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Measurements of three-dimensional turbulent flow in the exit head section of a shel
tube heat exchanger were performed using three-component laser Doppler veloci
The test geometry is half of a hemispherical cap with two outlet-tubes and with a c
drical inlet section. Distributions of the velocity vector field, the three mean velo
components, and the Reynolds stress components are reported, and the complex n
flow in the head section and in the neighborhood of the outlet-tube is quantified.
radial and the streamwise velocity components are of the same order of magnitude
neighboring region of the outlet-tubes, and they are not symmetric relative to the c
plane intersection of the outlet-tubes. The friction factor that was measured across th
head section of the heat exchanger decreases as the Reynolds number increase
25,000 to 50,000. These results are useful for validating turbulent flow simulation c
and are needed for improving the design of the exit head section of shell-and-tube
exchangers.@DOI: 10.1115/1.1637635#
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Introduction
More than 90% of the heat exchangers that are used in indu

~petroleum, chemical, power generation, and heating/
conditioning engineering! are of the shell-and-tube type desig
@1#. In such a system, one fluid flows inside the tubes that
encased in a shell, and another fluid flows through the shell
around the tubes. The shell is normally cylindrical in shape a
has a hemispherical cap at one end. In the head section, a ba
normally placed at the center of the hemispherical cap to sepa
the inlet flow to the tubes that are in the shell from the outlet fl
from the tubes as it leaves the shell. In this manner, one half of
hemispherical cap serves as the inlet head section and the
half serves as the exit head section of the heat exchanger. I
tubes are connected to the inlet head section, and outlet-tube
connected to the exit head section for bringing in and for tak
out the fluid that flows through the heat exchangers. The fl
characteristics in the inlet head section influence the velocity
tribution inside the heat exchanging tubes that are in the she
the heat exchanger and the flow characteristics in the exit h
section influence the velocity distribution in the outlet-tubes t
are connected to the exit head section of the heat exchanger
tailed knowledge of the flow distribution within the heat e
changer and in its head sections helps in the design of reliable
efficient units.

Numerous guidelines and procedures have been publis
@2–4# for designing and for determining the overall performan
of shell-and-tube heat exchangers. In addition, few experime
@5–7# and numerical@8,9# studies have been reported on the ov
all flow characteristics, heat transfer and fouling performance
these heat exchangers. Unfortunately, most of the reported ex
mental studies have focused on the overall performance of
heat exchanger and did not report the dynamics of the inte
flow and its distribution. Such data and information are needed
the optimization and the design improvements of heat exchang
In addition, detailed flow measurements inside these heat
changers are needed for validating simulation codes@10#, and the
lack of such data motivated the present study.

*Corresponding author.
Contributed by the Fluids Engineering Division for publication in the JOURNAL

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisio
September 11, 2001; revised manuscript received September 12, 2003. Ass
Editor: J. Katz.
72 Õ Vol. 126, JANUARY 2004 Copyright ©

oaded 04 Dec 2007 to 131.216.114.8. Redistribution subject to ASME li
stry
ir-

n
are
and
nd
fle is
rate
w
the
ther

nlet-
s are
ng
ow
is-

l of
ead
at
De-
-
and

hed
ce
ntal
r-
of
eri-
the
nal
for
ers.
ex-

Experimental Apparatus and Test Sections
A schematic of the wind tunnel and the test section is shown

Fig. 1. It is an air tunnel that is composed of five sections:
measurement section, the converging section, the stabilization
tion, the diverging section, and the power section. The inlet s
tion of the tunnel serves as the test section where velocity m
surements are made~section 1!, and it is a simplified physical
model ~half of a hemisphere cap! of an exit head section of a
shell-and-tube heat exchanger with two identical outlet-tubes
are symmetric with respect to the symmetry plane of the he
spherical exit head section of the heat exchanger. The volume
rate through the tunnel is measured with a fluted tube~section 4!.
This fluted tube has an inner diameter of 50 mm and a length
m, and is equipped with a multiport averaging Pitot tube@11# to
measure flow rate. Calibration and use of such fluted tube
measuring flow rate were reported by Wang et al.@12#. The suc-
tion of a blower with variable speed electric motor~section 6! was
used to control and adjust the air flow rate through the tunne

An enlarged schematic of the test section~a simplified model of
the exit head section of a shell-and-tube heat exchanger
outlet-tubes! is shown in Fig. 2. It is half of a hemispherical ca
mounted with two outlet-tubes and with a cylindrical inlet secti
at its opening. The vertical wall in the head section is used
separate the inlet flow from the outlet flow of the heat exchang
The inlet flow enters the inlet head section of the heat exchan
in its way to the tubes that are in the shell of the heat exchan
The exit flow from the tubes that are in the shell of the he
exchanger enter the exit heat section on its way to the outlet tu
of the heat exchanger. The flow distribution in the exit head s
tion and in the region of the outlet tubes is the subject of t
study. Air enters this exit head section of the heat exchanger~the
test section!, converges into the outlet-tubes, passes through
collection section and the stabilization section where its volu
flow rate is measured, and then exits through the diverging sec
and through the suction blower. Some of the dimensions for
test section are listed as follows,Rs50.149 m,Rin50.145 m, l s
50.001 m, H50.200 m, H150.043 m, L50.082 m, and d
50.050 m.

The velocity measurements were performed with dual-pro
six-beam, three-components, backward-scattering laser Dop
velocimeter~LDV !. The front lens of the probes has a diameter
50 mm, and a focal length of 350 mm. The angle between the
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Fig. 1 Schematic of wind tunnel and test section
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measuring probes of the LDV system was kept at 30 deg and
Doppler signals were transmitted through fiber optics to a b
spectrum analyzer. The seeding particles~having a mean diamete
of less than 2mm! were generated by a six-jet atomizer, a
glycerin was used as the seeding fluid. The laser beams from
LDV system enter from the inlet (x, y) plane of the test section
~at z50.0 mm), and the measuring probe volume can be move
locations inside the test section by the 3D (x, y, z) computer-
controlled traversing system. The size of the probe volume
approximately 60mm in length, and the resolution of the traver
system was 0.03 mm.

The LDV data acquisition system was operated continuousl
the ‘‘coincidence’’ mode requiring simultaneous detection
samples in three coordinate directions, i.e., from the same sca
ing particle. If any of the six laser beams from the two probes
blocked by the solid walls of the test section, coincidence m
surements could not be performed~data was not acquired for an
of the velocity components!. Therefore, at the inlet (x, y) plane of
the test section (z50.0 mm), the measuring probe volume can
moved to almost any location on that intersecting plane. Howe
for (x, y) planes that are deeper in the test geometry and in
neighborhood of the outlet-tube~i.e. z.100 mm), a limited num-
ber of measurements could be made due to one or more o
laser beams being blocked by the solid wall of the test section.
f Fluids Engineering
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each point, data collection was programmed to acquire 64,
samples or to measure for a duration of two minutes, whiche
came first. Normally, the former criterion was satisfied except
the vicinity of the wall where particle arrival rates were reduce
The LDV software discarded data that was outside the rang
63s from the mean value, and this filtering removed only t
spurious data and not the valid turbulence data. The velocity
correction technique used ensemble analysis as its basis, an
plied a weighting function to each data point. The ensemble ‘‘c
rected’’ values can be obtained through the number of data po
and the weighting function. In the current software, the weight
function is determined using the time between data~TBD! points
method@13#. In this method, the weighting function is the tim
between each realization or inter-arrival time. The LDV syste
was calibrated and the uncertainties for mean velocities were
timated to be less than61.5% with a typical inlet average veloc
ity of 2.4 m/s. The results of many measurements at one p
inside the flow field were checked at a fixed and steady flow r
and the measured mean velocity was repeatable with deviation
less than60.6 % for the streamwise velocity component (vz),
and61.5% for the other two velocities components (vx andvy),
respectively. Uncertainties of the experimental results were e
mated by using the root-sum-square method@14#. From the cali-
bration of the measuring instruments, the uncertainties of m
Fig. 2 Schematic for the exit head section of the heat exchanger
JANUARY 2004, Vol. 126 Õ 73
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sured values for Reynolds number~Re!, and friction factor (f ),
were determined to be 5.6%, and 7.2%, respectively.

The traverse mechanism of the LDV system moved along
Cartesian coordinates (x, y, z), where (x, y) planes represent
planes that are parallel to the inlet plane to the test section, an
z-coordinate represents the depth into the test section as show
Figs. 2 and 3. The measured velocity components (vx , vy , vz) in
Cartesian coordinates (x, y, z) are transformed to velocity com
ponents (u, v, w) in cylindrical coordinates (r , u, z), as shown in
Fig. 3. It should be noted that the cylindrical coordinate will
used to display the measured fluid velocities and their fluctuat
in the investigated cylindrical-hemispherical geometry. The tra
formation from the Cartesian coordinates system (x, y, z) that
describes the movements of the traversing system, to the cylin
cal coordinates (r , u, z) that describes the cylindrical
hemispherical shape of the exit head section geometry of the
exchanger~the test section!, is shown in Fig. 3a for the specific
case ofu5u0 . Similarly, the measured velocity components (vx ,
vy , vz) in Cartesian coordinates are transformed to the velo
components (u, v, w) in cylindrical coordinates for the specifi
case ofu5u0 , by using Eq.~1! as shown in Fig. 3b:

u52vx cosu01vy sinu0

v52vx sinu02vy cosu0

w5vz

J (1)

A photograph that shows the laser Doppler system and the
test section of the air tunnel~exit head section of the shell-and
tube heat exchanger with two outlet-tubes! is presented in Fig. 4

Results and Discussions
Due to symmetry in the geometry of the test section, relative

the two outlet-tubes as shown in Fig. 2b, the measuring effort is
simplified and reduced by restricting it to only one quarter of

Fig. 3 Coordinates transformations for the traverse system
and the measured velocities
74 Õ Vol. 126, JANUARY 2004
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hemispherical cap. Laser Doppler velocity measurements we
made only on the plane intersection ofu532 deg with the test
section~exit head section of the heat exchanger!. This plane is in
the radial and vertical directions (r , z) where the tangential coor-
dinate is constant (u532 deg). It passes through both the center
of the exit head section (r 50.0 mm) and the center of the left
outlet-tube (r 582 mm andu532 deg) as shown schematically
by a top view as Section A-A in Fig. 5a. A plane view of that
intersecting plane~Section A-A in Fig. 5a) is shown in Fig. 5b,
and as can be seen it cuts both the hemispherical head section
the heat exchanger and the outlet-tube. All the reported velocit
measurements were made on this plane and it will be identifie
through the text as the measuring plane A-A. In the present stud
the Reynolds number~Re! is defined as Re5rwin(2Rin)/m, where
win is the average streamwise velocity component at the inle
plane (z50.0 mm) of the test section, the density~r! and dynamic
viscosity ~m! are taken as constant (r51.24 kg/m3 and m51.83
31025 kg/m•s). The average inlet air velocity is determined
through the expression ofwin5Q/Ain , whereQ is the air volu-
metric flow rate measured by the fluted-tube~section 4 as shown
in Fig. 1!, andAin is the cross-sectional flow area at the inlet plane
of the test section.

The mean and turbulent fluctuating velocity components wer
measured in the test section on the selected measuring plane A-
and the measurements of the mean velocity components are
ported in Figs. 6 and 7 for Reynolds number of Re546122. The
results in Fig. 6 represent a vector plot of the mean velocity on th
measuring plane A-A, and they clearly show how the flow con-
verges to the outlet-tube while velocity vectors change direction
and magnitudes due to changes in geometry. The velocity at th
inlet of the measuring plane A-A (z50.0 mm) is relatively small
and uniform, while the velocity at the inlet of the outlet-tube in

Fig. 4 Laser Doppler system and the test section

Fig. 5 Planes where measurements are made
Transactions of the ASME

cense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



h
e

let-

the

the
of
-A

A
ue
tric
line
ion

-
(

the
om-
ws

s in

hat
sur-
at
ually
ow

ve-
be
tube
u-

s in
on
ead

e
e

es
ured

the
am-

,
f

ee
t
an-
s
t-
se
l

or

ndary

tely

wall

Downl
the measuring plane A-A is relatively high and nonuniform. T
radial velocity component (v) is of the same order of magnitud
as the streamwise velocity component (w) in the neighboring re-
gion of the outlet-tube on the measuring plane A-A. The strea
wise velocity component (w) increases and the radial velocit

Fig. 6 Velocity vector field on the measuring plane A-A for
ReÄ46,122

Fig. 7 Distribution of velocity components on the measuring
plane A-A for Re Ä46,122
Journal of Fluids Engineering
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component (v) decreases gradually as the flow enters the out
tube on the measuring plane A-A.

Distributions of the measured three velocity components on
measuring plane A-A are presented in Fig. 7 for Re546122. It can
be seen from Fig. 7~a! that tangential velocity component (u) is
small in the whole region of that plane, ranging between22 to
0.5 m/s and the negative sign means that the velocity is in
reverseu-direction as denoted in Fig. 3. It is negative on most
that plane, which means that fluid below the measuring plane A
~i.e.,u,32 deg) rotates in a clockwise direction~as viewed along
z axis direction! while fluid that is above the measuring plane A-
(u.32 deg) rotates in a counterclockwise direction. This is d
to the fact that the centerline of the outlet-tube is not symme
relative to tangential direction in the test section, i.e. the center
of the outlet-tube is at 58 deg from the top half of the test sect
and at 32 deg from the bottom half as shown in Fig. 5~a!. The
larger flow area that exists above theu532 deg plane is respon
sible for making the average tangential velocity componentu)
negative on most of this plane. The results in Fig. 7~b! show that
the radial velocity component (v) on the measuring plane A-A
increases sharply close to the inlet of the outlet-tube due to
abrupt decrease in flow cross sectional area. That velocity c
ponent (v) is positive throughout that plane because fluid flo
from the larger area at the inlet of that plane (z50.0 mm) toward
the smaller area of outlet-tube as shown in Fig. 6. The result
Fig. 7~c! show that the streamwise velocity component (w) on the
measuring plane A-A increases gradually from the inlet of t
plane to the inlet of the outlet-tube on that plane. On the mea
ing plane A-A, the maximum of this velocity component occurs
the center of the outlet-tube and its magnitude decreases grad
to zero at the wall of the outlet-tube. These results clearly sh
that the position of the outlet-tube influences significantly the
locity distribution in the exit head section of the shell and tu
heat exchanger. Decreasing the nonsymmetry of the outlet-
could help in decreasing nonuniformity in the velocity distrib
tion.

The previous results demonstrate that most of the variation
the velocity field on the measuring plane A-A occur in the regi
where the outlet-tube intersects with the hemispherical exit h
section of the heat exchanger. The region of 120<z<160 mm and
57<r<107 mm on the measuring plane A-A~the dashed area in
Fig. 5~b!! is investigated in more details in order to quantify th
velocity field in that region. The radial distributions of the thre
mean velocity components on three ‘‘z’’ planes at the entrance
region of the outlet-tube (z5120, 136 and 152 mm! on the mea-
suring plane A-A are shown in Figs. 8, 9 and 10. The solid lin
that are shown in these figures represent a best fit to the meas
results. The streamwise intersection ofz5120 mm lies at the be-
ginning of the region where the outlet-tube intersects with
hemispherical exit head section of the heat exchanger. The stre
wise intersection ofz5136 mm lies in the middle of that region
and the streamwise intersection ofz5152 mm lies at the end o
that region as shown schematically in Fig. 5~b!.

The results in Fig. 8 show the radial distributions of the thr
mean velocity components on the measuring plane A-A az
5120 mm for Reynolds numbers of 39,524 and 45,057. The t
gential velocity component (u) on that plane is negative on thi
z-line and is relatively uniform until the centerline of the outle
tube (r 582 mm). Its negative magnitude starts to increa
sharply as the radial distance (r ) continues to increase. The radia
velocity component (v) shows a peak value of about 4.5 m/s f
Reynolds number of 45057 atr'73 mm~a distance smaller than
the centerline location of the outlet-tube that is atr 582 mm),
then decreases as the distance approaches the solid wall bou
of the test section. The streamwise velocity component (w) shows
a peak of 15 m/s for Reynolds number of 45057 at approxima
r 582 mm ~the location of the centerline of the outlet-tube!, then
its magnitude decreases as the distance approaches the solid
JANUARY 2004, Vol. 126 Õ 75
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boundary of the outlet tube. All of these three velocity comp
nents (u, v and w) increase in magnitude with the increasin
Reynolds number, but they retain approximately the same gen
distribution. Similar trends in the results can be seen in Fig. 9
z5136 mm on the measuring plane A-A, with the exceptions t
the peaks that were observed in two of these velocity distributi
in Fig. 8 ~for z5120 mm) do not appear at thisz location. The
results presented in Fig. 10 forz5152 mm on the measuring
plane A-A show similar trends but with peaks in the distributio
at roughlyr 565 mm~a distance smaller than the centerline loc
tion of the outlet-tube!. It should be noted that the maximum
tangential velocity component (u) at z5152 mm, is positive and
lies in the region ofr 560;65 mm. That velocity componen
experiences significant variation in its magnitude and direction
this region as the fluid enters the outlet-tube. Baffles or sim
structures could be installed in the exit head section of the h
exchanger to improve the quality of the flow in the outlet-tube

Radial distributions of the three mean velocity components
the measuring plane A-A are presented in Fig. 11 for th
z-locations (z541.38 mm, 82.76 mm and 124.14 mm! for Re
546122. The line ofz541.38 mm lies in the cylindrical section
of the exit head section of the heat exchanger. The line
z582.76 mm lies in the hemispherical region, and the line
z5124.14 mm lies in the region where the outlet-tube interse
with the hemispherical cap of the exit head section as show
Fig. 5b. The outer solid wall boundary of the test section at the
z-locations are atr 5145 mm, 125.64 mm, and 107 mm, respe
tively. Distributions of the three mean velocity components az
541.38 mm andz582.76 mm are similar in nature since the

Fig. 8 Velocity distributions on the measuring plane A-A at
zÄ120 mm
76 Õ Vol. 126, JANUARY 2004

oaded 04 Dec 2007 to 131.216.114.8. Redistribution subject to ASME li
o-
g
eral
for
at
ns

ns
a-

in
lar
eat
s.
on
ee

of
of
cts

in
se
c-
t
e

two locations have similar geometries but differ in size. On the
two z-lines, the tangential velocity component (u) and the radial
velocity component (v) are relatively low, and the streamwis
velocity component (w) increases as the flow cross sectional a
decreases from that atz541.38 mm to that atz582.76 mm. The
streamwise velocity component on the measuring plane A-A
these two locations develops a positive peak value at appr
mately r 585 mm ~a distance approximately equal to the cent
line location of the outlet-tube!. The further decrease in the cros
sectional area at the streamwise location ofz5124.14 mm causes
the fluid to accelerate and converge toward the outlet-tube wi
maximum tangential velocity component (u) of 23 m/s develop-
ing at r'90 mm. That velocity component is relatively small b
positive in the region betweenr 520 to 50 mm, and it is negative
for larger radial distances, implying a vortical clockwise type flo
into the outlet-tube at thisz-plane. Similar conclusion could be
drawn from the results that are presented in Fig. 10a. The radial
velocity component (v) reaches a maximum of about 5 m/s, an
the streamwise velocity component (w) reaches a maximum o
about 16 m/s atr'70 mm. The streamwise velocity compone
experiences the greatest change due to the greatest change
cross sectional area. Its maximum of about 16 m/s that occur
z5124.14 mm is about four times the maximum that occurs
z541.38 mm.

Radial distributions of the Reynolds normal stresses (u8u8,
v8v8 and w8w8) on the measuring plane A-A at three select
streamwise locations (z541.38, 82.76 and 124.14 mm! are shown
in Fig. 12 for Re546122. The interference of the solid wa
boundaries of the test section with the laser beams of the L

Fig. 9 Velocity distributions on the measuring plane A-A at
zÄ136 mm
Transactions of the ASME
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system atz582.76 and 124.14 mm limits the number of da
points that can be taken on these locations as can be seen
Figs. 11–13. The Reynolds stresses are normalized based o
inlet average streamwise velocity component (win), which is
2.347 m/s for Re546122. The solid lines that appear in the
figures are an attempt to connect the experimental points w
smoothing the transition from one point to the other. Figure 12~a!
shows that the tangential Reynolds normal stress compon
u8u8, is relatively low on the measuring plane A-A in the who
radial direction atz541.38 and 82.76 mm. Atz5124.14 mm, a
peak appears to develop atr'65 mm~near the inner solid wall of
the outlet tube that is atr 557 mm), and a minimum value ap
pears to develop atr'75 mm ~near the centerline of the outle
tube that is atr 582 mm). The points that appear in the figure
a z5124.14 mm andr .82 mm are below the orginal hemispher
cal surface shape of the test section, and are inside the doma
the outlet tube. The tangential velocity component is negative
that region, and the wall of the outlet-tube starts to influence
nificantly the behavior on the tangential Reynolds normal str
component in that region. Figure 12~b! shows that the radial Rey
nolds normal stress component (v8v8) is also low on the measur
ing plane A-A in the whole radial range atz541.38 and 82.76
mm. At z5124.14 mm, one peak develops at aboutr'65 mm
~close to the inner solid wall of the outlet-tube!, and that is in the
same general location where the peak tangential Reynolds no
stress component (u8u8) develops, as seen in Fig. 12~a!. Another
peak appears to develop on thisz-location atr'100 mm~close to
the outer solid wall of the outlet-tube that is atr 5107 mm). Fig-

Fig. 10 Velocity distributions on the measuring plane A-A at
zÄ152 mm
Journal of Fluids Engineering
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Fig. 11 Radial distribution of mean velocity components on
the measuring plane A-A for Re Ä46,122

Fig. 12 Radial distribution of Reynolds normal stress compo-
nents on the measuring plane A-A for Re Ä46,122
JANUARY 2004, Vol. 126 Õ 77
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ure 12~c! shows that the peak values in the distributions of
streamwise Reynolds normal stress component (w8w8) also de-
velop in the same general regions onz5124.14 mm. The maxi-
mum value of the streamwise Reynolds normal stress compo
(w8w8) is about four times higher than the maximum values
the tangential and the radial Reynolds normal stress compon
The peaks that develop in Fig. 12~c! at z541.38 mm and 82.76
mm are due to the proximity of these locations to the solid bou
ary and symmetry line of the hemispherical test section. The s
wall boundary of the test section at thesez-locations are atr
5145 and 125.64 mm, respectively. Radial distributions of
Reynolds shear stress components (u8v8, v8w8 andu8w8) on the
measuring plane A-A at three streamwise locations (z541.38,
82.76 and 124.14 mm! are presented in Fig. 13 for Re546,122.
The results for the Reynolds shear stress components are no
ized based on the average inlet velocity (win52.347 m/s for Re
546,122). The Reynolds shear stress component,u8v8, is rela-
tively low at z541.38 and 82.76 mm. All three shear stress co
ponents atz5124.14 mm have a positive peak value in the sa
general radial location of aboutr'60 mm, similar to what was
observed for the Reynolds normal stress components on the
z-location as can be seen in Fig. 12. Bothv8w8 and u8w8 are
negative over most of the radial range forz541.38 mm, and
82.76 mm, while atz5124.14 mm they exhibit both positive an
negative peaks.

Radial distributions of the Reynolds normal stress compone
(u8u8, v8v8 and w8w8) on the measuring plane A-A are pre
sented in Fig. 14 for threez-locations that are in the neighborhoo
of the outlet-tube (z5117.24, 137.93 and 151.72 mm!. The inter-
ference of the solid wall boundaries of the test section with
laser beams of the LDV system at these locations, limits the n
ber of measuring data points that can be taken as can be seen
Figs. 14 and 15. Very limited number of measurements could
made atz5151.72 mm. The Reynolds normal stress compone
u8u8 and v8v8, are relatively low in most of the radial range
z5117.24 mm. All three Reynold normal stress components
velop a peak atr'60 mm ~near the inner solid wall of the outle
tube! at z5137.93 mm. The magnitudes of the Reynolds norm
stress components at thesez-locations~in the neighborhood of the
outlet-tube! are higher than those presented in Fig. 12. One of
common feature in the radial distributions of the Reynolds norm

Fig. 13 Radial distribution of Reynolds shear stress compo-
nents on the measuring plane A-A for Re Ä46,122
78 Õ Vol. 126, JANUARY 2004
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stress components is that they all exhibit a lower value in
region near the centerline of the outlet-tube (r 582 mm) at these
z-locations. Radial distributions of the Reynolds shear stress c
ponents (u8v8, v8w8 andu8w8) on the measuring plane A-A ar
presented in Fig. 15 for the samez-locations as the ones presente
in Fig. 14 (z5117.24, 137.93 and 151.72 mm!. The results that
are presented forz5137.93 mm, exhibit a positive peak in th
distribution of the Reynolds shear stressu8v8 component, and
negative peaks in the distributions of the other two Reynolds sh
stress componentsv8w8 andu8w8 at r'60 mm~close to the inner
wall of the outlet tube!. This roughly the same region where a
the three Reynolds normal stress components exhibit a maxim

Fig. 14 Radial distribution of Reynolds normal stress compo-
nents on the measuring plane A-A in the inlet region of the
outlet-tube for Re Ä46,122

Fig. 15 Radial distribution of Reynolds shear stress compo-
nents on the measuring plane A-A in the inlet region of the
outlet-tube for Re Ä46,122
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at the samez-location, as can be seen in Fig. 14. The magnitu
of the Reynolds shear stress components on thesez-locations~in
the neighborhood of the outlet-tube! are generaly higher than th
one presented in Fig. 13. The pressure drop across the exit
section and the outlet-tube, and the flow rate, were measured
used to calculate the friction factor as a function of Reyno
number. The friction factor is defined as:

f 5~pin2pout10.5rwin
2 20.5rwout

2 !/~0.5rwin
2 ! (2)

where pin and pout are static pressures at the inlet and out
sections respectively, andwout is the mean velocity in the stream
wise direction along the outlet-tube~the outlet-tube diamete
dout50.05 m). The inlet pressurepin is taken as the atmospher
pressure and the outlet pressurepout is measured through the pre
sure tap on the wall of the outlet-tube atz5200 mm. The results
that are presented in Fig. 16 show that the friction factor decre
as the Reynolds number increases in the experimental ra
and its behavior can be described by the relation
f 5324 Re20.14443.

Conclusions
Measurements of the three mean velocity components and

Reynolds stress components are reported for three-dimens
turbulent flow in a model for the exit head section of a shell-a
tube heat exchanger with outlet-tubes. Measurements of veloc
in the test section are presented for only one intersectingu-plane
(u532 deg) as a function ofr and z. The results show that the
flow in that measuring plane A-A is nonuniform and complex
the region where the outlet-tubes are connected to the exit h
section of the heat exchanger. The fluid converges into the ou
tube with vortical motion and in that region the velocity comp
nents in the radial and streamwise directions are of the same o
of magnitude. The velocity distribution in that region is not sym
metric in either tangential or radial directions, because the ou
tubes are not symmetrically located relative to these two dir
tions. The tangential Reynolds normal stress componen
relatively low in the whole radial range atz541.38 and 82.76
mm. At z5124.14 mm, all of the Reynolds stress compone
~normal and shear! exhibit a peak at approximatelyr 560 mm
~close to the inner solid wall of the outlet-tube!. The results that
are presented forz5137.93 mm, exhibit a positive peak in th
distribution of the Reynolds shear stressu8v8 component, and
negative peaks in the distributions of the other two Reynolds sh
stress componentsv8w8 andu8w8 at r'60 mm~close to the inner
solid wall of the outlet-tube!. This is roughly the same regio

Fig. 16 Variation of the friction factor as a function of Rey-
nolds numbers
Journal of Fluids Engineering
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where all the three Reynolds normal stress components exhi
maximum at the samez-location. The magnitudes of the Reynold
normal and shear stress components in the neighborhood o
outlet-tubez.124.14 mm are higher than those measured in
hemispherical portion of the test section atz,124.14 mm. The
measured friction factor decreases as the inlet Reynolds num
increases from 27,097 to 45,010.

Acknowledgments
This work was supported in part by grants from the Nation

Science Foundation of China~NNSFC! ~No. 59676019!, the Re-
search Fund for the Doctoral Program of Higher Educat
~RFDP! ~No. 9589801!, and the US Department of Energy Gra
No. DE-FG02-03ER46067.

Nomenclature

Ain 5 inlet cross sectional area of the head section of
the heat exchanger

d 5 inner diameter of the outlet-tube
f 5 friction factor
p 5 pressure
Q 5 volume flow rate
r 5 radial direction~in cylindrical coordinates!

Rin 5 inlet radius of the heat exchanger head section
Rs 5 spherical radius of the heat exchanger head sec

tion
Re 5 Reynolds number5rwin(2Rin)/m
u 5 velocity component in theu-direction ~in cylindri-

cal coordinates!
u8u8 5 Reynolds normal stress component
u8v8 5 Reynolds shear stress component
u8w8 5 Reynolds shear stress component

v 5 velocity component in ther -direction ~in cylindri-
cal coordinates!

v8v8 5 Reynolds normal stress component
v8w8 5 Reynolds shear stress component

vx 5 velocity component in thex-direction ~in Carte-
sian coordinates!

vy 5 velocity component in they-direction ~in Carte-
sian coordinates!

vz 5 velocity component in thez-direction ~in Carte-
sian coordinates!

w 5 velocity component in thez-direction ~in cylindri-
cal coordinates!

win 5 average inlet streamwise velocity component
wout 5 average outlet streamwise velocity component

w8w8 5 Reynolds normal stress component
x, y, z 5 directions of Cartesian coordinates

Greek Symbols

m 5 dynamic viscosity
r 5 density
u 5 circumferential direction~in cylindrical coordinates!

References
@1# Chrisholm, D., 1980,Developments in Heat Exchanger Technology—I, Ap-

plied Science Publishers, London, England.
@2# Huppan, T., 2000,Heat Exchanger Design Handbook, Marcel Dekker, New

York.
@3# Shah, R. K., and London, A. L., 1978,Laminar Flow Forced Convection in

Ducts, Academic Press, New York.
@4# Kakac, S., and Liu, H. T., 1997,Heat Exchangers: Selection, Rating, an

Thermal Design, CRC Press, New York.
@5# Bremhorst, K., and Flint, P. J., 1991, ‘‘The Effect of Flow Patterns on t

Erosion/Corrosion of Shell and Tube Heat Exchangers,’’ Wear,145, pp. 123–
135.

@6# Yu, B., Nie, J. H., Wang, Q. W., and Tao, W. Q., 1999, ‘‘Experimental Study
the Pressure Drop and Heat Transfer Characteristics of Tubes with Inte
Wave-Like Longitudinal Fins,’’ Heat Mass Transfer,35, pp. 65–73.
JANUARY 2004, Vol. 126 Õ 79

cense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



i
e
l

n

M

i

35–

nd
E

l-
rk-
sity,

s,’’

Downl
@7# Halle, H., Chenoweth, J. M., and Wambsganss, M. W., 1984, ‘‘Shell S
Water Flow Pressure Drop Distribution Measurements in an Industrial-S
Test Heat Exchanger,’’ In: A Reappraisal of Shell Side Tube Flow in H
Exchangers,’’ 22nd Heat Transfer Conference and Exhibition, Niagara Fa
ASME, HTD 36, pp. 37–48.

@8# Zhang, C., 1994, ‘‘Numerical Modeling Using a Quasi-Three-Dimensio
Procedure for Large Power Plant Condensers,’’ ASME J. Heat Transfer,116,
pp. 180–188.

@9# Prithiraj, M., and Andrews, M. J., 1998, ‘‘Three Dimensional Numerical Sim
lation of Shell-and-Tube Heat Exchangers—Part I: Foundation and Fluid
chanics,’’ Numer. Heat Transfer, Part A,33, 799–816.

@10# Tao, W. Q., Nie, J. H., Cheng, P., and Wang, Q. W., 2001, ‘‘Numerical Sim
lation of Three-Dimensional Turbulent Flow in a Complex Geometry, w
LDV Experimental Confirmation,’’ Proceedings of 2nd ICHMT Symposium on
80 Õ Vol. 126, JANUARY 2004

oaded 04 Dec 2007 to 131.216.114.8. Redistribution subject to ASME li
ide
zed
at

ls,

al

u-
e-

u-
th

Advances in Computational Heat Transfer, Queensland, Australia, pp. 12
1242.

@11# Miller, R. W., 1996, Flow Measurement Engineering Handbook, 3rd ed.,
McGraw-Hill, New York.

@12# Wang, L. B., Tao, W. Q., Wang, Q. W., and He, Y. L., 2001, ‘‘Experimental a
Numerical Study of Turbulent Heat Transfer in Twisted Square Ducts,’’ ASM
J. Heat Transfer,123, pp. 868–877.

@13# Barnett, D. O., and Bentley, H. T., 1974, ‘‘Statistical Bias of Individual Rea
ization Laser Velocimeters,’’ Proceedings of the Second International Wo
shop on Laser Velocimetry, Engineering Extension Series, Purdue Univer
144, pp. 428–444.

@14# Moffat, R. J., 1988, ‘‘Describing the Uncertainties in Experimental Result
Exp. Therm. Fluid Sci.,1, pp. 3–17.
Transactions of the ASME

cense or copyright; see http://www.asme.org/terms/Terms_Use.cfm


