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Abstract--Heat transfer, pressure drop, and flow visualization experiments were performed for a tube-bank-
type crossflow heat exchanger situated downstream of a right-angle bend. The heat exchanger was housedina
duct of square cross section, and the L-shaped duct which delivered the airflow to the tube bank inlet was of
identical cross section. Two geometrical parameters were varied during the course of the experiments : (1) the
distance between the bend and the tube bank inlet and (2) the orientation of the plane of the bend with respect to
the axes of the tubesin the bank (either parallel or perpendicular to the axes). The Reynolds number was varied
over nearly an order of magnitude. For each geometry and Reynolds number, per-tube heat transfer
coefficients were determined at each relevant tube site in the array. It was found that the presence of the right-
angle bend did not have a major effect on the heat transfer characteristics of the tube bank. Bend-related
enhancements in the 10-15% range were encountered at individual tubes in the initial rows, but the row-
average enhancements were smaller. Intra-row nonuniformities occurred for the perpendicular orientation
but not for the parallel orientation. The system pressure drop (from delivery duct inlet to tube bank exit) was
even less sensitive to the geometrical parameters than the per-tube heat transfer.
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INTRODUCTION

IN HEAT exchanger installations, it is not uncommon
that a right-angle bend is situated upstream of the inlet
face of the exchanger. It is known that such a bend
introduces nonuniformities in the velocity distribution,
with the flow packing to the outside of the bend. In
addition, the bend creates a secondary flow in the form
of corkscrew-like vortices which are superposed on the
main flow. Thus, the presence of the bend causes the
flow that is presented to the inlet of the heat exchanger
to be both nonuniformly distributed and nonunidirec-
tional. The extent to which these nonidealities exist at
theexchanger inlet depends on the distance between the
bend and the inlet.

The research reported here is concerned with a tube-
bank-type crossflow heat exchanger to which the
crossflow fluid is delivered via a right-angle bend. Two
orientations of the bend with respect to the tube bank
were investigated. In one, the plane formed by the L-
shaped delivery duct which contains the bend was
oriented perpendicular to the axes of the tubes in the
bank. On the other hand, in the other orientation, the
plane of the L-shaped duct was parallel to the tube axes.
These two orientations yield markedly different inlet-
face flow patterns. In particular, the vortices spawned
by the bend are oriented differently with respect to the
tube axes, and the flow nonuniformity is differently
distributed.

For each of the two orientations, the distance
between the bend and the inlet was varied
parametrically. Three distances were used, so that a
total of six different configurations were investigated.
For each configuration, experiments were performed
for two Reynolds numbers which spanned nearly an
order of magnitude.

For each case (given orientation, bend-to-inlet
distance, and Reynolds number), per-tube Nusselt
numbers were determined for each tube of the bank.
Axial pressure distributions were also measured for
each case, and friction factors, based on the pressure
drop per row, were deduced. In addition, a flow
visualization study, performed with the oil-lampblack
technique, was undertaken with the aim of observing
alterations in the fluid flow pattern in the heat
exchanger due to the presence of the bend.

Despite the realization of the potential importance of
inlet-section fluid flow maldistributions on heat
exchanger performance [1], there appears to be very
little relevant experimental work in the literature. As
part of a long-range research program, of which the
present paper describes the final phase, the authors
have investigated maldistributions caused by partial
cross-sectional blockages and abrupt enlargements
[2,3]. Computational models based on hypothesized
(and unverified) distributions of the heat transfer
coefficient have been proposed to estimate the effects of
flow maldistribution [4-7]. These hypotheses include
local application of heat transfer coefficients for
nonmaldistributed flows and a power-law relation
between the transfer coefficient and the mass velocity.

THE EXPERIMENTS

It was highly advantageous to carry out the research
by means of mass transfer experiments. The per-tube
Sherwood numbers (dimensionless mass transfer
coefficients) determined from such experiments can be
converted to per-tube Nusselt numbers using the well-
established analogy between heat and mass transfer.
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A minimum free flow area between tubes

A, surface area of a tube

D tube diameter

9 diffusion coefficient

fra fully developed friction factor, Ap,,./2pV?

K per-tube mass transfer coefficient,
equation (1)

L* distance between bend and tube bank inlet

AM  change in mass during data run

P pressure

Pam  ambient pressure
Ap,.w fully developed per-row pressure drop
Ap,: pressure drop for flow circuit

Re Reynolds number, (W/A,,;,)D/u
Sc Schmidt number, v/&
Sh per-tube Sherwood number, KD/2

NOMENCLATURE

Shyy  fully developed per-tube Sherwood
number

S side of duct

S. longitudinal pitch

St transverse pitch

vV velocity at minimum free flow area in bank

W mass flow rate

X coordinate along duct centerline.

Greek symbols

U viscosity

v kinematic viscosity

p air density

Pnw  Daphthalene vapor density at tube surface

Pap  naphthalene vapor density in bulk fiow

T duration of data run.

The mass transfer experiments were performed
utilizing the naphthalene sublimation technique.

In the execution of the mass transfer experiments, an
approach was adopted which is frequently used in
experimental work on heat transfer in tube banks. In
that approach, only one of the tubes in the bank is
heated during a given data run, and the heated tube is
positioned at different sites in the bank during different
data runs. Similarly, in the present experiments, only
one mass-transfer-active tube was used in each data
run. However, for each case (given orientation, bend-
to-inlet distance, and Reynolds number), sufficient runs
were made to enable the active tube to be positioned at
all relevant sites in the array.

Experimental apparatus

A schematic, pictorial view of the experimental
apparatus is presented in Fig. 1. As seen there, an L-
shaped duct (the delivery duct) conveys air drawn from
the laboratory room to the test section, which houses a
model of a tube-bank-type crossflow heat exchanger.
The delivery duct and the test section are both of square
cross section with side S. After traversing the test
section, the air passes through a redevelopment length
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F1G. 1. Pictorial view of the experimental apparatus.

(also of Sx § cross section) and is then ducted to a
flowmeter (calibrated rotameter), control valve, and
blower. The blower was situated in a service corridor
outside the laboratory. The compression-heated,
naphthalene-laden discharge of the blower was vented
outside the building. Operation of the apparatus in the
suction mode assured that the air delivered to the test
section was free of naphthalene vapor.

The portion of the L-shaped delivery duct situated
upstream of the bend had a length equal to 68, and this
length was fixed throughout the experiments. On the
other hand, the length of the delivery duct downstream
of the bend was one of the key parameters of the
research. This length is designated as L* in Fig. 1. The
L*/S values used during the research were 0.8, 2.5, and
4.5, with 0.8 being the smallest value consistent with the
flanges and screw fittings that were used to connect the
delivery duct to the test section.

In the execution of the research, the experiments for
the L*/S = 4.5 case (largest L¥) were carried out first.
When these experiments were concluded, a portion of
the downstream end of the delivery duct was cut off,
leaving L*/S = 2.5.Similarly, when the L*/S = 2.5case
was completed, the duct was further cut to yield the
L*/S = 0.8 case.

As was noted earlier, two orientations of the bend
with respect to the tube bank were investigated. These
orientations are shown in Figs. 2 and 3. In Fig. 2, the
plane of the L-shaped delivery duct is seen to be
perpendicular to the axes of the tubes in the heat
exchanger. This arrangement will hereafter be termed
the perpendicular orientation. Figure 3 shows the
parallel orientation wherein the plane of the L-shaped
duct is parallel to the axes of the tubes.

Figure 2 also serves to illustrate the layout of the
array. The tubes are seen to be on equilateral-triangular
centers (S/St = /3/2), with Sy/D = 2. There are six
tubes in each row. In alternate rows, half tubes are
positioned adjacent to the side walls in order to help
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Fi1g. 2. Hlustration of the perpendicular orientation.

approximate an array of infinite width. The
experiments were performed with 15 rows of tubes.
Downstream of the fifteenth row, the S x S cross section
continues for a distance of about 108, at which point the
transition from a square to a circular cross section
occurs.

The heat exchanger tubes were modeled by solid
cylinders fabricated from drill rod stock of diameter D.
For those tubes which did not participate in the mass
transfer process, therod stock was used essentially asis,
aside from cutting to the proper length (S) and buffing of
the surface. The mass-transfer-active tubes were also
fabricated from the same rod stock. To accommodate a
thin naphthalene coating, the rods were machined to a
slightly reduced diameter. The naphthalene was
applied by a two-step process which first involved
dipping the rod into molten naphthalene and then
machining the solidified coating so as to obtain a
hydrodynamically smooth surface of diameter D. A
freshly coated rod was used for each data run. Further
details of the coating procedure are given in ref. [2].

The actual physical dimensions of the apparatus may
be specified via the side length S and the tube diameter
D, whose values were 7.62 cm (3 in.) and 0.635 cm
(0.250 in.).
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F1G. 3. Illustration of the parallel orientation.
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Experimental procedure

In the execution of a data run, the primary objective
is to determine the change of mass of the coated tube
which results from the sublimation of the naphthalene
duringthe run. Correspondingly, the mass of the coated
tube is measured immediately before it is subjected to
the airflow and immediately after the period of
exposure. To accomplish these measurements, it is
essential that the coated tube is able to be withdrawn
from or installed in the test section with dispatch (i.e. in
a few seconds). To this end, the upper wall of the test
section was made removable and fitted with quick-
acting clamps. The mass was measured by an ultra-
precision electronic balance with a resolution of 10~ > g,

Each data run was preceded by a preparatory period
during which the coated tube attained thermal
equilibrium with the airflow. During this period, the
tube was in place in the array but was covered with an
impermeable Teflon jacket which suppressed mass
transfer. The equilibration period was a prerequisite for
the definition of the operating conditions of the
experimeni, especially since the vapor pressure of
naphthalene(which drives the mass transfer) is sensitive
to temperature.

Axial pressure distributions were measured in aset of
experiments separate from the mass transfer experi-
ments. The pressure tap locations are shown in Fig. 1.
The pressure signals were measured with a Baratron
pressure meter with a resolution of 0.001 Torr.

The flow visualization was performed using the
oil-lampblack technique [8]. For this work, the floor of
the test section was covered with white, self-adhering,
plasticized contact paper in which holes were made to
accommodate the lower ends of the tubes. Prior to the
initiation of the airflow, the contact paper was brushed
with a suitable mixture of lampblack powder and oil.
When the airflow was activated and maintained, the
mixture moved under the action of the fluid shear
forces, yielding a pattern of lines which reflect the flow
pattern adjacent to the floor of the test section.

RESULTS AND DISCUSSION

Data reduction

The evaluation of the per-tube mass transfer
coefficient K involves the following quantities : (1) the
change of mass AM during thedatarun,(2) the duration
7 of the run, (3) the surface area A4,, of the tube, (4) the
naphthalene vapor density p,,, at the tube surface, and
(5) the naphthalene vapor density p,, in the airflow
(b ~ bulk). With these

K= (AM/IAW)/(an _pnb)' (1)

Among the foregoing, AM, 1, and A4, were directly
measured, p,, = 0, and p,,, was calculated from the
vapor pressure—temperature equation for naphthalene
[9] and the perfect gas law.

The per-tube Sherwood number may be defined as
Sh = KD/9, where 9 is the mass diffusion coefficient.
By introducing the Schmidt number Sc = v/2, the
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diffusion coefficient can be eliminated, so that
Sh = (KD/v)Sc. )

The Schmidt number for naphthalene diffusion in air is
2.5[91

The Sherwood number results will be parameterized
by the Reynolds number. The velocity that appears in
the Reynolds number was evaluated at the minimum
free flow area A, so that pV = w/A,,;,, where w is the
flow rate of the air. In addition, the cylinder diameter D
was used as the characteristic dimension. Thus

In the present array, 4., = 352

Mass (heat) transfer results

The Sherwood number results will be presented in
terms of the ratio Sh/Shy,. In the ratio, the quantity Sh
represents the per-tube Sherwood number at any site of
interest in the array, while Shy, is the fully developed
per-tube Sherwood number. Both Sh and Shy
correspond to the same Reynolds number. With regard
to Shy,, it is known that an axially periodic flow pattern
is established in a tube bank at sufficient distances from
the inlet face. The periodic flow pattern gives rise to
axially unchanging values of the per-tube Sherwood (or
Nusselt} number, as was affirmed by the present
experiments. The Shy, values measured here for Re
= 1000 and 8600 are 30.45 and 117.3, respectively.

The Sherwood number ratios are presented in Figs.
4-6. Each of these figures is a plan-view layout of the
array. Adjacent to each tube (excluding the half tubes at
the sides), there is a trio of numbers. These numbers are
the Sh/Sh,, values for the tube. The topmost number of
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FiG. 4. Sh/Sh, values corresponding to the parallel
orientation.
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FIG. 5. Sh/She, values corresponding to the perpendicular
orientation, Re = 1000.

each trio is for the L*/§ = 0.8 delivery duct, the middle
number is for the L*/8 = 2.5 duct, and the lowermost
number is for the L*/S = 4.5 duct. This identification
pattern is shown near the top of each figure. The

specification of whether a given trio corresponds to the
tube at its right or at its left will be made shortly. Figure
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FIG. 6. Sh/Sh;, values corresponding to the perpendicular
orientation, Re = 8600.
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Table 1. Sh/Sh;y without inlet-section
flow maldistribution

Re
Row 1000 8600
1 0.74 0.64
2 0.86 0.83
3 0.93 ~1.0
4 ~1.0

4 conveys the results for the parallel orientation, while
Figs. 5 and 6 are for the perpendicular orientation. The
presentation will begin with the parallel orientation.

From a consideration of Fig. 3, it is apparent that for
the parallel orientation, the bend does not introduce
any flow asymmetries along a given row. Therefore, in
any row, symmetry should prevail with respect to a
plane that is parallel to the sidewalls and situated
midway between them. Advantage has been taken of
this symmetry in the presentation of the results in Fig. 4.
The left half of the figure contains the results for Re
= 1000, with each trio referring to the tube at its right.
In the right half of the figure are the results for Re
= 8600. Here, each trio refers to the tube at its left.

To provide perspective for the results of Fig. 4 (as well
as for Figs. 5 and 6), Table 1 conveys Sh/Shy, values for
the case where the flow enters the inlet section of the
tube bank without imposed maldistributions. The
values listed in the table are from refs. {2,3].

Both Fig. 4 and Table 1 confirm the well-established
fact that the lowest transfer coefficients occur in the first
row of the tube bank, with row-to-row increases in
response to increased turbulence and mixing. One of
the main points of interest in the figure is the effect of the
bend-to-inlet distance L*/S on the Sh/Sh, ratios. In the
initial rows of the tube bank (rows 1-3), there is a
general trend toward larger Sh/Shy, values for smaller
bend-to-inlet distances. This trend is plausible in that
larger disturbances should reach the tube bank from a
bend thatisnearer to theinlet of the bank. The variation
of Sh/Shy, with L*/S is, however, modest— 8%, at most.
Furthermore, beyond the third row, the Sh/Sh;, ratios
are insensitive to L*/S.

It is also relevant to note that the Sh/Sh,, values of
Fig. 4 are within 10% of those of Table 1. Therefore,
although the presence of the bend serves to enhance the
mass (or heat) transfer in the initial rows, the
enhancementis surprisingly small. Overall, on the basis
of the present measurements, it appears that the
presence of a bend installed in the parallel orientation
does not require a tube-bank design procedure different
from that used for the bend-free case.

Further inspection of Fig. 4 shows that the Sh/Sh,
values for a given row (and at a given Reynolds number)
are relatively uniform. There are no significant effects of
the sidewalls in evidence.

Attention will now be turned to the Sh/Shg, results for
the perpendicular orientation. Consideration of Fig. 2
suggests that for this orientation, the nonuniform flow
spawned by the bend will give rise to Sherwood number

HMT 27:9~0
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variations along a given row, at least in the initial rows
of the tube bundle. Therefore, the symmetry-based
format used in Fig. 4 for the parallel orientation is not
appropriate for the perpendicular orientation. As a
consequence, the results for the perpendicular
orientation are presented in Figs. 5and 6 for Re = 1000
and 8600, respectively. In these figures, each trio of
numbers refers to the tube at its left, As before, each
number in a trio represents a value of $h/Shey, which,
from upper to lower, corresponds to L*/S = 0.8, 2.5,
and 4.5. The position of the bend relative to the tube
bank isillustrated schematically at the lower left of each
figure.

In appraising Figs. 5 and 6, it is relevant to observe
not only how Sh/Sh; at a given tube varies with L*/S
but also how Sh/Sh, varies along a row, In addition, it
is appropriate to compare the Sh/Shy, values of the
figures with those of Table 1 for the no-maldistribution
case,

Turning first to Fig. 5 and to the results for the lower
of the two Reynolds numbers, it is seen that bend-
related effects are in evidence in the first five rows. At
any tube in these rows, the variation of Sh/Shy, with
L*/S is, at most, about 79, —again, a rather modest
effect. In general, the largest Sherwood numbers
correspond to the smallest L*/S.

At a given L*/S, the variation of $h/Sh;, within a given
row is as large as 15%, but more typical variations are
10% or less. In general, Sh/Sh.,; increases from left to
right along arow, thatis, in the direction from the inside
to the outside of the bend. This trend is consistent with
the packing of the flow to the outside of the bend. It is,
however, surprising that the largest inter-row
variations of Sh/She, do not occur in the first row; rather,
they occur in the second row and to a slightly lesser extent
in the fourth row. Also somewhat surprising is the slight
dropoff which occurs at the right-hand end of the second
row. All of the unexpected trends were double checked
and even selectively triple checked. The check runs were
always consistent to within 2% or better.

Upon comparing Fig. 5 with Table 1, it is seen that
there are local bend-related enhancements as large as
10%,. However, on a row-average basis, the enhance-
ment is lower. Overall, it appears that for low Reynolds
numbers (Re ~ 1000}, the bend-related effects for the
perpendicular orientation are not major.

The results corresponding to the perpendicular
orientation and to the higher Reynolds number (Re

= 8600) will now be discussed with reference to Fig. 6.
Here, the main effects of the bend are confined to the
first four rows, with residual effects in the fifth row and
an interesting reversed maldistribution in later rows
{e.g. ninth row) which will be discussed shortly. Aside
from isolated sites in the first row, the variation of
Sh/Shyq with L*/S at a given tube is 10%] or less. For the
most part, the largest Sh/Shy, corresponds to the
smallest L*/S but with occasional exceptions.

Intra-row variations of Sh/Shy, at a given L*/S are
also in evidence. These variations are most marked in
the first four rows and are greatest in the third and
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fourth rows (up to 15%). In general, within a given row,
Sh/Sh¢ increases in the direction from the inside to the
outside of the bend (left to right), as expected. However,
unexpectedly, the variation of Sh/Shy, along the first
row for L*/S = 0.8 is opposite in direction. This trend
was verified by numerous check runs, and it will be
illuminated by the flow visualization results. The
trendwise opposite intra-row variations in the first row
exaggerate the differences in Sh/Sh;y with L*/S at a
given tube.

The slight dropoff at the right-hand end of the second
row, already noted in Fig. §, recurs in Fig. 6.

Inrow nine, for L*/S = 0.8, Sh/Sh;, tends to decrease
(albeit slightly) from left to right. This behavior actually
occurs in rows 811, but dies away thereafter. It is
believed due to a secondary maldistribution which
occurs because the flow overreaches itself as it attempts
to recover from the primary maldistribution.

From a comparison of Fig. 6 with Table 1, it is seen
that at certain tubes in the first row, there are bend-
related enhancements of up to about 159, However,
only for the L*/S = 0.8 case does the row-average
enhancement approach this value. In subsequent rows,
therearelocal enhancements as large as 8%, but therow
average is hardly enhanced. Thus, for the orientation
and Reynolds number in question, the effects of the
bend are quite localized and do not have a major effect
on the performance of the tube bank as a whole. Upon
reviewing the discussion of Figs. 4 and 5, it appears that
the foregoing conclusion applies to all the cases
investigated here.

Pressure drop

A representative measured pressure distribution is
presented in Fig. 7, where the data are for the case of the
parallel orientation, L*/S = 4.5, and Re = 8600. The
ordinate displays the dimensionless pressure difference
{Pam— PY2pV? where p,,, is the pressurein theambient
from which the air was drawn, and p is the local
pressure. Note that p < p,,,, because the apparatus was
operated in the suction mode. Consequently, increases
in (p,.m — p)correspond to a pressure drop. The quantity
1pV? is a representative velocity head which is a
constant for each case. It was evaluated as

5oV =W p AL “

where p is the mean density in the tube bank. The value
of 1p¥? from equation (4) is, strictly speaking, only
appropriate for the tube bank. However, it was used
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throughout the entire flow circuit so that the
distribution of (p,,,—p¥ieV? would truly reflect the
distribution of (p,.., — p).

Ontheabscissa, X = Ocorresponds to theinlet of the
tube bank. The data for the delivery duct are plotted to
the left of X = 0. In this range, the abscissa variable is
X/S, where X is the distance from the tube bank inlet
measured upstream along the duct centerline. To the
right of X =0 are the data for the tube bank and
beyond. The abscissa variable in this range is the row
number. Note that the last three data points correspond
to pressure taps which are downstream of the tube
bank, in the redevelopment duct (S x § square cross
section).

At the upstream end of the delivery duct, thereis a
dropoff in the data (i.e. a pressure rise). This dropoff
corresponds to a pressure recovery which reflects the
expansion of the flow downstream of the separation
caused by the sharp-edged inlet. Beyond the third
pressure tap and continuing to the corner of the L, the
pressure appears to be constant. Actually, there is a
friction-induced pressure drop, but it is too small to be
shown in the figure.

At the corner of the L, there is a pressure drop due to
turning losses and separation, followed by a partial
pressure recovery as the flow expands to fill the duct
cross section. Thereafter, a regime of virtually uniform
pressure is established, once again reflective of the
extremely small friction-related pressure drop in the
duct.

In the tube bank, the first pressure tap is situated
midway between the second and third rows, and
successive taps are separated by two rows. The data
points for the tube bank fall on a straight line, suggestive
of fully developed flow. Downstream of the bank, the
pressure again appears to be virtually uniform.

The pressure drop Ap,,, for the flow circuit as a whole
is of interest because it reflects the net result of
differences in L*/S and delivery duct orientation. The
value of Ap,,/ipV? was determined from the data at
the three pressure taps situated downstream of the tube
bank. Numerical values of this quantity are listed in
Table 2 for all of the operating conditions of the
experiments. Inspection of the table indicates that fora
given Reynolds number, Ap,/ipV? is virtually
independent of the delivery duct orientation and of
L*/S. Indeed, Ap,,, is even less sensitive to these
parameters than were the Sherwood number results.
This outcome is quite plausible since Ap,,, is an overall
guantity while the Sherwood numbers were referred to
individual tubes.

Table 2. Values of Ap,./ipV?

LYS

Re Orient. 08 2.5 45
1000 Par. 7.7 7.5 7.5
1000 Perp. 1.7 7.7 7.5
8600 Par. 6.4 6.4 6.5
8600 Perp. 6.4 6.5 6.5
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The linear p vs X distribution in the tube bank
enabled the evaluation of the fully developed friction
factor for the bank. If Ap,,, denotes the per-row
pressure drop in the linear region, then the friction
factor may be evaluated from

f;‘d = Aprow/%p V2 (5)

where $pV? is from equation (4). For Re = 1000 and
8600, the respective f;4 are 0.46 and 0.36 with a scatter
of +2%.

Flow visualization

The flow visualization work did not yield as much
information as was sought. At low Reynolds numbers,
the shear stresses were not large enough to move the
most fluid of the oil-lampblack mixtures that were
prepared. At the highest attainable Reynolds number
{~8600), the shear stresses were of sufficient strength,
but another difficulty was encountered. With the
airflow activated, globules of the mixture collected at
the rear of each tube and were held in place by the
aerodynamic forces. When the airflow was terminated,
the forces vanished and the accumulated mixture
tended to spread over adjacent parts of the floor of the
test section, obscuring a portion of the flow pattern
traces.

For these reasons, the presentation of the flow
visualization results is necessarily quite limited. Also, as
noted earlier, the oil-lampblack technique, as used
here, yielded information only about the flow pattern
adjacent to the floor of the test section.

The flow visualization results are presented in Figs.
8(a) and (b). The white circles in these photographs
correspond to the positions of the tubes. At the

STAGNATION
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respectiveedges, the white regionsare approximate half
circles (difficulties in cutting the contact paper were
responsible for the imperfections).

Figure 8(a) shows a typical flow pattern in the fully
developed regime. As noted in the figure, the wakes
from the tubes in the adjacent upstream row are
deployed along the lower edge of the photograph.
Between each pair of adjacent wakes is a black zone
which is termed a stagnation island in the figure. It is
relevant to note that each such island is centered
directly in front of a tube. The stagnation at each island
is the result of two opposing streams. One is the
mainflow, which is moving in the forward direction.
The second stream is a backflow which issues from the
lower portion of the tube and moves upstream along
the floor. Still another array of stagnation zones is in
evidence in Fig. 8a), with each zone situated just
downstream of a wake. These zones are caused by the
collision of two streams entering the lane between twe
adjacent tubes.

Attention may now be turned to Fig. 8(b). This
photograph shows the first row of the tube bank for
the case of the perpendicular array, L*/S = 0.8, and
Re = 8600. It may be recalled that in the discussion of
Fig. 6, the first-row Sh values for this case did not
increase from left to right, as was expected.

Thereare many differences between the flow patterns
of Figs. 8(a) and (b), many of which reflect the difference
between the first row and the fully developed regime.
However, the altered positioning of the stagnation
islands is not attributable to this. It is relevant to note
that the stagnation islands in Fig. 8(b) are not located
directly in front of the tubes as in Fig, 8(a) [see arrow
identifying a stagnation island in Fig. 8(b)].

FLOW
DIRECTION

WAKE

Fi1G. 8. Flow visualization photographs.
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From the discussion in the next to last paragraph,
it is clear that the position of the stagnation island tells
the direction from which the fluid approaches the tube.
This direction can be obtained by connecting the center
of the island with the axis of the tube. Thus, relative to
the nominal mainflow direction, the flow arrives at the
leftmost tube of Fig. 8(b) at 45°, and the adjacent tubes
also display large arrival angles.

This finding indicates that whereas the flow may have
packed to the outside of the bend, by the time it reaches
the first row of the tube bank it is moving diagonally in
order to fill the cross section. Also, considering the
sharpness of the streak lines, this diagonal flow is at
least as vigorous at the left as at the right. These
observations help explain the intra-row distribution of
Sh/Sh¢q in the first row of Fig. 6 for L¥/S = 0.8.

CONCLUDING REMARKS

The work described here appears to be the first
systematicstudy of theresponse of a heatexchangertoa
right-angle bend situated upstream of the exchanger
inlet cross section. Experiments were performed for a
tube-bank-type crossflow heat exchanger with the
tubes positioned on equilateral triangular centers with
a transverse pitch-to-diameter ratio of two. The tube
bank was housed in a square duct (side S), and the
L-shaped duct which delivered air to the tube bank was
of the same square cross section.

The effects of two geometrical parameters were
investigated. One parameter is the distance L* between
the bend and the inlet of the tube bank, with the
investigated values being L*/S = 0.8, 2.5, and 4.5. The
other geometrical parameter is the orientation of the
bend in the L-shaped delivery duct with respect to the
axes of the tubes in the bank. Two orientations were
considered. In one, the plane of the L is parallel to the
tube axes, while in the other, the plane of the L is
perpendicular to the axes. For each configuration
(given L*/S and orientation), experiments were carried
out for Reynolds numbers of 1000 and 8600.

For each case defined by L*/S, orientation, and
Reynolds number, the per-tube Sherwood number was
measured at each relevant tube site in the array (the
Sherwood number is the mass transfer counterpart of
the Nusselt number). Pressure distributions were also
measured along the delivery duct and the tube bank. A
limited flow visualization study was also performed.

In general, it was found that the presence of the right-
angle bend did not have a major effect on the heat

E. M. SparrOow and Y. S. BERMAN

transfer characteristics of the tube bank. For the closest
proximity of the bend, individual tube transfer
coefficients exceeded those for the no-bend case by 109
(in the extreme, by 15%). The departures were confined
to the initial rows (first three or four rows) of the bank.
Smaller bend-related effects were sustained for larger
distances between the bend and the inlet of the tube
bank. Row-average transfer coefficients deviated from
the no-bend case by smaller percentages than the
aforementioned individual tube deviations.

With the bend in the parallel orientation, there were
no intra-row nonuniformities. However, the perpen-
dicular orientation introduced intra-row variations
in the transfer coefficient, with the extreme variation
being 15%.

The system pressure drop (from delivery duct inlet to
tube bank exit) was even less sensitive to the
geometrical parameters (L*/S and orientation) than
was the per-tube transfer coefficient.

Overall, it appears that the presence of a right-angle
bend does not require a tube-bank design procedure
different from that for the no-bend case.
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formed under the auspices of the Office of Naval Research.
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ECHANGEUR DE CHALEUR SITUE EN AVAL D'UN COUDE A ANGLE DROIT

Résumé—Le transfert thermique, la perte de charge et la visualisation de Iécoulement sont étudiés
expérimentalement pour un échangeur de chaleur 4 nappes de tubes en attaque frontale et situéen aval d’un
coude d angle droit. L'échangeur dechaleur est logé dans un canal de section carrée, et lecanalen formede L qui
délivre Pair 4 Pentrée des bancs de tubes 4 la méme section droite. Deux paramétres géométriques sont
variablesau cours desexpériences :(1)la distance entre le coude et la premiére nappede tubes et (2) Porientation
du plan du coude par rapport aux axes des tubes (soit paralléle soit perpendiculaire aux axes). Le nombre de
Reynolds varie sur un ordre de grandeur. Pour chaque géométrie et chaque nombre de Reynolds, les
coefficients de transfert par tube sont déterminés pour chaque position du tube dans 'arrangement. On trouve
que la présence du coude a angle droit n’a pas une grande influence sur les caractéristiques du transfert de la
grappe de tube. Des accroissements liés au coude, de Pordre de 10 4 13%, sont remarqués sur des tubes des
premiéres nappes, mais I"accroissement global est plus faible. La non-uniformité entre nappes apparait pour
Porientation perpendiculaire mais pas pour 'orientation paralléle. La perte de pression {entre entrée du canal
et sortie de Péchangeur) est moins sensible aux paramétres géométriques que le transfert thermique par tube.

ANORDNUNG EINES WARMEUBERTRAGERS HINTER EINEM RECHTWINKLIGEN
KRUMMER

Zusammenfassung—An cinem Kreuzstrom-Rohrbiindel-Wirmeilibertrager hinter einem rechtwinkligen
Kriimmer wurden experimentelle Untersuchungen zum Wirmeiibergang, zum Druckverlust und zur
Stromungsform durchgefiihrt. Sowohl der Kanal, in dem der Wirmeiibertrager eingebautwar als auch der L-
formige Zulauf hatten denselben quadratischen Querschniit. Bei der Durchfithrung der Experimente wurden
zwei geometrische Parameter varitert: (1) Abstand zwischen Kriimmer und Wirmeiibertragereintritt,
(2) Orientierung der Kriimmerebene zu den Rohrachsen des Warmelbertragers (parallel bzw. senkrecht zu den
Achsen). Die Reynolds-Zahl wurde Ober nahezu eine GroBenordnung variiert. In Abhéngigkeit von
Reynolds-Zahl und Geometrie wurden die Wirmeibergangskoeffizienten fiir die wichtigsten
Rohranordnungen bestimmt. Es wurde festgestellt, daB ein rechtwinkliger Kriimmer keinen wesentlichen
EinfluB auf das Wirmeiibertragungsverhalten des Rohrbiindels hat. Verbesserungen im Bereich von 10 bis
15%, bedingt durch die Anordnung des Kriimmers, konnten fiir einzelne Rohre im Eintrittsbereich festgestelit
werden ; die durchschnittlichen Verbesserungen waren jedoch geringer. Ungleichformigkeiten ergaben sich
zwischen den Reihen nur bei einer senkrechten Anordnung, jedoch nicht bei einer parallelen. Der
Druckverlust des Systems (zwischen Kanaleintritt und Rohrbiindelaustritt) wurde von den geometrischen
Parametern noch weniger beeinflufit, als der Warmeibergang des einzelnen Rohres.

TEMJIOOBMEHHHMK, PACNOJOXEHHBIN BHHM3 110 NNOTOKY 3A U3TUBOM 10/
NPAMBIM YIJIOM

AnpoTampa—IIpOBEACHO JIKCIEPHMEHTANBHOC HCCICAOBAHAC TEILTONEPEHOCA W MAJCHHA HABJICHHA, a
TAKKe BH3IYalnH3aUMN TEYCHHA B KaHaje ¢ TpyO4aThiM HONEpPeuiHOOOTEKaeMbIM TEIIOOOMEHHHKOM,
pacHookKEHHbIM BHH3 BO TeHeHHIO 3a H3rmbom nox npamseiM yriom. Kawan u L-o6pasusii npe-
JBKJIIOYEHHBIH Y4acTOK, o0ecneynBalolne NOABON BO3AYXa K NYUKY TPYD, HMEIH KBaAPATHOE CeYeHHE.
B skCriepHMEHTAX H3IMEHAIHCD CJie IYIOLLHE FEOMETPHUECKAE NapaMeTPs! : (1) pacCTOsHHE MEXAY H3rHGOM
M BXOIOM B Ny4ok Tpy6 M (2) NOJNOKEHHE IIOCKOCTH H3ITHGA OTHOCHTEIbHO oceil TPpyE rmyuxa
(napannenabHOe HAH NePIEeRINKYIApHOE). Yo PefiHOMBACA H3MEHANIOCH B IIPEAENaX NPUMEPHO OHOTO
nopsaxa. Jng kaxiaol#f reomeTpus ¥ 3Havesus uncia Pelinonpaca xod(@HUMEHTH! TEnIONEpeHOCA
OTeAbHBIX TPYS ONpeAeIsaNCy B COOTBETCTBHM C MOIOXKeHUEM TpyOnt B nywke. Haiiaeno, 4to uarub
A0 APAMBIM YITIOM HE OKa3biBA€T 3HAMMTCABHOrO BINNHHA HA XapakTePHCTHKH TennoobMmeda nyuka.
Hurencuduxauus 8 10-15% 3a cuet usruba oTMevanack Ha OTAEAbHBIX TPy0ax B HAUAILHEIX pAfax,
HO CPElHAS MO PAAaM WHTEHCHBHOCTL Obina Huke. HeOHHOPOAHOCTH MEXAYy pafaMH Habaionaiucs
NpH NEPOCHAMKYIAPHOM PAcmoIONKEHHH nuaockocTy u3ruba. [Nasenne napiieHus B cucteme (0T BXoaa
B L-06pasHblif yyacTOK IO BBIXOJAa M3 My4ka TpyD) ellle MeHbIUE 3aBHCENO OT FeOMETPHYECKHX
napaMeTPoOB, YeM TENJIONEPEHOC OT KaXA0H TpyOsI.
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