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Experimental Investigation of the
Flow Distribution Inside a Tubular
Heat Exchanger
The velocity field inside a new concept of heat exchanger, which is a component of a high
protons linear accelerator, is investigated experimentally in order to validate the design.
A full scale facility with optical accesses is used for the measurements by particle image
velocimetry. The choice of the technique is set by the three-dimensional and strongly
unsteady structure of the flow. A filtering procedure is applied to the recorded images
before processing the velocity field with an optical flow algorithm using dynamical pro-
gramming. The distribution of the velocity between the different tubes of the heat ex-
changer shows a large scatter of flow rate between these tubes. In addition, the turbu-
lence characteristics are presented. �DOI: 10.1115/1.2353277�
Introduction
Although a flow developing inside a rectilinear duct is well

nown, the understanding of the behavior of fluid motion inside a
ystem of branching tubes is difficult. One can argue that linear
nd singular head losses are tabulated �1�, but they are not appli-
able to complex tube branching and cannot give a precise de-
cription of the velocity field. However, such geometries are of
nterest in many applications, but there is a lack of information
bout them. Investigations have been conducted for Y-shape bifur-
ations, such as the lung bifurcations flows. This geometry is
haracterized by a network of repeatedly bifurcating tubes with a
iameter decreasing progressively, each bifurcation is forming an
ngle of around 70 deg between the two downstream tubes. The
eynolds number is less than and of the order of 10,000. The first
xperiments were conducted with intrusive techniques, such as
ressure probes and hot-wire anemometry �2,3�. Fractal-like
ranching channel networks were analyzed numerically with tem-
erature effect �4�. The lung bifurcations flows are oscillatory
ows, and visualizations have been carried out �5�. The issue of
rops dynamics inside the lung geometry has been studied nu-
erically using a boundary integral formulation �6�. Recent nu-
erical simulations have also been done for a better understand-

ng of the flow structure and particle deposits �7,8�. Extensive
nvestigations have been conducted with laser Doppler velocim-
try �LDV� and particle image velocimetry �PIV� oscillatory flows
9–12�. Another type of Y-shape bifurcation flow is the blood flow
n arteries, with geometry close to that of the lung bifurcation
13�. Doppler ultrasonic velocimetry measurements and visualiza-
ions have been conducted inside the Y-shape bifurcation of a
ectangular section channel with different bifurcation angles �14�.

variation of the Y-shape bifurcation is the 45 deg junction in-
estigated for laminar inlet conditions �15�. An industrial domain
f application of branching tube flows is flat plate solar energy

Contributed by the Fluids Engineering Division of ASME for publication in the
OURNAL OF FLUIDS ENGINEERING. Manuscript received July 7, 2005; final manuscript

eceived May 15, 2006. Assoc. Editor: Malcolm J. Andrews.

218 / Vol. 128, NOVEMBER 2006 Copyright ©

ded 18 Feb 2010 to 129.175.154.91. Redistribution subject to ASM
collectors �16�. In that geometry, there is a straight-angle bifurca-
tion, and the change in diameter between the upstream and down-
stream tubes generates strong singularities and recirculation re-
gions. PIV measurements have been conducted in a 90 deg
bifurcation under pulsating conditions, within a rectangular sec-
tion channel �17�.

The present work reports the measured flow inside a new heat
exchanger design, which is a component of a high-current protons
linear accelerator, for inlet flow rates in the operating range
3–15 l /min. The objective is to provide a complete set of data for
understanding the fluid dynamics inside the exchanger and for
future comparison to numerical simulations for a validation of the
design. Its geometry is three-dimensional and combines bifurca-
tions with an angle of 70 deg and orthogonal branching of six
tubes with a change of diameter. This geometry is original, and the
turbulence characteristics are helpful for understanding heat trans-
fer. Particular attention is devoted to the comparison of the mea-
sured velocity distribution between each of the six tubes because
the flow rate distribution inside the tubes is the main technological
issue.

2 Experimental Setup

2.1 Hydraulic Loop. The hydraulic loop is made of a water
circuit to feed the heat exchanger model �Fig. 1�. A single stage
radial pump rotating at a nominal speed of 2850 rpm permits the
water circulation inside the closed-loop circuit. It is fed by a 30 l
water tank with a bypass on the pump outlet. Downstream of the
pump, there is a regulation valve and two flowmeters for the mea-
surement of the inlet flow rate. The water goes through the heat
exchanger model and comes back toward the feeding tank. Flow
seeding is provided by 10 �m dia glass spheres coated with a
silver film; their density is 1400 kg/m3.

2.2 Heat Exchanger Model. The new concept of the heat
exchanger for cooling the high-current protons accelerator is

given in Fig. 2. It depicts a complex three-dimensional geometry
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ith changes in the duct diameter.
A full-scale heat exchanger model is made with aluminum and

lass, this latter material permitting an easy optical access inside
he central part of the tubes �Fig. 3�. The heat exchanger consists
f, following the flow direction: an inlet duct; an inlet collector
eeding six parallel glass tubes, each one with a length of 44 mm;
n outlet collector; and an outlet duct. The ducts and collectors are
mm dia, whereas the inside diameter of the tubes is 4 mm. The

ix parallel tubes and the inlet and outlet ducts are in the same
lane, but the inlet collector is forming an angle of 25 deg with
he parallel tubes plane, whereas the outlet collector is forming an
ngle of 155 deg with it. The exit of the inlet duct is located in
ront of tube number 2 and the entry of the outlet duct is in front
f tube number 5. A stand-alone tube �on the right side of Fig. 3�
ith the same dimensions is placed on the model frame and can
e fed by the water circuit, allowing the validation of the mea-
urement technique on a well-known flow established inside a
ectilinear channel. An additional tube �on the left of Fig. 3� con-
ains a calibration target immersed in water for the measurement
f the camera magnification.

2.3 Particle Image Velocimetry Apparatus

2.3.1 Laser Emission Device and Camera. Light emission is
chieved with a laser YAG Quantel Twins Ultra, consisting of two
ources emitting a 532 nm light flash with an energy of 30 mJ by
ulse. Each pulse is 6 ns long. A cylindrical lens placed at the
ead emission end creates a light plane, which is directed toward
he region of measurement by the means of a plane mirror. The
mage recording system consists of an 8-bit camera with 768

484 pixels, its focal depth is 25 mm. The image magnification

Fig. 1 Hydraulic loop
Fig. 2 View of the new heat exchanger model
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is 2.4. A Quantel DPS 01 box achieves the synchronization be-
tween laser emission and camera recording by the variation of the
lag between two pulses. The laser emission head and the camera
are placed on a one-axis traversing system to successively explore
the flow inside each of the six tubes �Fig. 4�. The axial translation
accuracy is 1 �m. The laser sheet thickness is 0.25 mm and
passes through the tube diameter without deviation along the tube
height, forming an angle of 45 deg with the tube’s alignment axis.

2.3.2 Optical Flow With Dynamical Programming. The
method used for particle image displacement calculation is the
optical flow using dynamical programming �18,19�. It is based on
the minimization of the Minkowski Lp norm between two succes-
sive images. A division of the image in smaller and smaller slices
allows the calculation of a displacement field by orthogonal itera-
tions. The advantage of this method over other PIV methods is its
ability to provide a high density field of one vector calculated by
pixel, with high accuracy in the regions of strong gradient. Mea-
surements are conducted with a mean ten pixel particle displace-
ment between successive images. Thus, the time delay between
two flashes is adjusted for the velocity inside the tube, and is
varied from 84 �s to 422 �s. With this set of parameters, the
measurement accuracy is 1/32 pixel, which corresponds to a rela-
tive velocity accuracy of 0.31%.

2.3.3 Image Filtering. A simple image-filtering method was
developed in the course of this work and is compared to classical
image-filtering techniques �20�. During the experiment setting,
particular attention is devoted to laser light positioning and to the
suppression of all the undesirable light reflections. However, some
reflections remain in the recorded images and can alter the PIV
processing �Fig. 5�a��. In order to eliminate these optical noise
sources, it seems easy to subtract from an image with flow, an
image recorded without flow where only undesirable reflections
are present. But such a reference image is impossible to get
straightforward because of the presence of the tracers in the flow,
which modifies the background scattered light. An alternative to
that issue is addressed in the average of all the recorded images
with tracer images, statistically equally distributed in the measure-
ment field. That reference image retains the undesired reflections
and is well known for image subtraction in PIV measurements
�21�. But this process implies a background noise estimate altered
by the average of the particle traces. In addition, the average is
affected by the light source variation with time. The image filter-
ing obtained with this method is given in Fig. 5�b�. Another clas-
sical way to obtain a reference image is to erode the initial image,
which removes any isolated cluster, followed by a dilatation of the
gray level. As a result, the only remaining traces are light reflec-
tions. This image can be used to filter the initial image, as it is
presented in Fig. 5�c�. To get rid of the light variation between the

Fig. 3 Heat exchanger model
two sources and with time, an original and very simple method

NOVEMBER 2006, Vol. 128 / 1219

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



h
W
r
t
t
t
a
fi

F
w
d
a

1

Downloa
as been implemented, which is compared to the previous ones.
e have chosen to subtract to each image number n, the image

ecorded with the following flash coming from the same source,
hat is to say image number n+2 �Fig. 5�d��. It is worth noticing
hat almost no tracer identified on the rough image is rejected by
his operation. The filtering residual can be estimated with the
utocorrelation of the images. The zero correlation peak is identi-
ed on the images with any of the three filtering methods �Figs.

Fig. 4 Laser emission he

ig. 5 Comparison between „a… a rough image, „b… an image
ith mean background noise subtraction, „c… with an eroded-
ilated noise image subtraction, and „d… with subtraction of im-
ges n and n+2

Fig. 6 Comparison between „a… the a
age, „b… with mean background noise

noise image subtraction, and „d… with su
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6�b�–6�d��, while the same peak is mixed with noise if no correc-
tion is applied �Fig. 6�a��. The cross-correlation of two successive
images, without and with filtering, is given in Fig. 7. A correlation
peak in zero is remaining with the method based on the erosion-
dilatation �Fig. 7�c��. It is worth noting that, with the filtering by
the subtraction of image n and n+2, as for the filtering with an
averaged image, there is no residual zero displacement correlation
peak, the only peak identified corresponds to the mean displace-
ment of ten pixels. Figure 8 quantifies the improvement obtained
by this processing with the histogram of the x average for the
rough and filtered images �on the left� and with the cut of the
cross-correlation at �y=0 �on the right�. One can observe the
secondary peak at �x=0 for the cross-correlation of the rough
image, which vanishes completely on the filtered images. The
only noticeable difference between the two filterings is the re-
maining wall tube reflections �Fig. 8, on the left, circle�, which for
filtering with an averaged image, is higher by a factor 2 in com-
parison to the filtering by subtraction of image n and n+2. Finally,
the method based on the filtering by subtraction of image n and
n+2 is used for this study.

2.3.4 Optical Deformations Correction. The optical path in
the tube radial direction is modified by the presence of three me-
dia, air, glass, and water. The solution generally employed to re-
duce optical distortions with round tubes is to enclose the experi-
mental setup within a rectangular water-filled box. In fact, an
alternative solution was used for this study. The interfaces be-

and its translation system

correlation function of the rough im-
btraction, „c… with an eroded-dilated
ad
uto
su
btraction of images n and n+2
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ween air and glass, and between glass and water, generate light
efractions and thus a deformation of the laser sheet image inside
he tube and of the tracer image displacements �Fig. 9�. A distance

inside the visualization plane will be observed as an apparent
istance ra inside the plane of the image of the camera, as a
onsequence of the angular deviations �2, �3, �1, �2.

The relationship between these two positions is obtained by
olving

• Snell-Descartes equation for the interface between each
medium

n1sin �1 = n2sin �2

n2sin �2 = n3sin �3

• The relationships of optical geometry provide the expres-
sions for the angles �2, �3, �1, �2

sin �2 =
n1

n2

ra

Ri

Fig. 7 Comparison between the cros
rough images, „b… with mean back
eroded-dilated noise image subtractio
and n+2

Fig. 8 Histogram of a rough image, w
and with subtraction of images n and

=0 for a couple of the same images „righ
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sin �3 =
n1

n3

ra

Ri

sin �1 =
ra

Ri + e

sin �2 =
n1

n2

ra

Ri + e

with the values of the refraction indices for air n1=1, for glass
n2=1.5, for water n3=1.33, and the internal tube radius Ri
=2 mm and its thickness e=1 mm. The solution of this set of
equations results in the apparent radial distance ra as a function of
the real radius r given by the expression plotted in Fig. 10

orrelation function of „a… a couple of
und noise subtraction, „c… with an
and „d… with subtraction of images n

mean background noise subtraction
+2 „left… and cross-correlation at �y
s-c
gro
n,
ith
n

t…
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ra = r
n3

n1
cos��3 − ��1 − �2 + �2��

his correction is taken into account for the radial positions for
he measured displacements before velocity processing.

Results and Discussion
The flow inside the heat exchanger is investigated for flow rates

etween 3 l /min and 15 l /min, which correspond to inlet Rey-
olds numbers varying from 7960 up to 39,760. As the glass tubes
re fixed in the aluminum frame and the camera positioning can-
ot be changed along the tube height, only the central half of the
ubes length is explored in the plane of symmetry passing though
he cylinder axes.

3.1 Error Analysis. We recall that PIV measurements are
onducted with a mean ten pixel particle displacement between
uccessive images. The time delay between two flashes is adjusted
or the velocity inside the tube and is varied from 84 to 422 �s,
ccording to the flow rate under consideration. With this set of
arameters and the use of optical flow with dynamical program-
ing for image displacement calculation, the measurement accu-

Fig. 9 Light path deformation caused by the different media
Fig. 11 Mean axial velocity distribution in
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racy is 1 /32 pixel, which corresponds to a relative velocity accu-
racy of 0.31%. The experimental results are obtained with the
recording of 600 images providing 300 PIV fields for each tube.
The average of these fields gives the mean velocity field inside
each of the six heat exchanger tubes, with maximum statistical
confidence accuracy on the mean velocity of 0.1m/s, correspond-
ing to a maximum relative error of 2.5%. For the variances of the
axial and radial velocity fluctuations and the shear stress of the
axial-radial velocity fluctuations, the maximum statistical confi-
dence accuracy is 0.015 m2/s2 corresponding to a maximum rela-
tive error of 5%.

3.2 Mean Flow. Mean velocity inside the measurement plane
is obtained by PIV measurements. In order to analyze the flow
behavior inside the six tubes, a grayscale map of the mean veloc-
ity field is provided for the central area of the tube, corresponding
to the PIV camera field, with the same grayscale for each tube in
Fig. 11, for the same inlet flow rate condition. The x-axis origin is
located 11 mm downstream of the inlet collector-tube connection.
We observe the axial evolution of the velocity profile. The distri-
bution is strongly nonhomogeneous between the tubes, with a
maximum velocity inside tube 2 and a minimum velocity inside
tube 3. Figures 12 and 13 display the axial and radial velocity
profiles inside the tubes for three axial positions of the investi-
gated region. Inside tube 2, a strong axial velocity gradient is

Fig. 10 Apparent radius function of the true radial position
the tubes for the inlet flow rate 12 l /min
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resent along a diameter for the first explored axial distance �x
0 mm�. The velocity is smooth in the middle of the explored
indow �x=10 mm� and tends toward the inversion of the gradi-

nt for x=20 mm. This is evidence of the presence of a strongly

Fig. 12 Radial evolution of the axial velocity for three axia
onestablished three-dimensional flow. The same behavior is
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found inside the other tubes. As the radial velocity and its gradient
are small, the continuity equation yields to a strong gradient of the
tangential velocity in the direction of the azimuth, which is not
measured in the study. Tube 3 displays an axial velocity smaller a

sitions inside the tubes and for the inlet flow rate 12 l /min
l po
factor of 4 from tube 2. The radial gradient has the same shape at

NOVEMBER 2006, Vol. 128 / 1223
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=0 mm, but is inversed for x=10 mm and shows an established
rofile for x=20 mm, which is consistent with the lower Reynolds
umber inside this tube. The radial velocity component and gra-
ient remain low and are represented with a smaller scale in Fig.
3. The larger amplitude is found in tube 2 where the axial veloc-
ty is a maximum value. The heat transfer coefficient is propor-
ional to the axial velocity gradient near the wall. As the axial

Fig. 13 Radial evolution of the radial velocity for three axia
elocity is zero on the wall, although it is not measured for this

224 / Vol. 128, NOVEMBER 2006
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particular position, the greater the velocity inside a tube is, the
larger the velocity gradient. The larger heat transfer between the
fluid and the exchanger is obtained for tube 2. We observe on the
axial velocity �Fig. 12� that the heat transfer is asymmetric inside
each tube in the first half of the length and tends to a uniform
distribution when the flow reaches an established velocity profile.

sitions inside the tubes and for the inlet flow rate 12 l /min
l po
3.3 Velocity Distribution Between Tubes. The velocity is

Transactions of the ASME
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Fig. 14 Averaged reference velocity Uq distribution inside the tubes for five inlet flow rates
Fig. 15 Variance of the axial velocity fluctuations for the inlet flow rate 12 l /min
Fig. 16 Variance of the radial velocity fluctuations for the inlet flow rate 12 l /min
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veraged in the radial and axial directions and the distribution of
he reference velocity Uq between the six tubes of the heat ex-
hanger is displayed in Fig. 14, for five inlet flow rates varying
rom 3 l /min to 15 l /min. It has been checked that this reference
elocity Uq is not far from the flow velocity through each one of
he tubes by comparing the inlet flow rate measured with the flow

eters to the integration of the measured velocities along the six
ubes. For every inlet flow rate, the velocity distribution along the
ubes shows a minimum value for tube 3 and a maximum value
or tube 2, with a second local maximum value for tube 5. In fact,
careful examination of the heat exchanger geometry proves that

ube 2 is in front of the junction between the inlet collector and
he inlet duct and tube 5 is in front of the junction between the
utlet collector and the outlet duct, which makes a traversing flow
asier. This must be the reason why higher axial velocities are
ound inside these tubes for any flow rate.

3.4 Turbulent Flow. The statistical convergence of the
econd-order moments of velocity fluctuations is obtained with an
stimated accuracy of 0.05 m2/s2 or a relative error of 0.3%. The
ariance of the axial velocity fluctuations �Fig. 15� shows a maxi-
um intensity in the beginning of the investigation region and in

he wall neighborhood of tube 2, which is the channel with the
aximum flow rate. Note the dissymmetry of the variance of axial
uctuations with higher levels in the left part of the tube. That is

he evidence of a recirculating region, which is present after the
ollector-tube connection and which spreads in the first third of
ube 2. The turbulence is lower in the other tubes, especially in-
ide tube 3, where the mean velocity is the lowest. Similar com-
ents can be made for the variance of the radial velocity fluctua-

ions �Fig. 16�. The turbulence feature for the radial component is
ore symmetrical inside tube 2 than it is for the axial component.
igure 17 presents the axial-radial shear with higher amplitude
nd dissymmetry for tube 2. The large central negative region is
ypical of the recirculation coming from the connection between
he inlet collector and tube 2. This is the evidence that the flow is
ighly anisotropic inside this tube.

Conclusion
The flow inside a heat exchanger, which is a component devel-

ped for cooling a high-current protons linear accelerator, has
een investigated experimentally. A full-scale water model has

Fig. 17 Shear stress of the axial-radial velo
een built for the study, and a PIV system has been implemented
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on the setup. The noise light refraction and displacement distor-
tions inside the tubes have been corrected. Regarding the fluid
dynamics inside the heat exchanger, the study focused on velocity
distribution between each one of the small tubes. It is found, for
the range of investigated inlet Reynolds numbers, that velocity
distribution among the tubes does not depend on the flow rate.
The global velocity field shows three-dimensional features. The
velocity reaches a maximum value in tube 2 and a minimum value
in tube 3, with a second relative maximum value in tube 5. For
every inlet flow rate, the velocity ratio between tubes 2 and 3 is 4.
The heat transfer coefficient is proportional to the velocity gradi-
ent near the wall, and it is asymmetric inside each tube in the first
half of the length and tends to a uniform distribution when the
flow is established. The larger velocity gradient inside tube 2 pro-
vides a larger heat transfer coefficient and a better heat transfer
efficiency than the other tubes. The turbulent components mea-
sured show higher levels inside tube 2, which will be more effi-
cient in terms of heat transfer.
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