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University of Missouri—Rolla, Measurements of three-dimensional turbulent flow in the exit head section of a shell-and-
Rolla, MO 65409 tube heat exchanger were performed using three-component laser Doppler velocimeter.

The test geometry is half of a hemispherical cap with two outlet-tubes and with a cylin-

drical inlet section. Distributions of the velocity vector field, the three mean velocity

W. Q. Tao components, and the Reynolds stress components are reported, and the complex nature of

flow in the head section and in the neighborhood of the outlet-tube is quantified. The

Q. W. Wang radial and the streamwise velocity components are of the same order of magnitude in the

neighboring region of the outlet-tubes, and they are not symmetric relative to the center
plane intersection of the outlet-tubes. The friction factor that was measured across the exit
head section of the heat exchanger decreases as the Reynolds number increases from
25,000 to 50,000. These results are useful for validating turbulent flow simulation codes
and are needed for improving the design of the exit head section of shell-and-tube heat
exchangers[DOI: 10.1115/1.1637635
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Introduction Experimental Apparatus and Test Sections

More than 90% of the heat exchangers that are used in industryA schematic of the wind tunnel and the test section is shown in
(petroleum, chemical, power generation, and heating/alig. 1. It is an air tunnel that is composed of five sections: the
conditioning engineeringare of the shell-and-tube type desigmmeasurement section, the converging section, the stabilization sec-
[1]. In such a system, one fluid flows inside the tubes that atien, the diverging section, and the power section. The inlet sec-
encased in a shell, and another fluid flows through the shell atioh of the tunnel serves as the test section where velocity mea-
around the tubes. The shell is normally cylindrical in shape amdirements are madgection 3, and it is a simplified physical
has a hemispherical cap at one end. In the head section, a bafflmiglel (half of a hemisphere capf an exit head section of a
normally placed at the center of the hemispherical cap to separgtell-and-tube heat exchanger with two identical outlet-tubes that
the inlet flow to the tubes that are in the shell from the outlet flowre symmetric with respect to the symmetry plane of the hemi-
from the tubes as it leaves the shell. In this manner, one half of tigherical exit head section of the heat exchanger. The volume flow
hemispherical cap serves as the inlet head section and the offage through the tunnel is measured with a fluted t{seetion 4.
half serves as the exit head section of the heat exchanger. InfBitis fluted tube has an inner diameter of 50 mm and a length of 2
tubes are connected to the inlet head section, and outlet-tubesrareand is equipped with a multiport averaging Pitot tlib&] to
connected to the exit head section for bringing in and for takingeasure flow rate. Calibration and use of such fluted tube for
out the fluid that flows through the heat exchangers. The flomeasuring flow rate were reported by Wang ef &2]. The suc-
characteristics in the inlet head section influence the velocity disen of a blower with variable speed electric mofeection 6 was
tribution inside the heat exchanging tubes that are in the shell @ed to control and adjust the air flow rate through the tunnel.
the heat exchanger and the flow characteristics in the exit headin enlarged schematic of the test sectiarsimplified model of
section influence the velocity distribution in the outlet-tubes thalhe exit head section of a shell-and-tube heat exchanger with
are connected to the exit head section of the heat exchanger. Begtlet-tubeg is shown in Fig. 2. It is half of a hemispherical cap
tailed knowledge of the flow distribution within the heat exmounted with two outlet-tubes and with a cylindrical inlet section
changer and in its head sections helps in the design of reliable andts opening. The vertical wall in the head section is used to
efficient units. separate the inlet flow from the outlet flow of the heat exchanger.

Numerous guidelines and procedures have been publishegk inlet flow enters the inlet head section of the heat exchanger
[2—4] for designing and for determining the overall performanca its way to the tubes that are in the shell of the heat exchanger.
of shell-and-tube heat exchangers. In addition, few experimentfe exit flow from the tubes that are in the shell of the heat
[5-7] and numerical8,9] studies have been reported on the ovelexchanger enter the exit heat section on its way to the outlet tubes
all flow characteristics, heat transfer and fouling performance of the heat exchanger. The flow distribution in the exit head sec-
these heat exchangers. Unfortunately, most of the reported expgiin and in the region of the outlet tubes is the subject of this
mental studies have focused on the overall performance of t@dy. Air enters this exit head section of the heat exchatier
heat exchanger and did not report the dynamics of the internakt sectiojy converges into the outlet-tubes, passes through the
flow and its distribution. Such data and information are needed fgsllection section and the stabilization section where its volume
the optimization and the design improvements of heat exchangglsw rate is measured, and then exits through the diverging section
In addition, detailed flow measurements inside these heat eid through the suction blower. Some of the dimensions for the
changers are needed for validating simulation cqdé§ and the test section are listed as followBg=0.149 m,R;,=0.145 m, |

lack of such data motivated the present study. =0.001m, H=0.200m, H,=0.043m, L=0.082m, andd
=0.050 m.
*Corresponding author. The velocity measurements were performed with dual-probe,
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Fig. 1 Schematic of wind tunnel and test section

measuring probes of the LDV system was kept at 30 deg and th&ch point, data collection was programmed to acquire 64,000
Doppler signals were transmitted through fiber optics to a bursamples or to measure for a duration of two minutes, whichever
spectrum analyzer. The seeding partidlesving a mean diameter came first. Normally, the former criterion was satisfied except in
of less than 2um) were generated by a six-jet atomizer, andhe vicinity of the wall where particle arrival rates were reduced.
glycerin was used as the seeding fluid. The laser beams from fiee LDV software discarded data that was outside the range of
LDV system enter from the inletx( y) plane of the test section =3¢ from the mean value, and this filtering removed only the
(atz=0.0 mm), and the measuring probe volume can be moveddpurious data and not the valid turbulence data. The velocity bias
locations inside the test section by the 3K, {/, z) computer- correction technique used ensemble analysis as its basis, and ap-
controlled traversing system. The size of the probe volume wpBed a weighting function to each data point. The ensemble “cor-
approximately 6Qum in length, and the resolution of the traverseected” values can be obtained through the number of data points
system was 0.03 mm. and the weighting function. In the current software, the weighting
The LDV data acquisition system was operated continuously fanction is determined using the time between daD) points
the “coincidence” mode requiring simultaneous detection ofmethod[13]. In this method, the weighting function is the time
samples in three coordinate directions, i.e., from the same scatteztween each realization or inter-arrival time. The LDV system
ing particle. If any of the six laser beams from the two probes isas calibrated and the uncertainties for mean velocities were es-
blocked by the solid walls of the test section, coincidence metimated to be less tham 1.5% with a typical inlet average veloc-
surements could not be performé@thta was not acquired for anyity of 2.4 m/s. The results of many measurements at one point
of the velocity componentsTherefore, at the inletq y) plane of inside the flow field were checked at a fixed and steady flow rate
the test sectionZ=0.0 mm), the measuring probe volume can band the measured mean velocity was repeatable with deviations of
moved to almost any location on that intersecting plane. Howevégss than+0.6 % for the streamwise velocity component,)
for (x, y) planes that are deeper in the test geometry and in thad +1.5% for the other two velocities components @ndv,),
neighborhood of the outlet-tukiee. z>100 mm), a limited num- respectively. Uncertainties of the experimental results were esti-
ber of measurements could be made due to one or more of thated by using the root-sum-square methbd]. From the cali-
laser beams being blocked by the solid wall of the test section. Hmation of the measuring instruments, the uncertainties of mea-

)

(a) Side view (b) Top view

Fig. 2 Schematic for the exit head section of the heat exchanger
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Fig. 4 Laser Doppler system and the test section

\ hemispherical cap. Laser Doppler velocity measurements were
made only on the plane intersection 6% 32 deg with the test

g section(exit head section of the heat exchang@his plane is in
r the radial and vertical directions ,(z) where the tangential coor-
dinate is constant{= 32 deg). It passes through both the center
of the exit head sectionr &0.0 mm) and the center of the left
outlet-tube (=82 mm andf=32 deg) as shown schematically
by a top view as Section A-A in Fig.& A plane view of that
intersecting planéSection A-A in Fig. &) is shown in Fig. B,
and as can be seen it cuts both the hemispherical head section of
the heat exchanger and the outlet-tube. All the reported velocity
measurements were made on this plane and it will be identified
through the text as the measuring plane A-A. In the present study,
the Reynolds numbeiRe) is defined as Repw;,(2R,,)/u, where
w;, is the average streamwise velocity component at the inlet
plane ¢=0.0 mm) of the test section, the dengity and dynamic
viscosity (u) are taken as constanp€ 1.24 kg/n? and x=1.83
X 1075 kg/m-s). The average inlet air velocity is determined
through the expression of;,= Q/A;,, whereQ is the air volu-
ric flow rate measured by the fluted-tulsection 4 as shown
ig. D, andA,, is the cross-sectional flow area at the inlet plane
he test section.
Cartesian coordinates(y, z) are transformed to velocity com- The mean and turbuler_1t fluctuating velocity components were

N measured in the test section on the selected measuring plane A-A,

ponents @, v, w) in cylindrical coordinatesr(, 6, z), as shown in : ’
Fig. 3. It should be noted that the cylindrical coordinate will bgd the measurements of the mean velocity components are re

)

Fig. 3 Coordinates transformations for the traverse system
and the measured velocities

sured values for Reynolds numb@e), and friction factor ),
were determined to be 5.6%, and 7.2%, respectively.

The traverse mechanism of the LDV system moved along t
Cartesian coordinatex( y, z), where §, y) planes represents ot
planes that are parallel to the inlet plane to the test section, and .Eﬁ‘i‘:
z-coordinate represents the depth into the test section as showr&jq

Figs. 2 and 3. The measured velocity componenis ¢, v,) in

used to display the measured fluid velocities and their fluctuatio grted in Figs. 6 and 7 for Reynolds number of-RE122. The

. ; . S ' . sults in Fig. 6 represent a vector plot of the mean velocity on the
in the |_nvest|gated cyImdnqal-hemlspherlcal geometry. The tranlsﬁeasuring plane A-A, and they clearly show how the flow con-
formation from the Cartesian coordinates system(, z) that '

3 . . verges to the outlet-tube while velocity vectors change directions
describes the movements of the traversing system, to the cylin hd magnitudes due to changes in geometry. The velocity at the

cal coordinates r, 6, z) that describes the cylindrical- ; : ; :

. . . . inlet of the measuring plane A-Az& 0.0 mm) is relatively small
hemispherical shape of the exit head section geometry of the hegly' | icor\hile tr?epvelocity atFthe inlet) of the outlgt-tube in
exchangel(the test section is shown in Fig. & for the specific ’

case off= 6,. Similarly, the measured velocity componens (
vy, U,) in Cartesian coordinates are transformed to the velocity
components , v, w) in cylindrical coordinates for the specific ¢4

case of6= 6, by using Eq.(1) as shown in Fig. B: v a8
U= —v,C0sfy+uvysinb, or 82.76 |
v=—vysinf—v, COSH, 1 3 ,’ : T3%
w=v, r /.' o 107, 110.7) 7 ":’: L
A photograph that shows the laser Doppler system and the in| _. < b )
test section of the air tunnééxit head section of the shell-and- (,,'m.,)/
tube heat exchanger with two outlet-tupéspresented in Fig. 4. A
< LA/
Results and Discussions

Due to symmetry in the geometry of the test section, relative
the two outlet-tubes as shown in Figb 2the measuring effort is
simplified and reduced by restricting it to only one quarter of the

(a) Top view (b) A-A intersection

Fig. 5 Planes where measurements are made
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Fig. 6 Velocity vector field on the measuring plane A-A for

Re=46,122

the measuring plane A-A is relatively high and nonuniform. Th
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component ¢) decreases gradually as the flow enters the outlet-
tube on the measuring plane A-A.

Distributions of the measured three velocity components on the
measuring plane A-A are presented in Fig. 7 forR&122. It can
be seen from Fig. (&) that tangential velocity componena) is
small in the whole region of that plane, ranging betweeh to
0.5 m/s and the negative sign means that the velocity is in the
reversed-direction as denoted in Fig. 3. It is negative on most of
that plane, which means that fluid below the measuring plane A-A
(i.e., 6<32 deg) rotates in a clockwise directitas viewed along
z axis direction while fluid that is above the measuring plane A-A
(6>32 deg) rotates in a counterclockwise direction. This is due
to the fact that the centerline of the outlet-tube is not symmetric
relative to tangential direction in the test section, i.e. the centerline
of the outlet-tube is at 58 deg from the top half of the test section
and at 32 deg from the bottom half as shown in Figp)5The
larger flow area that exists above the- 32 deg plane is respon-
sible for making the average tangential velocity component (
negative on most of this plane. The results in Fig) Bhow that
the radial velocity componentv] on the measuring plane A-A
increases sharply close to the inlet of the outlet-tube due to the
gbrupt decrease in flow cross sectional area. That velocity com-

radial velocity component() is of the same order of magnitudepone“t ¢) is positive throughout that plane because fluid flows

as the streamwise velocity component) (in the neighboring re-

from the larger area at the inlet of that plare=(0.0 mm) toward

gion of the outlet-tube on the measuring plane A-A. The strearﬂ?e smaller area of outlet-tube.as show_n in Fig. 6. The results in
wise velocity componenty() increases and the radial velocityFig. 7(c) show that the streamwise velocity componem} on the
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(c) Contours of streamwise velocity component (w)

Fig. 7 Distribution of velocity components on the measuring

plane A-A for Re =46,122

Journal of Fluids Engineering

measuring plane A-A increases gradually from the inlet of that
plane to the inlet of the outlet-tube on that plane. On the measur-
ing plane A-A, the maximum of this velocity component occurs at
the center of the outlet-tube and its magnitude decreases gradually
to zero at the wall of the outlet-tube. These results clearly show
that the position of the outlet-tube influences significantly the ve-
locity distribution in the exit head section of the shell and tube
heat exchanger. Decreasing the nonsymmetry of the outlet-tube
could help in decreasing nonuniformity in the velocity distribu-
tion.

The previous results demonstrate that most of the variations in
the velocity field on the measuring plane A-A occur in the region
where the outlet-tube intersects with the hemispherical exit head
section of the heat exchanger. The region of€26160 mm and
57<r=<107 mm on the measuring plane A{the dashed area in
Fig. 5(b)) is investigated in more details in order to quantify the
velocity field in that region. The radial distributions of the three
mean velocity components on threg"“planes at the entrance
region of the outlet-tubez=120, 136 and 152 mjron the mea-
suring plane A-A are shown in Figs. 8, 9 and 10. The solid lines
that are shown in these figures represent a best fit to the measured
results. The streamwise intersectionzef 120 mm lies at the be-
ginning of the region where the outlet-tube intersects with the
hemispherical exit head section of the heat exchanger. The stream-
wise intersection of=136 mm lies in the middle of that region,
and the streamwise intersection of 152 mm lies at the end of
that region as shown schematically in Figbb

The results in Fig. 8 show the radial distributions of the three
mean velocity components on the measuring plane A-Az at
=120 mm for Reynolds numbers of 39,524 and 45,057. The tan-
gential velocity componentu) on that plane is negative on this
z-line and is relatively uniform until the centerline of the outlet-
tube ¢=82mm). Its negative magnitude starts to increase
sharply as the radial distance) (continues to increase. The radial
velocity component«) shows a peak value of about 4.5 m/s for
Reynolds number of 45057 at=73 mm (a distance smaller than
the centerline location of the outlet-tube that israt82 mm),
then decreases as the distance approaches the solid wall boundary
of the test section. The streamwise velocity componentghows
a peak of 15 m/s for Reynolds number of 45057 at approximately
r=82 mm (the location of the centerline of the outlet-typthen
its magnitude decreases as the distance approaches the solid wall

JANUARY 2004, Vol. 126 / 75
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Fig. 8 Velocity distributions on the measuring plane A-A at Fig. 9 Velocity distributions on the measuring plane A-A at
z=120 mm z=136 mm

boundary of the outlet tube. All of these three velocity compdW locations have similar geometries but differ in size. On these
nents (1, v andw) increase in magnitude with the increasingt:’vo z-lines, the tangential velocity componenf)(and the radial
Reynolds number, but they retain approximately the same gene s’oc!ty component «) are relatlvelyhlovxll, and the strgamvlwse
distribution. Similar trends in the results can be seen in Fig. 9 f§f'0CIty corpponekl:t\(/) increases as t ﬁfowi:ross sectlonaharea
z=136 mm on the measuring plane A-A, with the exceptions thggcreases from that at=41.38 mm to that az=82.76 mm. The

the peaks that were observed in two of these velocity distributiofi€amwise velocity component on the measuring plane A-A at
in Fig. 8 (for z=120 mm) do not appear at thislocation. The LN€S€ two locations develops a positive peak value at approxi-

results presented in Fig. 10 fa@=152 mm on the measuring matelyr =85 mm (a distance approximately equal to the center-

plane A-A show similar trends but with peaks in the distributionline location of the outlet-tuhe The further decrease in the cross

at roughlyr =65 mm (a distance smaller than the centerline locaSectional area at the streamwise locatiorz:efl24.14 mm causes

tion of the outlet-tubg It should be noted that the maximumthe fluid to accelerate and converge toward the outlet-tube with a
tangential velocity component} at z=152 mm, is positive and maximum tangential velocny componem)(qf -3 ”.Vs develop-

lies in the region ofr =60~65 mm. That velocity component N9 atr~90 mm. That velocity component is relatively small but
experiences significant variation in its magnitude and direction fSitive in the region betweean=20 to 50 mm, and it is negative
this region as the fluid enters the outlet-tube. Baffles or simil&f" larger radial distances, implying a vortical clockwise type flow
structures could be installed in the exit head section of the hd3f° th? outleht—tube T‘t tr;]lz-plane. Similar conclusion could ?e
exchanger to improve the quality of the flow in the outlet-tubesdr@wn from the results that are presented in Figa. 10he radia

Radial distributions of the three mean velocity components Jff/CCity componenty) reaches a maximum of about 5 m/s, and
the measuring plane A-A are presented in Fig. 11 for thrage streamwise velocity component/( reaches a maximum of

z-locations ¢=41.38 mm, 82.76 mm and 124.14 mior Re 2 out 16 m/s at~70 mm. The streamwise velocity component
=46122. The line oz=41.38 mm lies in the cylindrical section experiences the greatest cha_nge due to the greatest change in the
of the exit head section of the heat exchanger. The line gfoss sectional area. Its maximum of about 16 m/s that occurs at

z=82.76 mm lies in the hemispherical region, and the line df 124.14 mm is about four times the maximum that occurs at

z=124.14 mm lies in the region where the outlet-tube intersects 41-38 mm.

with the hemispherical cap of the exit head section as shown inRadial distributions of the Reynolds normal stressesu(,

Fig. 5b. The outer solid wall boundary of the test section at thes€v’ andw’w’) on the measuring plane A-A at three selected
z-locations are at =145 mm, 125.64 mm, and 107 mm, respecstreamwise locationszE& 41.38, 82.76 and 124.14 mrare shown
tively. Distributions of the three mean velocity componentz atin Fig. 12 for Re=46122. The interference of the solid wall
=41.38 mm andz=82.76 mm are similar in nature since thesdoundaries of the test section with the laser beams of the LDV
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Fig. 10 Velocity distributions on the measuring plane A-A at Fig. 11 Radial distribution of mean velocity components on
z=152 mm the measuring plane A-A for Re =46,122

system atz=82.76 and 124.14 mm limits the number of data
points that can be taken on these locations as can be seen from
Figs. 11-13. The Reynolds stresses are normalized based on the

inlet average streamwise velocity componemt,j, which is o 03
2.347 m/s for Re46122. The solid lines that appear in these
figures are an attempt to connect the experimental points whi °#1 n o720 38mm e

—&—z=124.14mm 0.24 —&— z=124.14mm

smoothing the transition from one point to the other. Figur@l2 ]
shows that the tangential Reynolds normal stress componer,

u'u’, is relatively low on the measuring plane A-A in the wholelz **]
radial direction az=41.38 and 82.76 mm. At=124.14 mm, a 00s{ /%
peak appears to developrat 65 mm(near the inner solid wall of
the outlet tube that is at=57 mm), and a minimum value ap- — ——
pears to develop at~75 mm (near the centerline of the outlet 2 e W 20 o
tube that is at =82 mm). The points that appear in the figure on
az=124.14 mm and>82 mm are below the orginal hemispheri-
cal surface shape of the test section, and are inside the domain 104 o2z e samm
the outlet tube. The tangential velocity component is negative i —e— 2= 124.44mm
that region, and the wall of the outlet-tube starts to influence sic
nificantly the behavior on the tangential Reynolds normal stres - 405
component in that region. Figure (2 shows that the radial Rey- ‘g
nolds normal stress component (') is also low on the measur-

ing plane A-A in the whole radial range at=41.38 and 82.76 021
mm. At z=124.14 mm, one peak develops at abost65 mm ol e
(close to the inner solid wall of the outlet-tuband that is in the HA 0 ey 0 1 M0
same general location where the peak tangential Reynolds norn
stress componenti(u’) develops, as seen in Fig. (B2. Another

peak appears to develop on tli¢ocation atr ~100 mm(close to  Fig. 12 Radial distribution of Reynolds normal stress compo-
the outer solid wall of the outlet-tube that israt 107 mm). Fig- nents on the measuring plane A-A for Re  =46,122

0.004

@ ®)

(©
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Fig. 13 Radial distribution of Reynolds shear stress compo- Fig. 14 Radial distribution of Reynolds normal stress compo-
nents on the measuring plane A-A for Re  =46,122 nents on the measuring plane A-A in the inlet region of the

outlet-tube for Re =46,122

ure 12c) shows that the peak values in the distributions of the

streamwise Reynolds normal stress componerity(') also de- Stress components is that they all exhibit a lower value in the
velop in the same general regions b 124.14 mm. The maxi- region near the centerline of the outlet-tubbe=82 mm) at these
mum value of the streamwise Reynolds normal stress componéﬂ@C&tiOﬂS. Radial distributions of the Reynolds shear stress com-
(w’w’) is about four times higher than the maximum values dfonents ¢'v’, v'w’ andu’w’) on the measuring plane A-A are
the tangential and the radial Reynolds normal stress componetgsented in Fig. 15 for the sarrdocations as the ones presented
The peaks that develop in Fig. (£2 at z=41.38 mm and 82.76 in Fig. 14 (z=117.24, 137.93 and 151.72 mnThe results that
mm are due to the proximity of these locations to the solid bounée presented foz=137.93 mm, exhibit a positive peak in the
ary and symmetry line of the hemispherical test section. The soliistribution of the Reynolds shear stres&’ component, and
wall boundary of the test section at thesdocations are ar  negative peaks in the distributions of the other two Reynolds shear
=145 and 125.64 mm, reSpeCtiVer. Rad|a| diStribUtiOnS Of tlﬂgress Componenw andm atr%60 mm(c|OSe to the inner
Reynolds shear stress component&(, v'w’ andu’w’) on the wall of the outlet tubg This roughly the same region where all
measuring plane A-A at three streamwise locations-41.38, the three Reynolds normal stress components exhibit a maximum
82.76 and 124.14 mjrare presented in Fig. 13 for Rel6,122.

The results for the Reynolds shear stress components are normal-

ized based on the average inlet velocity;{=2.347 m/s for Re o
=46,122). The Reynolds shear stress componght,, is rela- 0s ] oy eti7 20mm
tively low at z=41.38 and 82.76 mm. All three shear stress com Sl | 0o

ponents az=124.14 mm have a positive peak value in the sami  °*]
general radial location of about=60 mm, similar to what was s/
observed for the Reynolds normal stress components on the saI

>
£
0.

z-location as can be seen in Fig. 12. Bathw’ andu’w’ are 041 —o—z=117.24m
negative over most of the radial range fo=41.38 mm, and ™ i
82.76 mm, while az=124.14 mm they exhibit both positive and ez I % s
negative peaks.  (mm) * (mm)

Radial distributions of the Reynolds normal stress componen @ ®)
(u'u’, v'v" andw’w’) on the measuring plane A-A are pre-
sented in Fig. 14 for three-locations that are in the neighborhood
of the outlet-tube £=117.24, 137.93 and 151.72 mnThe inter-
ference of the solid wall boundaries of the test section with th
laser beams of the LDV system at these locations, limits the nun s
ber of measuring data points that can be taken as can be seen fr i
Figs. 14 and 15. Very limited number of measurements could k
made atz=151.72 mm. The Reynolds normal stress component:
u’'u” andv'’v’, are relatively low in most of the radial range at o7
z=117.24 mm. All three Reynold normal stress components de
velop a peak at~60 mm(near the inner solid wall of the outlet
tubg at z=137.93 mm. The magnitudes of the Reynolds normal
stress components at theséocations(in the neighborhood of the Fig. 15 Radial distribution of Reynolds shear stress compo-
outlet-tubg are higher than those presented in Fig. 12. One of th@nts on the measuring plane A-A in the inlet region of the
common feature in the radial distributions of the Reynolds normaiitlet-tube for Re =46,122

—0—z=117.24mm
—e— z=137.93mm
Y wt—z=151.72mm

S o 100 120 140
r(mm)

©
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90 where all the three Reynolds normal stress components exhibit a
maximum at the samelocation. The magnitudes of the Reynolds
normal and shear stress components in the neighborhood of the
outlet-tubez>124.14 mm are higher than those measured in the
hemispherical portion of the test sectionzat124.14 mm. The

801 measured friction factor decreases as the inlet Reynolds number
increases from 27,097 to 45,010.
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60. ' ' Nomenclature
25000 30000 40000 50000

Re A, = inlet cross sectional area of the head section of
the heat exchanger

inner diameter of the outlet-tube

= friction factor

Fig. 16 Variation of the friction factor as a function of Rey- d
f
p = pressure
Q
r

nolds numbers

= volume flow rate

at the same-location, as can be seen in Fig. 14. The magnitudes = radial direction(in cylindrical coordinates

of the Reynolds shear stress components on thdseations(in R;, = inlet radius of the heat exchanger head section
the neighborhood of the outlet-tubare generaly higher than the Rs = spherical radius of the heat exchanger head sec-
one presented in Fig. 13. The pressure drop across the exit head tion
section and the outlet-tube, and the flow rate, were measured and Re = Reynolds number pw;,(2R;,)/ u
used to calculate the friction factor as a function of Reynolds u = velocity component in th&-direction (in cylindri-
number. The friction factor is defined as: cal coordinates
’ [A—
f=(p;,— pout+O'5PWi2n_o'5pW(2)ut)/(o-5pWi2n) ) u’'u’ = Reynolds normal stress component
u’'v’ = Reynolds shear stress component

whet_re pi, and |ot(_,ut Iare static %essures atI th_? |_nI¢iL anfl outlet u'w’ = Reynolds shear stress component
sections respectively, amd,,, is the mean velocity in € stream- v = velocity component in the-direction (in cylindri-
wise direction along the outlet-tub&he outlet-tube diameter cal coordinates

dout=0.05 m). The inlet pressung,, is taken as the atmospheric

pressure and the outlet pressprg, is measured through the pres- Y v~ = Reynolds normal stress component
sure tap on the wall of the outlet-tubezt 200 mm. The results v'w’ = Reynolds shear stress component
that are presented in Fig. 16 show that the friction factor decreases ~ Ux = Velocity component in the-direction (in Carte-
as the Reynolds number increases in the experimental range, sian coordinatgs
and its behavior can be described by the relation of vy = Vvelocity component in thg-direction (in Carte-
f =324 R 0-14443 sian coordinatgs
v, = velocity component in the-direction (in Carte-

Conclusions sian coordinates

) w = velocity component in the-direction (in cylindri-

Measurements of the three mean velocity components and the cal coordinates

Reynolds stress components are reported for three-dimensional , ~— average inlet streamwise velocity component
turbulent flow in a model for the exit head section of a shell-and- ;= average outlet streamwise velocity component
tube heat exchanger with outlet-tubes. Measurements of velocities {77 7+ _ Reynolds normal stress component

in the test section are presented for only one intersectiptane
(=32 deg) as a function af andz. The results show that the
flow in that measuring plane A-A is nonuniform and complex ifsreek Symbols

X, Yy, z = directions of Cartesian coordinates

the region where the outlet-tubes are connected to the exit head ,, — gynamic viscosity
section of the heat exchanger. The fluid converges into the outlet- ', — gensity
tube with vortical motion and in that region the velocity compo- g = circumferential directiorin cylindrical coordinates

nents in the radial and streamwise directions are of the same order

of magnitude. The velocity distribution in that region is not sym-
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