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Abstract - The design of next generation (Gen. IV) high-temperature nuclear 
reactors including gas-cooled and sodium-cooled ones involves massive numerical 
works especially the Computational Fluid Dynamics (CFD) simulations. The high 
cost of large-scale experiments and the inherent uncertainties existing in the 
turbulent models and wall functions of any CFD codes solving Reynolds-averaged 
Navier-Stokes (RANS) equations necessitate the high-spacial experimental data sets 
for benchmarking the simulation results. In Gen. IV conceptual reactors, the high- 
temperature flows mix in the upper plenum before entering the secondary cooling 
system. The mixing condition should be accurately estimated and fully understood 
as it is related to the thermal stresses induced in the upper plenum and the 
magnitudes of output power oscillations due to any changes of primary coolant 
temperature. The purpose of this study is to use Laser Doppler Anemometry (LDA) 
technique to measure the flow field of two submerged parallel jets issuing from two 
rectangular channels. The LDA data sets can be used to validate the corresponding 
simulation results. The jets studied in this work were at room temperature. The 
turbulent characteristics including the distributions of mean velocities, turbulence 
intensities, Reynolds stresses were studied. Uncertainty analysis was also performed 
to study the errors involved in this experiment. The experimental results in this work 
are valid for benchmarking any steady-state numerical simulations using turbulence 
models to solve RANS equations.

I. INTRODUCTION

High temperature gas-cooled and sodium-cooled 
reactors have been designated as two of the six 
candidate reactors for the next generation (Gen. IV) 
nuclear power plants. The design of Gen. IV reactors 
involves massive numerical calculations including 
computational fluid dynamics (CFD) technique as 
any large-scale experiments will need significant 
amount of money and time. However, the inherent 
uncertainties existing in the turbulent models and 
wall functions of any CFD codes solving Reynolds- 
averaged Navier-Stokes (RANS) equations influence

the credibility negatively of the simulation results. 
This necessitates the high-spacial resolution 
experimental data sets for benchmarking these 
numerical results.

In Gen. IV conceptual reactors, the high- 
temperature flows mix in the upper plenum before 
entering the secondary cooling system. The mixing 
condition should be accurately estimated and fully 
understood as it is related to the thermal stresses 
induced in the upper plenum and the magnitudes of 
output power oscillations due to any changes of 
primary coolant temperature. In this work, two 
submerged parallel waters jets issuing from two
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rectangular channels, also known as twin-jet flow, 
were selected as the target to study the turbulent 
mixing phenomena.

Turbulent jet flow is an important shear flow 
that has widely engineering applications. Different 
from a single jet flow, twin jets issuing from two 
adjacent rectangular slots are characterized by the 
formation of a subatmospheric pressure region near 
the slots between the converging jets due to the 
mutual entrainment of the two jets. This negative- 
pressure region deflects the jets to move towards 
each other forming the converging region. Inside the 
region, there are strong recirculations near the slots 
area creating reversed flow with respect to the 
streamwise direction of the main flow. The 
converging region ends at the merging point (MP) 
which is defined as the point at which the mean 
velocity is zero along the symmetry axis [1]. The 
region between CP and MP is called merging region. 
Beyond this point the jets start to combine until they 
form a single jet at the combining point (CP). Then 
the combined jet behaves as a single jet and 
analytical solutions derived for the single jet hold in 
this combined region. The mixing doesn't only 
happen between the jets but also between the jets 
and the static surrounding fluid which was entrained 
as a result of the shear force created. In engineering 
applications, it is often important to know the length 
of the mixing region or the locations of the CP and 
MP to ensure a good mixing. The schematic 
structure of a typical twin jets is shown in Fig. 1.

Fig. 1 Sketch of typical twin jets

The measurements of the two-dimensional twin 
jets were firstly performed by Miller and Comings 
[2] using a constant temperature hot-wire 
anemometer (HWA) in 1959. The non-dimensional 
jet spacing distance S/a was 6. By measuring the 
mean and fluctuating velocity and the static pressure

and comparing with a single jet, they found that the 
flow had a high degree of symmetry about the 
centerline of jets. And the two jets merged at certain 
location behaving as a single jet. The location was 
selected to be the separating point of the converging 
region and the combined region. Before the merging 
point, there was a stagnation point, the combining 
point in another saying, at which the static pressure 
gradient and the turbulent shear stress force were 
equal but with different signs. Then E. Tanaka [3] 
performed a similar measurement of dual jet of air 
issuing from parallel slot nozzles but focused on the 
effect of the distance between the two nozzles D0/a 
ranging through 8.5 to 25. It was revealed that the 
static pressure was negative near the nozzle region 
but increased suddenly to become the atmospheric 
pressure or even higher after the free stagnation 
point. The author also concluded that the streamwise 
velocity distribution was independent of Reynolds 
number within the limits of velocity studied. By 
tracking the lateral position of the maximum 
velocity, the author found that the experimental 
points agreed well with an arc before the stagnation 
point. An Empirical equation relating the curvature 
of the central stream-line of the jet and the nozzle 
distance was proposed. In E. Tanaka's second report 
[4] about the interference of the parallel jets, the 
combined flow of the twin jets were found to have a 
similar velocity distribution as a single jet and its 
width spread linearly in the downstream. It was 
mentioned that the decay of the center velocity was 
stronger than that of a single jet. G.F. Marsters [5] 
proposed a crude integral model of the two plane 
parallel jets and found that the results predicted the 
mixing behavior surprisingly well despite the fact 
that the model overpredicted the entrainment rates. 
The experiments carried out by the author revealed 
that the velocity distributions were self-preserved in 
the upstream and downstream of the merging region. 
H. Elbanna and S. Gahin [6] evaluated the turbulent 
characteristics of the twin jets and compared with the 
behavior of a single jet. The spacing between the two 
nozzles applied was 12.5 slot widths. The results 
indicated that the half-width of the combined flow 
grew linearly along the streamwise direction but the 
spread angle was slightly smaller than that of a single 
jet.

Nonequal parallel jets studied by H. Elbanna 
and J. A. Sabbagh [7] showed that the slower jet was 
more attracted to the faster jet when the velocity 
ratio decreased. However, the total momentum 
including the velocity and pressure momentum still 
conserved. By using the similar measuring 
technique, N.W.M. Ko and K.K. Lau [8] evaluated 
the distributions of the overall Reynolds stress and 
the velocity fluctuations of two parallel jets with a 
spacing ratio, the ratio between the spacing distance 
and the jet width, of about 2.5 and found the
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presence of inner and outer mixing regions in each 
jet. The directions of rotations of the inner and outer 
vortices were opposite. There was not convergence 
of the jets happened because the side plates were not 
installed in the experiment. Later, it was reported by 
Y.F. Lin and M.J. Sheu [9] that for two dimensional 
plane jets with spacing ratio of 30 and 40 and a 
nozzle width of 2mm, the mean velocity was self
preserving in the converging region and combined 
region. The fluctuating velocities and the Reynolds 
stress presented a self-preserving in the combined 
region only. The authors also confirmed that the jet 
widths increased linearly in the converging region 
and combined region. The non-intrusive measuring 
technique Laser Doppler Anemometry (LDA) was 
firstly used by A. Nasr and J.C.S. Lai [10] in 1997 to 
study the twin jets flow field. The spacing ratio was 
4.25 and the nozzle exit Reynolds number was 
11,000. The spectral analysis showed that the vortex 
roll-up frequency in the outer shear layer was the 
same as that of a single jet. The experimental results 
also indicated that the dynamics of the twin jets was 
strongly related to the development of the coherent 
structures generated from the shear layer instability. 
P. Behrouzi and J. J. Mcguirk [11] used the LDA 
technique too but they focused on the impinging 
flow of the two water jets. The effect of the jet 
imbalance was evaluated. Their work showed that 
several flow features captured by the LDA should be 
important to CFD model validation studies.

E. A. Anderson and R. E. Spall [12] presented 
the numerical and experimental results for a two
dimensional parallel jets with spacing ratios between 
9 and 18.25. Standard k-e model and Reynolds 
stress transport model were evaluated by comparing 
with the experimental data. The results indicated that 
CFD technique was capable of estimating the 
location of the merging and combining points. Hot 
wire anemometer measurements performed by D. 
Erdem and V. Ath [1] showed that a convex surface 
would deflect the jets stronger comparted to flat 
surface for two parallel rectangular jets with a small 
spacing ratio. Detailed experimental conditions were 
provided by the authors such as the turbulence 
intensity at the nozzle exit section and the initial 
boundary conditions. The initial information is very 
valuable especially for comparisons with the 
numerical results and experimental data from other 
researchers. However, the majority of literatures 
mentioned above failed to provide the detailed initial 
and boundary condition. It was reported by Z. Q. Yin 
et. al [13] that for a small spacing ratio of 1.89 the 
normalized streamwise mean velocity was still 
independent of Reynolds number. The authors 
suggested that the merging length could be increased 
by reducing of the spacing ratio or increasing 
Reynolds number. A. Nasr and J. Lai [14] reported a

superposition technique base on Reichardt's 
hypothesis could be able to predict the flow pattern 
well given the condition that the jet defection was 
not significant. Obviously, this method would not 
work if the spacing ratio was too small as the jets 
deflection under this condition was significant.

It can be seen from the previous literature review 
that most of the studies used a relatively large 
spacing ratio. However, in many engineering 
applications, such as coolant mixing in the upper 
plenum in a nuclear reactor, the spacing ratio is 
relatively small. This necessitates more works to be 
focusing on the jets issuing from nozzles with a 
small spacing ratio. In addition, the majority of 
works used hot-wire anemometers to measure the air 
flow in a wind tunnel. The main issue with the hot
wire measurement is lack of capability of measuring 
the reserved flows accurately, such as the flow in the 
converging region of a twin-jet flow. A. Nasr and 
J.C.S. Lai [10] did apply the LDA technique to the 
study of the mixing phenomenon but seeding 
particles like fog fluid used by the authors may 
introduce significant errors. The main reason is that 
these fog particles will amalgamate to form larger 
particles which would be too heavy to follow the 
flow. The seeding in water is less changeable. Thus, 
the purpose of this study is to provide the high 
spacial resolution experimental data for validating 
the numerical models by performing the LDA 
measurements of submerged water jets issuing from 
two rectangular channels with small spacing ratio.

II. EXPERIMENTAL METHOD

The experiment was performed in a water tunnel. 
The experimental rig (not including the measuring 
instrumentations) was the one used in M. Crosskey 
and A. Ruggles's work [15].

II.A. Experiment Setup

Fig. 2 presents a snapshot of the experiment 
setup of this study. The flow was driven by two 
identical 0.5 horsepower pumps. The control of the 
two jets was independent. The flow meter used was 
GPI TM series with an accuracy of 3% and 
repeatability of 5%. The 1 inch's thick water tank 
with dimensions of 1016mm by 762mm was made of 
acrylic providing an optical access to the flow inside. 
The experiment setup is a closed loop with water 
recycled to the tank. The two identical rectangular 
channels were located at the center of the tank. The 
width of the channel is 5.8mm and the length is 
87.6mm. So the aspect ratio is about 15.1. The 
spacing distance between the centers of each channel 
is 17.8mm giving a spacing ratio of 3.07. Each 
channel is 279.4mm high (h/a = 48.2) to ensure that 
the exit flow is fully developed turbulent flow. The
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detailed dimensions and the corresponding 
coordinate used in this work are shown in Fig. 3. The 
LDA system from Dantec includes a 2-D flow 
explorer (laser head and photomultiplier tube), 3-D 
transverse system with accuracy of 0.01mm and the 
data acquisition system.

Fig. 2 Experiment setup

Fig. 3 Detailed dimensions of the twin rectangular channels

each other at a half-crossing angle of 0.511°. The 
seeding particle used is hollow glass spheres from
TSI with centered diameter of 10gm. The seeding
concentration was about 1.9 g/m3 which was an 
optimized value to increase the signal to noise ratio 
(SNR). The tradeoff was higher concentration of 
particles would reduce the light intensity in water. 
Averagely 2500 samples were taken at each location 
except those located near the outer mixing region 
where the data rate was extremely low. It was found 
that the discrepancies of the mean velocity values 
obtained from 3000 samples and from 5000 samples 
were less than 0.5% based on the measurements of 
five positions. The data rate ranged from 10 Hz in 
the almost static region to 150 Hz in the core flow 
region. This was the maximum frequency that could 
be reached in the experiment with respect to the laser 
beam energy and good SNR or accuracy. The low 
frequency may also be attributed to the thick wall of 
the tank as the laser was attenuated significantly 
when passing through it.

II.C. Calibration study

Different from a wind tunnel, for LDA 
measurement the influence from the light refraction 
from the surface of the water tank and from the water 
itself needs to be addressed. That is, the calibration 
of the system is necessary in order to know the exact 
position of the measuring volume in water. The 
calibration was done by taking photos of the 
measuring volume where the beams cross as 
presented in Fig. 4. Then by calculating the relative 
position in pixels of the measuring volume to the 
center of edge the channels, the calibration factor 
were obtained. Due to the crossing angle of the two 
beams, the lowest accessible position along the Y 
axis was located at 10 mm above the channel 
surface. In order to study the two-dimensionality of 
this facility as well as the possible influence from 
walls of the channels, the measurements were carried 
out in three planes P1, P2 and P3 among which P2 
was located at the center of the channel in Z 
direction as shown in Fig. 4.

II.B. Laser Doppler Anemometry

The two-dimensional flow measurements were 
performed using the fringe-mode based Dantec LDV 
optics which has a back-scattering arrangement. The 
focal length of the two laser beams with frequencies 
of 660 nm and 785nm is 500 mm. The laser beam 
has a diameter of 2.5 mm and 35 mW nominal 
power. For each beam, it is split into two beams after 
passing an 80 MHz Bragg cell and intersects with
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Fig. 4 Calibration of the measuring volume position in water

III. RESULTS AND DISCUSSION

All results presented in this work are based on 
the point by point measurements. Thus, one should 
not assume that the distributions of any parameters 
presented were obtained at the same time. This factor 
should be considered when comparing results from 
this work with any CFD simulations or Particle 
Image Velocimetry (PIV) data. Except for the case of 
imbalanced flow, the flow rate was set to be 0.385 
kg/s for each jet corresponding to an exit velocity of 
0.75 m/s in average. The Reynolds number at the 
exit based on the dimension of the channel was about 
9100. The temperature of the water (tap water) was 
about 23 °C. The temperature rise during the normal 
operation was smaller than 2 °C depending on the 
length of the running period of the experiment. All 
the flow parameters shown on the Y axis were 
normalized by the local maximum velocity Umax 
which would be different for each case while the 
position values on the X axis were divided by the 
channel width which was 5.8mm. The jets were 
approximately issued from -2 < x/a <-1 and 1 < x/a 
<2.

III.A. Outlet Condition

To verify if the flow at the outlet have reached 
the fully turbulent flow and the symmetry condition 
near the exit, measurements were performed along 
the Z direction for both two channels. The measuring 
plane was 10mm above the channel surface which 
was the lowest position the laser could reach as 
explained previously. Fig. 5 shows the mean 
streamwise velocity distribution of the two channels. 
The denominator Umax with a value of 0.883 m/s is 
the maximum streamwise velocity at the right 
channel side. The error bars are the standard 
deviations of five sets of data. The deviations are 
less than 1%, which indicates a good repeatability of 
LDA measurements in this work. Obviously, the

flows are not symmetrical along the Z direction for 
the two channels. This may attribute to the influence 
from the small mixing boxes located at the bottom of 
the channels. The inlets to the mixing boxes are not 
at the center, which creates uneven flows. However, 
the velocity profiles clearly show that the flows, 
which are 10mm above the exits, are fully turbulent 
for both channels. Another important parameter of 
the initial outlet condition is the turbulence intensity 
which plays an important role in determining the 
mixing characteristics of the twin jets. It was found 
that the streamwise mean normalized turbulence 
intensity at 10mm above the outlet was 8%.

III.B. Mean Velocity Distributions

The spatial flow field was scanned by LDA 
through 1.72 to 48.28 channel width in the 
streamwise direction. Averagely 2500 samples were 
taken per position except those locations in the outer 
mixing region where the mean velocity was almost 
zero. So more measurements were taken in the core 
flow region. Fig. 6a presents the distribution s of the 
mean streamwise velocity U. The triangles represent 
the measured points whereas the remaining part of 
the contour was obtained by the extrapolations of the 
experimental data. It can be clearly seen that a 
recirculating zone exists in the combining region in 
which some of the velocities are negative. In order to 
compare with the results from other works, specific 
numbers of U at each locations and a zone-in view of 
the combining region are plotted in Fig. 6b. The 
streamwise velocity U is normalized by the local 
maximum velocity Umax which has a value of 0.882 
m/s.

It is found that the combination of the jets 
happens at around y/a = 15.52 where U on the 
symtry plane reaches its maximum. Please be aware 
that the combination may happen eairly than this 
because there are no measurements taken in the 
region between y/a = 13.79 and y/a = 15.52. This 
result is close to the PIV result from [15] which is 
y/a = 15. The merging point (MP) is the location 
where the streamwise mean velocity U is zero. Fig. 
6b shows that MP falls into the region between y/a = 
1.72 and y/a = 3.45, which is smaller than 5.8 found 
in [15]. The mixing of the twin jets happens in the 
merging region between the MP and CP. As 
addressed previously, the length of the merging 
region depending on the relative location of MP and 
CP is an important parameter in order to understand 
the mixing of the twin jets. There are only few 
studies using small nozzle spacing ratios which are 
comparable to the present work, such as 2.5 used in
[8] and 4.25 in [10]. For the first one [8], the authors 
reported a value of 1.5 for MP and 10.5 for CP given 
the aspect ratio of 5.6. Considering the fact that S/a
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is 3.1 and aspect ratios is 15.1 in this work, these two 
results look similar to some sense because a smaller 
S/a will reduce the length of the merging region. As 
for the results reported in [10], the authors found that 
MP was at y/a = 4 and CP was at y/a = 8. Thus, 
based on these comparisons, it can be confirmed that 
the positions of MP and CP are greatly influenced by 
the S/a and the aspect ratio l/a.

z/a

Fig. 5 Mean streamwise velocity distributions at the exits of the 
two channels along Z direction

Fig. 6a Mean streamwise velocity distributions (Contour view)

y/a = 8.62 

—a— y/a=10.34 

—a—y/a=12.07 

—a—y/a=13.79 

—a—y/a=15.52 

—a—y/a=17.24 

—a— y/a=18.97 

—a— y/a=20.09

Fig. 6b Mean streamwise velocity distributions (line plots with zoom-in view)
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Fig. 7 Turbulence intensity distributions: streamwise (a) and lateral (b)
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III.C. Turbulence Intensity Distributions

Streamwise and lateral turbulence intensities are 
presented in Fig.7 (a) and (b), respectively. The 
turbulence intensities are still normalized by the 
maximum streamwise velocity Umax. High 
symmetry was observed along the center plane. 
Stronger streamwise turbulence intensities are found 
near the edges of the jet shear layers. The streamwise 
turbulence level is much lower in the recirculation 
zone while it is significantly high for the lateral 
component in that region. The flow presents self
preserving characteristics beyond CP for both 
components. The high turbulence levels then mainly 
come from the interactions between the combined 
jets and the static surroundings. The turbulence 
intensities in the outer region are then proportional 
to the entrainment rate of the surrounding fluids due 
to the movements of the twin jets.

III.D. Reynolds Stress Component Distributions

Fig. 8 (a) and (b) show the Reynolds stress 
component distributionsu v . The Reynolds
stress represents the momentum flux transfer in the 
flows. It is seen that the most momentum transfers 
occur between the inner shear layers of the two jets 
in the merging region. After the jets combine, 
momentum transfers mainly exist in the outer shear 
layers in which the velocity gradient are large. The 
maximum value of the Reynolds stress components

appear at y/a = 5.17 at which the two jets have 
started to combine.

flI

(b)

Fig. 8 Reynolds stress distributions: contour 
view (a) and line-plot view (b)



III.E. Comparison with a single jet with the 
combined twin jets

Literature reviews indicate that the combined 
twin jets will behave as a single jet. And theories 
derived based on the single jet should apply to the 
twin jets in the combined region. To verify this 
statement and check if the results in this work are 
valid, a comparison between the experimental results 
of twin jets from this work and the analytical 
solutions for single jet is shown in Fig. 9. The 
parameter used for comparison is the streamwise 
mean velocity U. Two well-known analytical 
solutions from Goertler and Tollmiern [16] for single 
jet are chosen. The experimental data match the 
analytical solutions well. Goertler's solution is 
slightly closer to the experimental data in the core 
flow region while it is off in the outer shear layer 
region.

Fig. 9 Comparison of the analytical solutions of a single jet with
the combined twin jets

IV. UNCERTAINTY ANALYSIS

For any LDA measurements, there are many 
uncertainties involved. Unfortunately, a few 
important factors are sometimes beyond the 
experimentalists' controls (J. F. Meyers, personal 
communication, March, 2014), such us the particle 
tacking fidelity, particle size distribution, seeding 
bias, influence of the scattered light on the signal 
quality and photo resolved signal bursts owing to the 
insufficient scattered light. In this work, besides the 
uncertainties from the flow meter and the standard 
deviations of a single measurement reported 
previously, the repeatability of the experiment is 
examined. The reason why this factor may be a 
significant source of errors is that some

measurements cannot be finished within a short 
period of time due to the low data rates in some 
regions. So a single measurement task may last a few 
days and need the experimental facility to be turned 
on and off many times. In this study, the flow rate is 
controlled by two plastic ball valves and sometimes 
flow rate swift happens owing to a loosen switch . 
Another fact is that readings from the flow rate are 
fluctuating all the time due to the nature of the 
turbulence. Thus, considering all these effects, 
certain degree of errors must have been introduced 
to results reported in this work. To quantify these 
uncertainties, the same measurement of the flow 
parameters including the mean and fluctuating 
velocities at the center of the right channel along y 
direction was repeated for five times within five 
days. Fig. 10 and Fig.11 show the results. The flow 
parameters are not normalized to demonstrate the 
absolute values of the errors associated with results 
reported previously. The error bars represent the 
standard deviations, which are very small shown in 
the figures, of five times of measurements performed 
in each single day. For the mean velocity, it is found 
that the main discrepancies are from those locations 
in the combining region. This is not surprising 
because this is the most complicated region for this 
type of flow and small perturbations from the initial 
and boundary conditions would result in significant 
changes to the results. The largest error is about 9% 
for day 1 and day 4 at y/a = 5.17. As for the 
fluctuating velocity, the largest error also comes 
from the location where y/a = 3.45 for day 1 and day 
4. The error is about 12%. However, the average 
standard deviations of U and Urms measurements at 
all locations in the five days are 1.5% for U and 
1.6% for Urms. Thus, the overall errors resulted from 
the long period of measuring window are 
insignificant.
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Fig. 10 Streamwise mean velocity U at the center of the right 
channel along Y direction
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V. CONCLUSION

Two-components LDA measurements were 
carried out to study the mixing condition of twin 
water jets issuing from two rectangular channels with 
a nozzle spacing ratio of 3.1 and aspect ratio of 15.1. 
The wavelengths of the laser beams used in this work 
were 660nm and 785nm. The channel exit Reynolds 
number based on the dimensions of the channel was 
about 9,100. The outlet condition showed that the 
flow out of the channel were fully developed 
turbulent flow. The average turbulence intensity at 
the measured plane which was 10mm above the exit 
surface was 8%. The experimental results revealed 
that the merging point was located between y/a = 
1.72 and y/a = 3.45 and the combining point was at 
y/a = 15.52. The turbulence study showed that outer 
edges of the two jets and the outer boundary of the 
combined jet had higher turbulent levels due to the 
high velocity gradients in those regions. It was also 
found that the maximum Reynolds shear stress 
appear at y/a = 5.17, which implies that the flows 
mix stronger in some locations further than the 
merging point. Uncertainty analysis was carried out 
to examine the effect of the long period of the 
measuring window on the experiments results in this 
work. The average standard deviations of U and 
Urms measurements at all locations in the five days 
are 1.5% and 1.6%, respectively although 
discrepancy between certain two points might be 
relatively large sometimes. Thus, the overall errors 
resulted from the long period of measuring window 
are insignificant. The experimental data in this work 
is valid for benchmarking the steady-state numerical 
simulations using the turbulence models to solve 
RANS equations.
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