table 2. It may also be noted in Table 2
that while there may be a possible balancing out of ¢
and Ap between the in-line and staggered arrays at low
and intermediate ¢, the balance tips in favor of the
latter at higher «. Since the greatest utility of the
augmented arrays lies in the range of low and in-
termediate ¢, both the in-line and staggered con-
figurations should be evaluated before a final selection
is made.

Constant pumping power

The comparisons at constant pumping power will be
made under the condition of fixed heat-transfer surface
area, and the objective is to determine which of the
configurations yields the highest heat-transfer rate.
For the in-line and staggered arrays, the same L and H
are used, and the corresponding spacing for the
parallel-plate channel is 2H.

The pumping power P may be evaluated from its
definition

P = (m/p)Ap (21)

which, after rearrangement, becomes

P = (13/128p%H?)(Ap/ipa®)Re>. (22)

Since the first factor on the RHS is a constant for
the comparisons contemplated here, the constant
pumping power constraint is equivalent to
(Ap/ipi*)Re® = constant. From this, it follows that to
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fulfill the P = constant condition, the Reynolds
numbers for the various configurations will be
different, depending on the extent of the pressure-drop
differences. The Reynolds numbers for the various
configurations will also be reported here.

The computational procedure will now be described
for determining the heat-transfer rates for the various
configurations corresponding to constant pumping
power and constant surface area. For this purpose, let
IL and S respectively denote the in-line and staggered
arrays, and let * denote the parallel-plate channel. The
approach adopted is to compute (Q,/Q*)p and
(Qs/Q*), thereby comparing each of the augmented
arrays with the parallel-plate channel. Furthermore,
by comparing the values of the two ratios and noting
that the same value of QF is common to both, the heat-
transfer capabilities of the two arrays may be
identified.

Consider, for concreteness, the determination of
(Qs/0*)p for a staggered-array heat exchanger geo-
metry defined by given valuesof L/H,L,,/L,and L,,/H
= (L.,/L)(L/H). First, a Reynolds number Reg is
selected, and the quantities (L/4H)/Re and
(L../4H)/Re are evaluated. With these, &5 and
(Ap/ipi®)s can be read from Figs. 2-5, and
(Re3(Ap/ipi?))s is then determined. Next, for a parallel-
plate channel having an L,,/H equal to that of the
staggered array, a graph of (Re>(Ap/3pit®))* vs Re* is
generated using the information of Figs. 4 or 5 (or the
corresponding computer listing). From this graph, the
value of Re* can be identified for which the pumping
power for the staggered array and the parallel-plate
channel are equal. With this Reynolds number,
((L.,/4H)/Re)* can be computed and &* read from
Figs. 2 or 3.

The heat-transfer rates for the two cases can be
written as

Qs = (mcp(Tbx — T,

Q% = (mcp(Ty. — T)))* (23)
so that

(Qs/Q*)p = (¢Re)s/(¢Re)*

where the subscript P is appended to denote constant
pumping power.

The ratio (Q, /Q*)p is determined by following steps
identical to those outlined for the determination of
(Qs/Q*)p, but with special care taken to ensure equality
of the heat-transfer surface areas. Thus, for example, a
value of L_,/L = 9 for an in-line array corresponds to
the same surface area as does L.,/L = 10 for the
parallel-plate channel and the staggered array.

The (Q/Q*), ratios for the in-line and staggered
arrays are presented in Figs. 6 and 7. These figures
correspond respectively to L/H = 2 and 5, where these
values were chosen to reflect current practice. In each
figure, results are given for heat exchanger lengths
L.,/L ranging from 9(10) to 99(100) — these dimension-
less lengths being indicative of the number of rows in
the heat exchanger. The abscissa is the Reynolds
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number Re* for the parallel-plate channel, the values
of which span the practical range where laminar flow
might be expected to exist.

In appraising the results, special attention is given to
the ordinate value (Q/Q*), = 1. This represents the
boundary between conditions where the use of seg-
mented plates either does or does not increase the heat-
transfer rate relative to the parallel-plate channel.
Inspection of the figures shows that there is a wide
range of geometrical and operating conditions where
the use of segmented plates is beneficial. In general,
positive benefits are realized for shorter heat ex-
changers and at higher Reynolds numbers. For favor-
able conditions, values of (Q/Q*), ~ 1.6 can be
attained.

Both shorter heat exchangers and higher Reynolds

numbers tend to bring about lower values of the
effectiveness <. With this realization, a careful study
was made to identify the range of effectiveness values
where (Q/Q*)p > 1.1t was found thatif «* < 0.70-0.75,
(Qs/Q*)p > 1and thatif :* < 0.65-0.70, then (Q; /0*)p
> 1. Therefore, with these criteria, an indication can
readily be obtained of whether or not there are positive
benefits of using segmented plates. These criteria are
particularly convenient because they are based on the
readily available effectiveness values for the parallel-
plate channel.

‘Further examination of Figs. 6 and 7 indicates that
the heat-transfer rates provided by the staggered array
are generally higher than those for the in-line array.
Thus, on the basis of heat-transfer considerations
alone, there is ample justification to select the stag-
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gered array in preference to the in-line array.

The Reynolds number relationships necessary to
fulfill the constant pumping power - constant surface
area constraints are shown in Figs. 8 and 9, re-
spectively for L/H = 2 and 5. In these figures, the Reg
and Rey which fulfill these constraints are plotted as a
function of Re*, with L_,/L as curve parameter. For
orientation purposes, a line Re = Re* is also plotted
on each figure.
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It is seen from these figures that the Reynolds
numbers for the segmented-plate arrays are smaller
than those for the parallel-plate channel. Furthermore,
among the two arrays, the Reynolds numbers for the
in-line plates are lower than those for the staggered
plates. If the heat exchanger were located in a flow
circuit where there are other significant sources of
pressure drop, then the reduction in Reynolds number
(i.e. in mass flow) might have important fringe benefits
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in lowering the overall system pressure drop. In
particular, the in-line array provides the opportunity
for greater benefits of this type. Because of this, there
may be advantages in adopting this array even though
it may offer less heat-transfer enhancement than the
staggered array.

CONCLUDING REMARKS

The present analysis has provided basic heat-
transfer and pressure-drop information for in-line and
staggered segmented-plate arrays and has employed
this information in performance comparisons. The
basic quantities presented are the effectiveness « and
the dimensionless pressure drop Ap/ipi?, and these
depend on a single parameter, (L/4H)/Re. Results are
given both for the development and fully developed
regimes.

For a fixed mass flow rate and fixed heat-transfer
surface area, the effectivenesses of the segmented-plate
arrays are substantially higher than that of the
parallel-plate channel, both in the range of small and
intermediate effectiveness values. Correspondingly,
the segmented arrays give rise to higher pressure
drops. It was demonstrated that the higher heat
transfer per unit exchanger length of the segmented
arrays can prove highly advantageous in the case of a
fixed heat duty. In an example at constant mass flow, it
was shown that a given heat duty can be handled by a
segmented array at a lower pressure drop and with
only a third of the surface area, compared with the
parallel-plate channel.

Performance curves corresponding to constant
pumping power and constant surface area were de-
veloped for the two segmented arrays and for the
parallel-plate channel. Relative to the parallel-plate
channel, the segmented arrays provide higher heat-
transfer rates when the effectiveness «* of the channel is
less than 0.65-0.75. This criterion facilitates a first-
round decision about whether or not it is beneficial to
use a segmented-plate array compared with a parallel-
plate channel.

Comparisons were also made between the in-line
and staggered arrays. At a fixed mass flow and fixed
surface area, the former yields a slightly higher
effectiveness, but with a pressure-drop increment (i.e.
increase) that is larger than the increment in
effectiveness. For constant pumping power and con-
stant surface area, the heat transfer provided by the
staggered array gxceeds that of the in-line array, but at

E. M. Sparrow and C. H. Liu

the price of a higher mass flow (which may result in
higher pressure drops in other system components). If
the heat exchanger alone were to be taken into
account, then the staggered array appears superior.
On the other hand, if the pressure drop in other system
components exceeds that of the heat exchanger, then
the in-line array may be as attractive (or, perhaps, even
more attractive) as the staggered array.
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FORMULES CONCERNANT LE TRANSFERT THERMIQUE, LA PERTE DE
CHARGE ET LES PERFORMANCES POUR DES ECHANGEURS DE CHALEUR
A PLAQUES EN LIGNE ET EN QUINCONCE

Résumé—A partir des solutions numériques des équations du mouvement et de I'énergie, on étude les
résultats de transfert thermique et de perte de charge pour un écoulement laminaire d’air entre des rangées de
segments de plaque, en ligne ou en quinconce. Les résultats dépendent d’un unique paramétre sans dimension
qui concerne la géométrie et les paramétres de I'écoulement. Une application des résultats est faite pour
comparer la performance de deux types de rangées de plaques entre eux et avec le cas du canal entre plaques
paraliéles. A débit massique constant et a surface de plaque constante, I'efficacité ¢ de transfert thermique des
rangées de plaques est nettement plus élevée que pour le canal continu, dans le domaine des efficacités faibles
aussi bien qu’intermédiaire. De plus, pour un flux fixé, correspondant 4 une valeur intermédiaire de ¢, et pour
un débit massique constant, la surface d’échange des rangées segmentées est seulement un tiers environ de
celle du canal a plaques paralléles. Pour une puissance de pompage constante et une surface d’échange
constante, le flux thermique pour les rangées segmentées dépasse celui du canal 4 plaques parall¢les lorsque
I'efficacité de celui-ci est inférieure a 0,65-0,75. Dans de nombreuses conditions, 'arrangement en quinconce
donne de meilleures performances que I'arrangement en ligne, mais on identifie des situations ot on a le
contraire.

BEZIEHUNGEN FUR WARMEUBERGANG, DRUCKVERLUST UND LEISTUNG
VON FLUCHTENDEN, VERSETZTEN UND DURCHGEHENDEN
PLATTENWARMETAUSCHERN

Zusammenfassung— Durch numerische Lésung der Bewegungs- und Energiegleichungen wurden grundle-
gende Frgebnisse fiir Wirmeiibergang und Druckverlust bei laminarer Luftstrémung durch fluchtende oder
versetzte Anordnungen von Plattensegmenten gewonnen. Die Ergebnisse hiingen nur von einem dimen-
sionslosen Parameter ab, der die wesentlichen GroBen der Geometrie und der Stromung umfaBt. Die
Ergebnisse wurden dazu verwendet, die Leistung von 2 Typen geteilter Plattenanordnungen miteinander
und mit einem Kanal aus paralielen Platten zu vergleichen. Bei gleichem Massenstrom und gleicher
wirmeiibertragender Oberfliche ist der Wirkungsgrad & der Wirmeiilbertragung bei den geteilten
Anordnungen merklich grofer als bei dem Kanal mit parallelen Platten, sowohl bei Wirkungsgraden im
unteren als auch im mittleren Bereich. Dariiber hinaus betréigt bei gegebener Wiirmeleistung, entsprechend
einem mittleren &Wert, und bei gleichem Massenstrom die Wirmeiibertragungsfliche der geteilten
Anordnungen nur etwa ein Drittel derjenigen des Kanals mit parallelen Platten. Bei gleicher Gebléseleistung
und gleichen Oberflichenbedingungen ist der Wiirmeiibergang bei den geteilten Anordnungen héher als bei
dem Kanal mit parallelen Platten, wenn der Wirkungsgrad bei letzterem kleiner als 0,65-0,75 ist. Unter den
meisten Bedingungen erbringt die versetzte Anordnung eine bessere Leistung als die fluchtende, aber es gibt
auch Situationen, bei denen es umgekehrt ist.

COOTHOWEHUA MEXAY UHTEHCUBHOCTBIO TEMJIOOBMEHA, NEPENAIOM
AABJIEHHA U TEOMETPUUECKUMHU XAPAKTEPUCTUKAMHU TEMJIOOBMEHHUKOB
C KOPUAOPHLIM U WAXMATHBIM PACTIONOXEHUEM PEBEP U C TJTAJKUM
TJIOCKONAPAJINEJIbHBIM KAHAJIOM

Anvotauns — C NOMOLUBIO YHCIEHHOrO PELICHHS YPABHCHHH JBHXEHHS H JHEPIHH MONYYEHbI pE3yJib-
1aThl 1O 1eNA006MeEHY M nepenany NABICHHA NMPH JAMHHAPHOM TEYEHHH BO3AYXA HEpe3 KaHAMbIL.
COCTABJIEHHbIE H3 OTPE3KOB NJIACTHH, PACTIONOXKEHHbIX B KOPHIOPHOM H LIAXMATHOM nopsaxe. Peiynb-
TaTbl 3aBUCAT OT €AMHCTBEHHOro Oe€3pa3MEpHOro MNapaMeTpa, BKJIIOYAIONIEr0 COOTBETCTBYHOLIME
reoMeTpHYECKHE PA3Mepbl M XapakTepHCTHKM noTtoka. Ha ocHoBe ITHX pe3yibTaToB ObUIO MPOBENEHO
CpaBHEHHE PEXHMMOB paboTbl TENI0ODMEHHHKOB. COCTaBICHHBIX M3 IJIAJKHX TUIOCKONAPAJUIEAbHBIX
K4HAJIOB M KaHajloB C KOPHIOPHBIM M WIAXMaTHbIM pacnonoxenuem pebep. [lpn nocTosHHOM
MacCOBOM PACXOfie M NOCTOSHHOMH MIIOWEAN OBEPXHOCTH TemnoobmeHa »pdekTHBHOCTL Ten1000MeHa
¢ y noBepxHOCTedl OpeDpEHHbIX MJIACTHH HAMHOTO Bbillle, YE€M Y MJIOCKORAPANJIE/IBHOTO KaHala Kak
B 00JIACTH MaibiX, Tak M NMPOMEXYTOUHBIX 3Ha4eHMii IddexTuBHocTH. Kpome toro. rnpu ¢uxcupo-
BAHHOH TEMJIOBOH Harpy3ke. COOTBETCTBYIOIUCH MPOMEXKYTOUHOMY 3HAYEHHIO &, M NMPH NOCTOSHHOM
MacCOBOM pacxole opeOpeHHas MOBEPXHOCTb TEMI00OMeHa COCTABNAET NPUMEPHO TPETL NOBEPXHOCTH
TENI00OMEHA NMJIOCKONAPaNIENbHOro kaHasia. T1pH nocTOAHHOR MOWHOCTH, 3aTPayHBacMoili Ha npo-
KayKy TEMJOHOCHTENA. H MOCTOSHHbIX YC/IOBHAX HA NOBEPXHOCTH HHTCHCHBHOCTH T€NJ0o0OMeHa MpH
HATHYHU OpeOpeHHs BBIILE, YEM B IUIOCKOMNAPAJICILHOM KaHale., koriaa 3GQPEeKTUBHOCTL MOCEAHErO
nke 0.65-0.75. B 6oabitnHCcTBE cyyaeB paboyHe XapaKTEPHCTHKH TENIOOOMEHHHKOB C IHAXMATHBIM
pacnio;ioxeHHemM pebep Jlyduie, H4eM y TENJOOOMEHHHKOB C KOPH/IOPHBLIM PACNOJIOKEHHEM, HO BO3-
MOXHbI U OOpaTHBIC CHTYallHH.
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