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a b s t r a c t

In this investigation, full-field velocity profiles of jet flows impinging into a rod bundle were measured
using Particle Image Velocimetry (PIV) technique in a facility with Matched-Index of Refraction. The test
section consisted of a 1 m long rectangular channel with a cross-sectional area of 76.2 � 76.2 mm2. Water
was pumped through either single or double jets located on the top wall of the channel. The Reynolds
numbers of the inlet jets were varied from 4470 to 13,400. Inside the channel adjacent to the inlet jets,
a rod bundle was configured with 29 staggered tubes of 10.67 mm outside diameter (O.D.). The time-
resolved velocity fields were obtained for regions within the rod bundle from which the vorticity fields
and the turbulent characteristics of those regions were calculated. The results are useful for developing
new models to help predict the flow patterns in the lower plenum of Gas Cooled Reactors.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The proposed development of the Next Generation Nuclear
Plants (NGNPs) holds great promise as a viable solution to bur-
geoning global energy needs. The NGNP has the opportunity to en-
sure the sustainability of nuclear energy through its efforts to
improve the fuel cycle, reprocessing and fuel treatment. The Very
High Temperature Reactor (VHTR) is one of the six designs pro-
posed to meet the needs of the Generation-IV reactors because of
its high efficiency in electricity production [1]. However, develop-
ment of the VHTR systems, and other advanced systems, will re-
quire the enhancement of current – and development of new –
predictive methods utilized to model the phenomena associated
with a nuclear power production plant. Particularly, modeling sys-
tem’s thermal hydraulic behavior is essential to the development
of predictive methods for performance studies of new reactor de-
signs. Therefore, the study of flow structure within the core of a
VHTR, whether a prismatic block or a pebble-bed core, is of great
importance. In the present study, investigations were conducted
to study physical phenomena expected in a prismatic core NGNP,
especially the flow of high temperature helium coolant jets exiting
the core and entering the lower plenum of the core (core bottom
structure). Some of the important phenomena occurring in the
lower plenum are how the coolant flow is hitting the lower plenum
bottom surface, the interaction between the circular coolant jet
flows and the neighboring circular graphite support rods of the
ll rights reserved.
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lower plenum and the surrounding walls, as well as the distribu-
tion and the degree of mixing of the high temperature helium cool-
ant flows with the lower plenum flows. Experimental
characterizations of the flow behavior in this system are an essen-
tial element in the efforts to develop models capable of accurately
predicting plant’s thermal hydraulic behavior. To understand these
phenomena and to measure the flow characteristics in the lower
plenum, many experiments have investigated single or dual jets
effusing into flat plates or rod bundles.

One of the early investigations was performed by Donaldson
and Snedeker [2] and Donaldson et al. [3] who presented the mean
flow characteristics and the heat transfer rates of a circular conver-
gent nozzle jet impinging on plates of different shapes at different
angles. Additionally, the turbulent characteristics and the heat
transfer rates of a circular subsonic jet effusing normally to a flat
plate were studied. Landreth and Adrian [4] used Particle Image
Velocimetry (PIV) techniques to obtain the instantaneous and
average velocity fields of a circular water jet which was connected
to a converging nozzle at its end and was impinging vertically on a
flat plate. They used the instantaneous velocity fields to calculate
the vorticity and shear stress rate. In another study, Cooper et al.
[5] investigated flow from a turbulent jet impinging orthogonally
upon a large plane surface. In this experiment both the jet dis-
charge velocities and the jet outlet height above the plate were
varied. Such efforts allowed analysis of the mean velocity profile
in the vicinity of the plate surface as well as each component of
the Reynolds stress exerted on the plate for a variety of flow con-
ditions. Nishino et al. [6] implemented 2D and 3D Particle Tracking
Velocimetry (PTV) technique to analyze the turbulence statistics in
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the stagnation region of a fixed Reynolds number jet which was
impinging normally on a flat plate. Sakakibara et al. [7] obtained
measurements of simultaneous velocity and temperature profiles
in the stagnation region of an impinging plane jet using both dig-
ital PIV and Laser-Induced Fluorescence (LIF). Moreover, Mi et al.
[8] investigated the effects of jet exit conditions on the passive sca-
lar field by using two types of nozzles at a fixed Reynolds number;
a smooth converging nozzle and a long straight pipe. They ob-
tained the jet scalar field and the flow structure of each jet and
showed that their experimental results corresponded well to the
analytical results. In the investigation done by Alekseenko et al.
[9], stereo and 2D PIV techniques were applied to study the flow
characteristics of a jet impinging on a flat plate with varying swirl
rates for a fixed Reynolds number of 8900. They observed that the
decay rate of the absolute velocity of the non-swirling jets is less
than that of the swirling jets. Abdel-Fattah [10] numerically and
experimentally studied the case of two circular air jets impinging
on a flat plate with no cross-flow in two dimensions. He investi-
gated the effects of the Reynolds number, nozzle to plate spacing,
nozzle to nozzle centerline spacing and the jet angle on the crea-
tion of a sub-atmospheric region between the two jets.

Aside from experiments concerned only with the behavior of
jets impinging on flat plates, flow mixing phenomena, including
the velocity fields associated with impinging jets within rod bun-
dles, have frequently been studied experimentally. The flow struc-
ture within the rod bundles is of great interest among nuclear
reactor engineers because of the special configuration of the fuel
rods in a nuclear reactor core. In an investigation performed by
Trupp and Azad [11], the mean velocity and turbulent characteris-
tics of the axial flow within a triangular rod bundle were measured
for different Reynolds numbers and different tube spacings. Hoo-
per and Wood [12] obtained the mean axial velocity, wall shear
stress, and all six Reynolds stresses with varied Reynolds numbers
for a fixed pitch squared bundle consisting of six rods. Hooper and
Rehme [13] and Rehme [14] used hot-wire anemometry to mea-
sure the turbulence intensities of flow through a rod bundle in a
rectangular channel. In the former experiment, they used two
geometries, one containing four rods and the other one having
six rods, while in the latter the bundle consisted of four rods. Ren-
ksizbulut and Hadaller [15] used Laser-Doppler Anemometry (LDA)
to obtain the mean velocity and turbulent flow characteristics at a
fixed Reynolds number within a square channel of six rods. Addi-
tionally, Smith et al. [16] performed thermal hydraulic experi-
ments in a 5 � 5 rod bundle with a heated rod using a PIV
system. Subsequent Computational Fluid Dynamics (CFD) simula-
tions were also performed to develop confidence in the use of
CFD as a tool to investigate the flow and temperature distributions
in a rod bundle array with spacer grids. In an effort to examine the
lateral flow structure of a square sub-channel geometry, Chang
et al. [17] used two-dimensional LDA to measure detailed turbu-
lent flow profiles on a 5 � 5 rod bundle array. Notably, the study
of impinging jets is not limited to nuclear industry. There are many
other applications of impinging jets such as cooling electronic
components or gas turbine blades, annealing of metals and drying
of textiles, paper and hard wood. One example of research for dif-
ferent applications of impinging jets was demonstrated in Velasco
et al.’s [18] investigation. They carried out a 2D PIV measurement
to obtain the gas flow behavior in the space between the breach
and neighbor tubes of a shell-and-tube heat exchanger for a range
of Reynolds number from 0.8 � 105 to 2.7 � 105. They showed that
increasing the gas Reynolds number improves the jet penetration
and turbulence intensity level close to the breach. They observed
that the presence of the tubes distorts the jet shape.

McEligot and McCreery [19] and McCreery and Condie [20]
emphasized the need for performing benchmark experiments and
investigating the combined effects of the lower plenum flows for
the purpose of developing effective models in such systems. They
also asserted that the development of CFD codes to model flow
in the lower plenum of a conceptual VHTR should be in concert
with carrying out the experimental investigations over a wide
range of operating conditions. These estimates predicted Reynolds
numbers for jets exhausting into the lower plenum to vary from
50,000, at full-power operation, to as low as 5000, under partial
loading conditions. Such large variations in flow parameters re-
quire that prediction methods anticipate and consider the mecha-
nisms which control fluid flow behavior under different operating
conditions.

In the current study, measurements of full-field velocity profiles
of jet flow in a rod bundle were obtained through the use of Parti-
cle Image Velocimetry (PIV) and Matched-Index of Refraction
(MIR) techniques. These measurements allowed identification of
the important parameters of flow behavior. These efforts will help
in the development of the predictive methods utilized in analysis
of the VHTR systems by aiding in the development of experimental
databases, and providing benchmark data for CFD codes.
2. Experimental methodology

2.1. Geometry and flow configuration

In this investigation, experimental studies of flow behavior in
the lower plenum of a conceptual VHTR have been conducted.
The experimental facility consisted of a hydraulic loop equipped
with a submergible pump which would drive the water flow into
two separate loops each leading to one of the inlet jets of the chan-
nel. The separate loops had flowmeters (Blue-White Industries,
accuracy ±5%) indicating the flow rates of each loop for determin-
ing mean flow velocity in each inlet jet. Both of the inlet jets en-
tered the channel top wall at an angle of 90�. The channel had a
rectangular cross section with the dimensions of L = 1016 mm,
H = 76.2 mm and W = 76.2 mm. The channel had a single outlet lo-
cated at one of its ends. In order to ensure good visual conditions
for PIV measurements, the channel was constructed with transpar-
ent polycarbonate sheets. To have uniform flow, two flow straight-
eners are installed close to the two ends of the channel. The
experimental set-up developed to model this conceptual system
is depicted in Fig. 1.

As it is shown in Fig. 1, the rod bundle consisted of 29 tubes
fixed to the upper and lower surfaces of the channel. These tubes
possessed a 10.67 mm outer diameter and a 10.16 mm inner diam-
eter and were set as ‘‘in-line” in z direction, each row of tube is ex-
actly placed behind the next row, with 19 mm pitch and as
‘‘staggered” in x direction, each row of tubes is displaced with re-
gards to the previous row, with 25.4 mm pitch (Fig. 2).

The inlet jets were fixed 1 cm from the top wall of the channel.
It should be noted that the inlet jets were made of the same tubes
as the rod bundle. In this study, the Reynolds number is calculated
as shown in Eq. (1), where Ujet is the inlet jet’s mean velocity, d is
the inlet jet’s inner diameter, q is water density and l is water dy-
namic viscosity both at room’s temperature.
Rejet ¼
qUjetd

l
ð1Þ

Matched-Index of Refraction (MIR) technique was used in the
development of the experimental test facility to allow a more
complete investigation of flow behavior to be executed. The
material used for the rod bundle tubes and the inlet jets had
the same index of refraction as water which was the working
fluid in the experiment. Using the MIR technique allowed for
complete visualization of the flow in the interior regions of the
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Fig. 1. Test section schematic.

Fig. 2. Schematic of the channel top wall showing the two inlet jets and the measurement planes.

Table 1
Experimental matrix of variation of parameters, Rejet 1 is the first jet’s Reynolds
number and Rejet 2 is the second jet’s Reynolds number.

Rejet 1 Rejet 2

Single jet 13,400 –
4470 –

Dual jets 11,160 6250
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bundle. Since the rods were represented as hollow cylinders,
water filled the tubes to avoid optical aberrations. Such an ap-
proach allows complete visualization of the flow without hidden
regions obstructed by the presence of the rods. Moreover, a vari-
ety of flow conditions were developed in response to cursory
investigations suggesting the possibility of large variations in
reactor operating conditions. The matrix characterizing the flow
conditions used in experimental investigations is presented in
Table 1 to demonstrate the range over which parameters were
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evaluated during this investigation. Relevant characteristics of
the Particle Image Velocimetry (PIV) and MIR systems, which
are developed for this experiment, will be discussed separately
in the following sections.
2.2. Matched-Index of Refraction (MIR) technique

In the design of the test section (see Fig. 1), MIR principles were
employed to enhance the capability of the experimental investiga-
tions to characterize flow behavior inside the rod bundle without
having the effect of the rods obstructing the view. The flow channel
was constructed with transparent polycarbonate sheets to allow
both the passage of the illuminating laser sheets and the acquisition
of PIV images. Although Polycarbonate does not exhibit the same
refractive index as water, since it only comprises the outer surface
of the channel, it does not affect imaging inside the channel. Thus,
MIR techniques were used in the selection of a material to simulate
rods. Fluorinated ethylene–propylene (FEP) tubes were selected for
the rod material since this material possessed an index of refraction
nearly identical to that of water; consequently, it does not produce
any optical distortion. The refractive index (or index of refraction)
of a material is the factor showing how much the speed of light
or other electromagnetic waves is reduced in that material. The
refractive index of a medium (n) is given as the ratio of the electro-
magnetic wave velocity (c) in the medium to the velocity of the
electromagnetic wave in a reference medium (v) such as vacuum.

n ¼ c
v ð2Þ

The list of the refractive indices for many materials is available
now but it should be noted that the refractive index of a material is
affected by many factors among which the light frequency is one of
the most important ones. The refractive index of water is 1.333 at a
light wavelength of 589 nm [21]. As the laser light frequency and
the water temperature were kept constant in this experiment, it
was assumed that the refractive index of water remained constant.

In total, 29 tubes were fixed to the upper and lower surfaces of
the test section, near the two inlet jets located on the upper surface
of the facility, to simulate the presence of a rod bundle in the jet
exhaustion area. It is important to note that FEP tubes were filled
with water. This measure was necessary to maintain a constant in-
dex of refraction throughout the test facility and to reduce the
noise due to laser light reflection and refraction at the interior
rod interface. The effect of MIR technique can be distinctly ob-
served when visualizing partially submerged tubes as seen in
Fig. 3. Such measures allow flow behavior to be assessed through-
out the channel volume by significantly reducing undesirable
Fig. 3. Picture of the experimental set-up illustrating th
reflection and refraction and, effectively eliminating the blockage
of interior regions by rod structures.
2.3. Particle Image Velocimetry (PIV)

In this study, a 2D Particle Image Velocimetry (PIV) technique
was used to measure the flow field. PIV is a valuable flow visuali-
zation technique used to measure the flow velocity since full-field
velocity measurements can be obtained without disturbing the
flow (i.e. non-intrusive). In PIV, the motion of particles (i.e. tracers)
within a fluid, are tracked to ascertain the motion of the fluid itself.
Since it must be assumed that tracers’ motion is determined by
that of the fluid, tracer particles must faithfully follow the fluid
flow for accurate full-field velocity profiles to be obtained [22]. In
general, these tracer particles may be naturally occurring impuri-
ties or manufactured seeds added to the fluid prior to the experi-
ment. In the present investigation, the fluid was seeded with
Expancel 091 UD particles with diameters in the range of 6–
9 lm and specific gravity of 1.05. These tracer particles were spe-
cifically chosen because their material density is close to that of
water, which assures the tracer particle motion best reflects the ac-
tual flow path. Another superior feature of PIV technique is the
ability to measure full-field velocity components. The principles
of PIV technique have been explained by Adrian [23], Hassan
et al. [24,25], and the development and progression of this tech-
nique is described by Adrian [26].

The PIV system consists of several sub-systems including a high
power laser which is used as the illumination source, an optical
set-up which consists of a number of lenses to turn the laser light
into a laser sheet, and a high speed camera capturing images of the
illuminated plane. The seeding particles in the fluid scatter the la-
ser light which is captured by the video acquisition system. In the
current experiment, a Nd-Yag laser (New Wave Research, Pegasus
PIV, wavelength of 527 nm, maximum energy of 20 mJ per pulse),
served as the illumination source for the PIV system. Illumination
from this source was manipulated through the appropriate use of
optical instruments (a mirror and three cylindrical lenses) to pro-
duce a laser sheet of 1 mm thickness on the channel’s bottom wall.
This allowed the illumination of planes parallel to the vertical axis.
A high speed/high resolution CCD camera (Vision Research, Phan-
tom v7.3, 800 � 600 pixels, 12 bit) captured images of the illumi-
nated PIV particles at a rate of 1000 frames per second (fps).
With that frame rate, 5000 images are acquired over a period of
5 seconds which is similar to the measurement duration in the
experiment done by Kim et al. [27]. In the present experiment,
the range of the jet’s Reynolds numbers are in the turbulent flow
region (the range of the Reynolds numbers are up to ten times
e MIR technique with channel which is half filled.



Fig. 4. Two subsequent images illustrating the cross-correlation technique.

Fig. 5. Effect of sample size on the accuracy of measured velocity magnitudes when
compared to a sample of 5000 images. Data obtained for the case of single
isothermal inlet jet with Rejet 1 = 13,400.
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higher than the jets in Kim et al.’s experiment), therefore higher
frequency and smaller time scale flow patterns are more expected
in comparison with Kim et al.’s study. Consequently, such a high
frame rate (1000 frame per second) is chosen to enable the capture
of the higher frequency flow structures.

The camera was oriented perpendicular to the laser sheet direc-
tion to acquire video data depicting fluid behavior in the illumi-
nated planes. A system of automatic and manual translation
mechanisms were utilized to synchronize the laser plane of illumi-
nation with camera focal planes to allow movement of the measur-
ing area within the measuring volume in z direction. This allowed
flow behavior to be evaluated in three different planes parallel to
the vertical axis (Fig. 2).

In PIV, to measure the velocity, two consecutive recorded
images are compared at subregion level through signal processing
methods such as cross-correlation technique and the particles dis-
placement vectors are obtained subsequently. According to Hassan
et al. [24,25], the binary cross-correlation coefficient, Cij, between
candidate spot pairs in frames 1 and 2 of Fig. 4 is given by

Cij ¼
PL

y;x¼1Fb
1 \ Fb

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðB1 � B2Þ

p ð3Þ

where the numerator is the sum of the logical products between the
corresponding pixels in the subregions of frames 1 and 2 (Fb

1 and Fb
2

being the binary pixel values in frames 1 and 2, respectively, and L
being the size of the subregions), and B1 and B2 show the total num-
ber of pixels of binary value 1 in the subregions in frames 1 and 2. It
should be noted that during the post-processing, the size of the sub-
regions was adjusted for each case depending on the Reynolds num-
ber and the number of impinging jets.

In this experiment, the CCD camera captured 5000 images for
each plane in each case. Then, the acquired data were analyzed
through the use of appropriate image processing and PIV analysis
techniques. The forementioned cross-correlation algorithm was
applied to the captured images through the use of a software spe-
cifically written for the analysis of the PIV images [28]. The results
were filtered to remove the erroneous vectors. The final results
were imported to TecPlot for visualization and analysis.

2.3.1. PIV Error analysis
Considering the accuracy of PIV, a few different sources contrib-

ute to PIV measurement error. First, the experimental set-up and
the optical instrument imperfections should be considered such
as the flowmeter errors which is ±5% and optical errors due to laser
sheet misalignment. The second type of possible error is attributed
to the seeding particles, specifically regarding their sizes and how
faithfully those particles follow the fluid motion. By choosing seed-
ing particles with a density close to water (specific gravity of 1.05);
the particles are expected to follow the fluid motion very well.
Another source of error could be the limited sample size. The
mean flow characteristics are calculated by post-processing the
PIV images. If the number of images or the sample size is not high
enough, an error would be caused as a result of averaging insuffi-
cient number of images. In this experiment, 5000 images have
been captured for each set of measurements. To ensure the ade-
quacy of this procedure, the results of averaging 5000 images were
compared to those of 100, 200, . . . , 500, 1000, . . . , 4500 images of
the midplane of the test section. Fig. 5 shows the deviation in the
velocity magnitudes of different sample sizes from that of 5000
images for the case of single impinging jet with Rejet 1 = 13,400.
As seen in Fig. 5, the smaller the sample size is, the higher the dif-
ference is between the obtained velocity magnitudes from the
velocity magnitude calculated by averaging 5000 images. Fig. 5
represents that the sample size error tends to decrease as the num-
ber of images increases. The error goes from 11.8% for 100 images
down to 0.45% for 4500 images. The same trend was observed for
all of the other cases; therefore, to have the highest possible accu-
racy, each test condition was evaluated with 5000 images.



Table 2
Characteristics of the synthetic images used for error analysis.

Image size 256 � 256 pixel
Area 4 � 4 cm2

Laser thickness 2 mm
Interval 0.005 s
Maximum velocity 10 pixel/interval
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An additional source of error arises from the post-processing
software’s error in analyzing the PIV images. The accuracy of the
post-processing software was tested using synthetic images of a
3D shear jet flow obtained from the PIV Standard Image website
[29]. The characteristics of the synthetic images used for these
tests are shown in Table 2. The results indicated that the error of
the post-processing software is of subpixel order which is 0.629
pixel/(time interval) for particles moving with the maximum
velocity of 10 pixels/(time interval).
3. Results

As mentioned earlier, experiments were carried out for several
cases with both single and dual jets impinging into the rod bundle
with varied Reynolds numbers. For clarity, the results for each con-
dition are presented separately in the following subsections.
Fig. 6. Time-averaged velocity field, the contour plot of the Y-velocity component
and the streamtraces along the vertical midplane for a single isothermal inlet jet
with (a) Rejet 1 = 13,400 and (b) Rejet 1 = 4470.
3.1. Single jet

In this case, a single inlet jet (Inlet Jet 1) injected the working
fluid into the channel. The time-averaged velocity fields were ob-
tained at three discrete planes throughout the interrogation do-
main for each of the selected inlet jet Reynolds numbers. Fig. 6
depicts the average velocity fields obtained for a single isothermal
inlet jet discharging into the midplane for two different Reynolds
numbers. The white lines in the figure represent the streamtraces
calculated by means of TecPlot which help to identify flow struc-
ture. The velocity vectors are shown in black and are overlaid on
a contour map which describes the Y-velocity component.

As seen in Fig. 6(a) and (b), a discontinuity is observed in the
upper section of the jets’ velocity profiles. This can be attributed
to undesired laser reflections at these locations. The data obtained
for those regions was omitted, since it had no effect on the rest of
the results. It is possible to interpolate the data during post-pro-
cessing and obtain the velocity profile in the excluded regions;
however to maintain the integrity of the raw data, no data interpo-
lation, approximation, or smoothing was performed.

Both of the plots in Fig. 6 show a well-defined radial velocity
gradient, with the maximum velocity at the jet’s core and decreas-
ing velocity in radial direction. In both cases the streamtraces on
both sides of the jet are seen to shift toward the jet. Additionally,
the higher Reynolds number jet (Fig. 6(a)), the jet maintains its
Fig. 7. Instantaneous velocity vectors overlaid on a contour map of Z-vorticity along
the vertical midplane for a single isothermal inlet jet with (a) Rejet 1 = 13,400 and
(b) Rejet 1 = 4470.
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highest velocity core further into the channel than the lower Rey-
nolds number jet (Fig. 6(b)).

In both cases a recirculation zone is identified on the right-hand
side of the center rod; however, the size and the location of these
recirculation zones are different from one case to another. In the
higher Reynolds case, the recirculation zone appears at a lower
height and closer to the center rod and displays a stronger recircu-
lation than the lower Reynolds number jet. In Fig. 6(a), there are
two other recirculation zones observed on the left-hand side of
the center rod which are not present in Fig. 6(b). The time-aver-
aged velocity fields for the impinging jets with the same Reynolds
numbers are presented in a paper by Amini et al. [30] although it
should be mentioned that those velocity fields are obtained by
averaging over 500 images. It is seen that for each of the cases,
the recirculation zone on the right-hand side of the center rod is
identified either by averaging over 500 images or by averaging over
5000 images. However, a significant difference is observed in the
number and the size of the recirculation zones observed on the
left-hand side of the center rod as a result of the sample size. When
averaging 5000 images, the two key recirculation zones previously
mentioned are present on the left-hand side of the center rod, but
when the velocity field is obtained by averaging 500 images, three
small vortices appear in the same region.

In Fig. 7, the instantaneous velocity vectors are presented with
the vorticity fields for a single impinging jet with Reynolds num-
bers of 13,400 and 4470. As shown in Fig. 7, in both cases, vortex
structures with opposite directions are seen in the outer regions
of the impinging jets. The opposite directions of the vortices are
shown by positive and negative values in this figure. It should be
noted that vortex structures have scarcely been identified in the
Fig. 8. Normalized Y-velocity component plot along a lineprobe at different heights of th
Rejet 1 = 4470.
center region of the jet. Expectedly, the magnitude of the vorticity
is noticeably higher for the higher Reynolds number jet. The pres-
ence of the vortices in the outer regions of the jets explains the
shift of the streamtraces toward the jet in Fig. 6. More simply,
the jets entrain some of the channel flow while injecting into the
channel. In Fig. 7(a), the vorticity pattern in the opposite outer re-
gions of the jet is more intense and exhibits symmetry. Alterna-
tively, in Fig. 7(b), the vortex structures are more scattered and
non-symmetrical.

To have a better understanding of the jet flow behavior and the
velocity changes in the vertical direction, lineprobes of the Y-veloc-
ity component and X-velocity component were obtained at three
different heights of the channel’s midplane. These results are pre-
sented in Figs. 8 and 9, respectively. In each of the figures, the Y-
velocity magnitude and X-velocity magnitude are normalized by
the inlet jet’s mean velocity obtained from flowmeter readings.
Additionally, the horizontal distance is normalized by the inlet jet’s
inner diameter.

In Fig. 8, for both cases the highest measured velocity is hap-
pening at 40 mm above the bottom surface of the channel and a
positive velocity is observed near the center rod at 20 mm above
the bottom surface where the key recirculation zone is happening.
In Fig. 8(a), lineprobes of Y = 40 mm and Y = 30 mm match well
with each other in the region where the jet impinges and the linep-
robe of Y = 20 mm shows a maximum velocity at the center of the
jet which is lower than the maximum velocity of the other two
lineprobes at the same region showing that the jet’s maximum
velocity decreases as it gets closer to the bottom surface of the
channel. It is also seen that there is a minor fluctuation in the Y-
velocity lineprobes of Y = 30 mm and Y = 20 mm on the left-hand
e channel’s midplane for a single isothermal inlet jet with (a) Rejet 1 = 13,400 and (b)



Fig. 9. Normalized X-velocity component plot along a lineprobe at different heights of the channel’s midplane for a single isothermal inlet jet with (a) Rejet 1 = 13,400 and (b)
Rejet 1 = 4470.
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side of the center rod in the region where one of the two recircu-
lation zones appearing on the left-hand side of the center rod in
Fig. 6(a) were located. This is the recirculation zone located closer
to the bottom surface of the channel and which covers an area be-
tween Y = 30 mm and Y = 20 mm. In Fig. 8(b), lineprobe of
Y = 40 mm shows the highest maximum velocity at the center
point of the impingement area among the three lineprobes which
are shown. On the whole, the maximum velocity at the center
point of the impingement area decreases as the jet gets closer to
the bottom surface of the channel.

Fig. 9 shows the lineprobes of normalized X-velocity component
for a single jet impinging into the midplane of the channel with
two different Reynolds numbers. Both of the plots show that the
magnitude of the X-velocity component is rather small compared
to the jet’s mean velocity and compared to the magnitude of the
Y-velocity component of that specific case. In Fig. 9(a), the maxi-
mum magnitude of the X-velocity component, which is less than
4% of the inlet jet’s mean velocity, is observed at Y = 40 mm. Fur-
thermore, for the case of the lower Reynolds number (Fig. 9(b)),
it is seen that the maximum value of the X-velocity component
happens at Y = 30 mm and is less than 7% of the inlet jet’s mean
velocity. Consequently, the horizontal components of the velocities
do not contribute significantly to the whole velocity field and thus
will not be discussed further.

Similarly, the turbulence intensities of Y-velocity and X-velocity
components were studied along a lineprobe at three different
heights of the channel’s midplane for a single impinging jet with
two different Reynolds numbers. The results are shown in Figs. 10
and 11 for Y and X components, respectively. The turbulence inten-
sities play an important role in transferring momentum between
the neighboring fluid layers; therefore, they enhance flow mixing.

Figs. 10 and 11 show similar trends; the highest values of turbu-
lence intensities for both Y-velocity and X-velocity components ap-
pear within the region where the jet impinges. There are some
other turbulence intensity peaks on both the right- and left-hand
side of the center rod in all cases, among which the most promi-
nent one is observed in the area of X/d = 8–9 which corresponds
well with the recirculation zones and the vorticity patterns that
appeared in Figs. 6 and 7. Employing a 2D PIV technique in this
experiment, only the 2D flow field on the plane of focus could be
captured. In this bundle configuration, the jet injects into the chan-
nel and interacts with the center rod located at the impingement
plane as well as the rods located in the frontplane and backplane
within the area between X/d = 8–9 (location of these rods are



Fig. 10. Turbulence intensity of Y-velocity component plot along a lineprobe at different heights of the channel’s midplane for a single isothermal inlet jet with (a)
Rejet 1 = 13,400 and (b) Rejet 1 = 4470.
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clearly seen in Fig. 2). Therefore, some 3D flow patterns and vorti-
cal structures are created in those areas between the rods, which
affect the flow field in the midplane. The effect of those 3D com-
plex flow structures together with other phenomena happening
in the midplane itself such as existence of the main recirculation
zone and the shift of streamtraces towards the jet as shown in
Fig. 6 in the area of X/d = 8–9 results in having some complicated
flow structures in that region and having such peaks.

For the higher Reynolds number case, the maximum turbulence
intensity of the Y-velocity component observed in Fig. 10(a) is al-
most double the maximum turbulence intensity of the X-velocity
component seen in Fig. 11(a) which shows the higher contribution
of the Y-velocity fluctuations in the flow field. On the other hand,
the maximum turbulence intensity of the Y-velocity component
observed in Fig. 10(b) is close to the maximum turbulence inten-
sity of X-velocity component seen in Fig. 11(b) which shows the
fact that velocity fluctuations in both directions contribute to the
flow field to the same extent.

Fig. 12 shows the distribution of the Reynolds shear stresses
along a lineprobe at three different heights of the channel’s mid-
plane for two cases of single impinging jets with different Reynolds
numbers. As seen in Fig. 12, the jet has two peaks of similar mag-
nitude in opposite directions for both Reynolds numbers. Another
similarity between the cases is that the magnitude of Reynolds
shear stresses goes to zero in the outer region and the center point
of the impinging jets. All of these characteristics validate the defi-
nition of the Reynolds shear stresses for a standard turbulent jet.
Also in both cases, far from the impingement area, the Reynolds
shear stresses are zero with some minor fluctuations due to the
velocity fluctuations in those areas.

As mentioned previously, in order to visualize the flow behavior
throughout the measurement volume, three discrete planes inside
the interrogation volume were monitored for the different inlet jet
conditions. Fig. 13 compares the Y-velocity lineprobes of those
three different planes at a specific height of the channel
(Y = 40 mm) for two cases of single impinging jets with different
Reynolds numbers. In each of the plots, the Y-velocity magnitude
is normalized by the inlet jet’s mean velocity obtained from the
readings of the flowmeter which is installed upstream of the inlet
jet and the length and depth of the measurement volume are nor-
malized by the inlet jet’s inner diameter.

In both plots of Fig. 13, the Y-velocity lineprobes in the back-
plane and the frontplane of the measurement volume have much
less fluctuation compared to the Y-velocity lineprobe of the



Fig. 11. Turbulence intensity of X-velocity component plot along a lineprobe at different heights of the channel’s midplane for a single isothermal inlet jet with (a)
Rejet 1 = 13,400 and (b) Rejet 1 = 4470.
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midplane where the jet is located. Furthermore, in both cases, the
jet’s Y-velocity profile has a parabolic shape with its maximum at
the center of the region where the jet impinges. Apart from this re-
gion, the Y-velocity lineprobe of the midplane behaves similarly to
the Y-velocity lineprobes of the frontplane and the backplane,
where little fluctuation occurs in its velocity.
3.2. Dual jets

In this case, both inlet jets (Inlet Jet 1 and Inlet Jet 2) injected
the working fluid into the channel, each with a different Reynolds
number. As in the case of the single jets, the time-averaged velocity
fields were developed at three different planes within the interro-
gation volume for each of the inlet jet conditions. Fig. 14 depicts
the time-averaged velocity field for one test case, with white
streamtraces showing the important features of the flow. Again,
the black arrows represent the velocity vectors which are overlaid
on a contour map of the Y-velocity component.

Contrary to the discontinuity observed in Fig. 6, Fig. 14 shows
that both inlet jets velocity profiles were completely captured
using the PIV technique. It should also be asserted that in this case
the time-averaged velocity field has been presented without any
data interpolation, approximation or smoothing.

For both jets in Fig. 14 a well-defined velocity gradient is ob-
served, showing a maximum velocity at the jet’s core and decreas-
ing in the horizontal direction. It can also be observed that the
streamtraces on the left-hand side of the higher Reynolds number
jet and the streamtraces on the right-hand side of the lower Rey-
nolds number jet are shifted towards the jets while the streamtrac-
es on the left-hand side of the lower Reynolds number jet are
shifted towards the left-hand side of the interrogation area, which
is closer to the channel outlet. The camera lens was not able to cap-
ture information to the right-hand side of the higher Reynolds num-
ber jet and thus the streamtraces could not be identified in that
region. However, if the streamtraces in this section follow the same
pattern as the streamtraces of the single jet case, they are expected
to be pulled towards the jet. Furthermore, as it is presented in
Fig. 14, the higher Reynolds number jet maintains its highest veloc-
ity core up to a higher depth of the channel from the inlet jet exit
than the lower Reynolds number jet. Most of the above mentioned
observations reflect the remarks made about the single jet cases.

Two recirculation zones of different sizes are detected on either
side of the center rod; however, the locations of these recirculation



Fig. 12. Normalized Reynolds shear stresses plot along a lineprobe at different heights of the channel’s midplane for a single isothermal inlet jet with (a) Rejet 1 = 13,400 and
(b) Rejet 1 = 4470.

N. Amini, Y.A. Hassan / International Journal of Heat and Mass Transfer 52 (2009) 5479–5495 5489
zones differ from one jet to the other. The recirculation zone on the
right-hand side of the center rod appears slightly higher and far-
ther from the center rod and is stronger when compared to the
left-hand side recirculation zone. These observations resemble
those of the single jet except for a few key differences. A brief eval-
uation of Figs. 14 and 6 indicates that the size of the recirculation
zones on the adjacent rod of an impinging jet is directly related to
the Reynolds number of the jet. However, no such statement could
be made about the dependence of the location of the recirculation
zone on the Reynolds number of the jet. As mentioned before, in
Fig. 6 the recirculation zone of the single impinging jet with a high-
er Reynolds number occurs at a lower height and closer to the cen-
ter rod than the lower Reynolds number case, while in Fig. 14 the
recirculation zone adjacent to the higher Reynolds number jet ap-
pears at a higher height and farther from the center rod compared
to the lower Reynolds number jet. The discrepancy in the location
of the recirculation zones between the cases of a single jet and the
case of the dual impinging jets may be a result of the interaction
between the two jets. In that case, additional dual jet cases must
be studied to verify such corresponding relationship.

In Fig. 15, the instantaneous velocity vectors and the vorticity
field are shown for the case of dual impinging jets each having a
different Reynolds number. As seen in Fig. 15, vortex structures
with opposite directions are seen in the outer regions of each
impinging jet. As mentioned before, the opposite directions of
the vortices are shown by positive and negative values. Similar to
the single jet cases, vortex structures have scarcely been identified
in the center region of each jet. The magnitude of the vorticity is
noticeably higher for the higher Reynolds number jet when com-
pared to the jet with the lower Reynolds number. As before, the
presence of the vortices in the outer regions of the jets validates
the entrainment of channel flow indicated by the shifted stream-
traces toward the jet in Fig. 14.

Additionally, the prediction made about the streamtraces on the
right-hand side of the higher Reynolds jet is confirmed by the vor-
tex structures located on that side of the jet, such that the jet is
pulling the channel flow towards itself. On the whole, it could be
said that the jets entrain some of the channel flow while injecting
into the channel. Also it is observed in Fig. 15 that the vorticity pat-
terns in the opposite outer regions of the higher Reynolds jet por-
trays symmetry, especially in the top part of the jet. On the other
hand, the vortex structures are more spread out and non-symmet-
rical for the lower Reynolds number jet. Furthermore, a number of
small vortex structures are observed on the left-hand side of the



Fig. 13. Normalized Y-velocity component plot along a lineprobe at a constant height of the channel (Y = 40 mm) at three different planes (a) Rejet 1 = 13,400 and (b)
Rejet 1 = 4470.

Fig. 14. Time-averaged velocity field, the contour plot of the Y-velocity component and the streamtraces along the vertical midplane for the case of two isothermal inlet jets
with different Reynolds numbers: Rejet 1 = 11,160 and Rejet 2 = 6250.
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Fig. 15. Instantaneous velocity vectors overlaid on a contour map of Z-vorticity along the vertical midplane for the case of two isothermal inlet jets with different Reynolds
numbers: Rejet 1 = 11,160 and Rejet 2 = 6250.

Fig. 16. Normalized Y-velocity component plot along a lineprobe at different heights of the channel’s midplane for the case of two impinging jets with different Reynolds
numbers: Rejet 1 = 11,160 and Rejet 2 = 6250.
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lower Reynolds jet, which is closer to the channel outlet. These
small vortices help to explain why the streamtraces in this region
were shifted towards the left-hand side of the picture in Fig. 14.

The lineprobes of the Y-velocity component and X-velocity
component are taken at three different heights of the channel’s
midplane to help provide a more quantitative understanding of
the jet’s velocity profile and its evolution. The Y-velocity and X-
velocity components are shown in Figs. 16 and 17, respectively.
Here also, the velocity components and horizontal distance are
normalized according to the higher Reynolds number jet’s mean
velocity and the inlet jet’s inner diameter, respectively.

In Fig. 16, both jets provide the highest measured velocity at
40 mm above the bottom surface of the channel. A positive velocity
is also observed on both sides of the center rod at 20 mm above the
bottom surface where the two recirculation zones appear in Fig. 14.
As seen in Fig. 16, the lineprobes of Y = 40 mm and Y = 30 mm for
both jets match well with each other in the regions where the jets
impinge, while the lineprobe of Y = 20 mm shows a slightly re-
duced maximum velocity at the center of the jets when compared
to the other two lineprobes at the same regions. Thus each jet’s
maximum velocity decreases as it gets closer to the bottom surface
of the channel. This difference between the maximum velocity of
the lineprobe at Y = 20 mm and the other two lineprobes is more
apparent for the case of the higher Reynolds number jet.

The normalized lineprobes of the X-velocity component for dual
impinging jets of different Reynolds numbers are presented in
Fig. 17. All of the lineprobes in this figure show that the magnitude
of the X-velocity component is quite small compared to the higher
Reynolds number jet’s mean velocity. The maximum magnitude of
the X-velocity component is less than 4% of the higher Reynolds
jet’s mean velocity and is located at Y = 40 mm. Therefore, the X-
velocity component in this case similar to the X-velocity compo-
nent in both of the single jet cases does not have a major role in
determining the whole velocity field.

One interesting feature observed in Fig. 17 is the two small
peaks on either side of the center rod at Y = 20 mm. The two peaks
correspond well with the two recirculation zones seen in Fig. 14 at
each side of the center rod. The reason why one of the peaks has a



Fig. 17. Normalized X-velocity component plot along a lineprobe at different heights of the channel’s midplane for the case of two impinging jets with different Reynolds
numbers: Rejet 1 = 11,160 and Rejet 2 = 6250.

Fig. 18. Turbulence intensity of Y-velocity component along a lineprobe at different heights of the channel’s midplane for the case of two impinging jets with different
Reynolds numbers: Rejet 1 = 11,160 and Rejet 2 = 6250.
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positive value and the other one has a negative value is that the
two recirculation zones of Fig. 14 have opposite directions.

The turbulence intensities of Y-velocity and X-velocity compo-
nents were also plotted along a lineprobe at three different heights
of the channel’s midplane for two impinging jets with two different
Reynolds numbers and the results are shown in Figs. 18 and 19,
respectively. The camera view could not cover the whole region
in the right-hand side area of the first jet, therefore a peculiarity
is seen at the lineprobes of the turbulence intensities of Y-velocity
and X-velocity components in Figs. 18 and 19 in that region and a
small section of the lineprobe passing through the right-hand side
of the higher Reynolds number jet is missing.

Figs. 18 and 19 show the highest values of the turbulence inten-
sities of Y-velocity and X-velocity components appear within the
region where the higher Reynolds jet impinges. Furthermore, there
are some other turbulence intensity peaks on the right- and left-
hand side of the center rod which corresponds with the recircula-
tion zones and the vorticity patterns that were observed in Figs. 14
and 15. In Figs. 18 and 19, the turbulence intensities of Y-velocity
and X-velocity components drop abruptly at the center of each of
the jets for all of the lineprobes. It should be noted that for the
higher Reynolds number jet, the maximum of the turbulence
intensity of Y-velocity is significantly higher than the maximum
of the turbulence intensity of X-velocity. While for the lower Rey-
nolds number jet, the maximum of the turbulence intensities of Y-
velocity and X-velocity are of the same order.

Fig. 20 shows the distribution of the Reynolds shear stresses
along a lineprobe at three different heights of the channel’s



Fig. 19. Turbulence intensity of X-velocity component along a lineprobe at different heights of the channel’s midplane for the case of two impinging jets with different
Reynolds numbers: Rejet 1 = 11,160 and Rejet 2 = 6250.

Fig. 20. Normalized Reynolds shear stresses plot along a lineprobe at different heights of the channel’s midplane for the case of two impinging jets with different Reynolds
numbers: Rejet 1 = 11,160 and Rejet 2 = 6250.

Fig. 21. Normalized Y-velocity component plot along a lineprobe at a constant height of the channel (Y = 40 mm) at three different planes for the case of two impinging jets
with different Reynolds numbers: Rejet 1 = 11,160 and Rejet 2 = 6250.
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midplane for the case of dual impinging jets with different Rey-
nolds numbers. The Reynolds shear stresses of both jets in
Fig. 20 show the same characteristics as the Reynolds shear stres-
ses of each of the impinging jets in Fig. 12. In this case also, the
Reynolds shear stresses of both jets have two peaks with slightly
different magnitudes in opposite directions and the magnitude of
Reynolds shear stresses goes to zero in the outer regions and the
center point of each jet. The Reynolds shear stresses reduce to zero
(with minor fluctuations) far from the impingement area for both
jets. The minor fluctuations in the Reynolds shear stresses far from
the jets could be due to the minor velocity fluctuations observed in
those areas. However, the Reynolds shear stresses on the left-hand
side of the lower Reynolds number jet do not approach zero which
could be because of the fact that this inlet jet is located closer to
the outlet of the channel leading to higher velocity fluctuations
in that area.

In this case also, to visualize the flow behavior within the mea-
surement volume, data were taken at three discrete planes
throughout the interrogation volume for different inlet jets’ Rey-
nolds numbers. Fig. 21 compares the Y-velocity lineprobes of those
three different planes at a specific height of the channel
(Y = 40 mm) for two isothermal jets impinging into the channel’s
midplane with two different Reynolds numbers. Here again, the re-
sults are normalized in the same way as previously explained for
Fig. 13.

Fig. 21 demonstrates that the Y-velocity lineprobes in the back-
plane and the frontplane of the measurement volume do not oscil-
late to the same extent as the Y-velocity lineprobe of the midplane.
In fact, for both jets, the jets’ Y-velocity profiles have a parabolic
shape with their maximum value at the center of the region where
the jets impinge. Away from this region the Y-velocity lineprobe
behaves much more like the Y-velocity lineprobes of the frontplane
and the backplane, lacking abrupt variations. These results strongly
agree with the conclusion made about Fig. 13 for the two cases of a
single isothermal jet with different Reynolds numbers.
4. Conclusions

In this investigation, the mixing of impinging jet flows of vari-
ous Reynolds numbers into a rectangular channel containing a
staggered rod bundle has been studied experimentally through
the use of 2D PIV and MIR techniques. The experiment included
both single and dual jet flows over a Reynolds number range of
4470–13,400, with data obtained at three separate planes within
the interrogation volume. For each case, the time-averaged velocity
fields and the vorticity fields of the instantaneous velocity fields
were obtained for the investigated flow conditions. Furthermore,
the lineprobes of different flow statistics were obtained at three
different heights of the channel to study the jet flow evolution in
the channel. The results show that using PIV techniques in a
Matched-Index of Refraction facility enabled the study of the flow
field characteristics in regions within the rod bundle which are
normally visually obstructed.

The time-averaged velocity fields for the single jet cases identify
the presence of one primary recirculation zone located close to the
center rod on the impingement side. The size of this recirculation
zone varies directly with the magnitude of the jet’s Reynolds num-
ber. The time-averaged velocity field of the dual impinging jets
confirms the presence of a key recirculation zone at each side of
the center rod. The size of each recirculation zone depends on
the corresponding jet’s Reynolds number. The higher the Reynolds
number of the jet is, the larger the size of the major recirculation
zone that forms near the center rod is. However, no such conclu-
sion can be made about the location where the recirculation zone
appears. It could only be said that the position in which the main
recirculation zone happens varies as the jets’ Reynolds number
changes.

Studying the spatial distribution of vorticity confirms stream-
trace observations where flow was shifted towards the jets due
to strong vorticity structures found in the outer regions of each
impinging jet. This verifies the fact that the jet entrains some of
the channel flow in its outer regions. However, it is found that less
mixing occurs in the center of the jets than in the outer regions. In
addition to that, in all of the cases, several smaller vorticity pat-
terns appear throughout the interrogation area.

Comparing the lineprobes of the Y-velocity component and X-
velocity component at different heights of the channel shows that
the X-velocity component has a much less significant contribution
towards the calculation of the mean velocity compared to Y-veloc-
ity component. Also, the lineprobes of the Y-velocity component
show that the jet’s velocity – especially at its core – decreases as
it gets closer to the channel’s bottom surface.

By analyzing the lineprobes of the turbulence intensities of Y-
velocity and X-velocity components and the Reynolds shear stres-
ses at different heights of the channel it was found for nearly all the
cases that the highest values appear in the regions where the jet
impinges. Particularly, for the higher Reynolds number jets, the
maximum turbulence intensity of Y-velocity component is signifi-
cantly higher than the maximum turbulence intensity of X-velocity
component. While, for the lower Reynolds number jets, the values
of maximum turbulence intensities of Y-velocity and X-velocity
components are relatively close to each other.

The lineprobes of the Y-velocity were taken at the same height
at three different planes inside the rod bundle. They show that the
major velocity fluctuations happen in the impingement plane for
all cases, while there only exist minor velocity fluctuations in the
other two planes.

This study has indicated the presence of one key recirculation
zone near the closest rod to each jet. The combination of these
recirculation zones, the vorticity patterns at the outer regions of
the jets, the smaller vortex structures found throughout the inter-
rogation area, and the high values of turbulent intensities and Rey-
nolds shear stresses in the jets’ impingement area, all aid in the
enhancement of mixing within the channel.

The data presented in this study could serve as a benchmark for
validation of the CFD codes used to simulate the lower plenum
flows and their mixing. The complexity of the behavior seen in
these regions requires additional investigation to properly charac-
terize the behavior of the thermal jets and their mixing properties.
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