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ABSTRACT

Experimental and numerical analysis of a turbulent
wall jet downstream of a non-confined backward-facing
step are presented. An infrared camera was used to visualize
a temperature map of the heated plate downstream the step.
A hot wire was utilized to measure the instantaneous lo-
cal velocity and some PIV/SPIV measures were performed
to obtain instantaneous two and three dimensional vector
fields. The main objective was to visualize and compare
both the fluid flow and the heat transfer, by studying the
skin friction coefficient Cy and the Nusselt number Nug.
The latter is obtained by the calculation of the heat transfer
coefficient, evaluated by inverse method. Both experimen-
tal data and numerical approach provide good agreement
regarding the flow structure and thermal data for measur-
ing the position and the value of characteristics scales in the
recirculation zone. Similarities and differences are high-
lighted in the paper compared to confined configurations.

INTRODUCTION

The physical phenomena of separation and reattach-
ment, involving heat transfer, is commonly encountered
in many engineering problems like electrical rotating ma-
chines. Calories, which are mostly removed by forced con-
vective transfer, cause local heating in these systems due
to poor traffic fluid because of recirculation phenomena.
These hot spots can deteriorate the integrity of these struc-
tures and act as the origin of electrical faults. Therefore, it
is fundamental to understand and analyze this phenomenon.
An excellent test for analysing turbulent flows with separa-
tion is the study of the backward facing step (Figure 1).

Two flow types appear in confined configuration: free
shear flows (flow mixtures with different velocities) and
shear flow around obstacles or near walls. The dynamic
of the backward-facing step is largely the result of the in-
teraction between them. The turbulent flow features past
a confined backward-facing step can be described as fol-
lows. A turbulent boundary layer encounters the backward-
facing step, the sudden change in surface geometry causes
the boundary layer to separate at the sharp step edge. The
shear layer, downstream, impinges on the surface and then
forms the primary recirculation flow region. The flow im-

Infrared camera

Non-confined (open)

7N
/ \
0.205 m ; .
Released jet I’ ‘\ Outlet
H

> I
—

Dh¢

/ |y
4 0.35 m 0.5 m 0.45 m
Honeycomb Insulation L x

Heating resistors with black paint

Figure 1. Experimental setup.

pingement is called the reattachment point. This shear layer
exists due to a strong, unfavorable pressure gradient. A
small counter-rotating corner eddy evolving below the mean
recirculation flow might also exist in this area. Downstream
of the reattachment, the boundary layer begins to redevelop,
followed by the decrease of the scale of the eddies.

Some improvements in the heat transfer predictions
with fluid flow, downstream the backward-facing step, have
been made in the last decade. According to Boizumault
et al. (2000), by comparing the fluid dynamics and heat
transfer, the shear layer and its impingement downstream
the wall are responsible of the variation of the Nusselt num-
ber (Nuy), especially at the reattachment point. Increas-
ing the step height increases the reattachment length, the
Nusselt number, the size of the recirculation area and the
fluid characteristics in three-dimensions. Vogel & Eaton
(1985) and Avancha & Pletcher (2002) have also studied ex-
perimentally and numerically turbulent flows involving heat
transfer in their studies, and have shown that the peak rate
of heat transfer appears upstream of the reattachment point.
The latter showing a direct correlation with the maximum
of fluctuations in the wall stress.

The backward-facing step has been studied mainly in
confined configurations. Few have analyzed a backward-
facing step in a non-confined disposition with an upstream
wall jet flow and studied the influence of external turbu-
lence structure on the step flow. According to Launder &
Rodi (1983) and Nait Bouda er al. (2008), the turbulent
wall jet presents a particular structure with two centres of
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Table 1. Table of the configurations studied.

Dy(m) H(m) L(m) Ve (ms™!)  Repp=ViuaxDy/Vv
Case a - IR/hot wire  0.018 0.015 0.17 19.62 22495
Case b - PIV / SPIV 0.021 0.016 0.168 17.2 23006

turbulence production, one because of an inner wall shear
layer characterized by small scale eddies, identical to a tur-
bulent boundary layer, and the other one comparable to a
free jet outer region of the flow with entrainment of fluid
mass characterised by large turbulence scales. Nait Bouda
et al. (2008) have studied the role of large eddies, especially
on the fluctuation of the reattachment point and the decrease
of the mean reattachment length. The turbulent plane wall
jet can greatly modify the flow structure in the wall region
of the step.

The aim of the present work focuses on an experi-
mental and numerical study considering a turbulent wall jet
and its interaction downstream of a non-confined backward-
facing step. The studied configurations are given in Table 1
and correspond to almost two identical drafts.

The main difference between case a and b is about the
materials used during the experimentation. Bakelite and ex-
panded polystyrene (EPS) which recover lateral surfaces for
insulation are used in case a to see the effects of the turbu-
lent wall jet on heat transfer. Only plexiglass in lateral sur-
faces is utilized for PIV measures in case b. The Richardson
number Rig = Gr/ReZ, shows that the buoyancy does not
interact with forced convection as Ri < 1 (close to 0.00024
for case a) and so does not have any influence on the size
and the characteristics of the recirculation area as the flow
is turbulent according to Safaei ef al. (2011).

EXPERIMENTAL APPROACH

An infrared camera and a 55P11 hot wire (DANTEC)
were used to visualize a temperature map of the heated plate
and measure the instantaneous velocity for case a, whereas
a PIV system (TSI Inc.) was applied to investigate the flow
characteristics in case b. An electrical transformer was used
to apply a constant heating power downstream of the step.
The latter was turned off for case b.

Before taking temperature measurements from the IR
camera, some time was allowed for the establishment of
a steady state between the dynamic flows and the thermal
conduction (between one to two hours). An average temper-
ature on several images taken from the IR camera has been
computed when thermal stability was reached. The global
error from the IR camera measures is close to + 2°C and
the maximum error obtained from the hot wire was 1.96%
compared to the King law.

IR and hot wire experimental setup - Case a
The infrared camera used during the experiments is a
Jade III MWIR (InSb). The main characteristics of the IR
camera are its spectral range, between 3.6 yum and 5.1 um,
its pixel pitch, close to 30 um. Its image format is given by
320%240 pixels for a digital frequency near 194 Hz. A lens
with a 50 mm focal length is used. The same field of view
and spatial resolution were kept for all the experiments. Its
pixel clock is equal to 16 MHz. The sensitivity is about

4.28 mK/DL for a temperature close to 25-26°C. The range
of temperature used during the experiments are from 20°C
to 40°C and from 35°C to 100°C. The IR camera is located
above the backward-facing step at 1.8 m.

A specific 55P11 hot wire was used to measure the ve-
locity. It is a single-sensor wire-probe along the flow direc-
tion. The measurements were performed with 2048 samples
at 0.6 kHz. The sampling interval for each average veloc-
ity was 3.413 s. It provides instantaneous velocity, which is
useful for measuring turbulent fluctuations. It produces neg-
ligible disturbances upward from the measurement point.
We can note that a special care was given for measuring the
velocity to obtain a good calculation of the turbulence inten-
sity. The range of the latter is between 5.51% (near walls)
and 2.33% (in the middle plane section) at the nozzle exit.

Identification procedure of the heat transfer

In this problem, temperature measurements can be uti-
lized to identify surface conditions, such as convective heat
fluxes, using the inverse method. We have focused our at-
tention on solving a steady 1D problem because the thermal
stability is reached and the flow can be considered homoge-
neous in the transverse direction. This model can determine
the value of the local wall heat flux, ¢. The equation is:

°T 1
PJF)LW i (1)

The inverse method allows the distribution of ¢ to be
determined by comparing the computed with the average
measured temperature. As explained by Tikhonov & Niko-
layevich (1963), this model involves searching for the dis-
tribution of ¢ that will minimize the following function for
each iteration n. The difference between the measured tem-
perature T,.s and the temperature 7, calculated by inverse
method, should tend to zero. However, the minimization of
this equation can cause the amplification of errors in input
data. Some regularization terms are so added, but one has
strong influence on the final results, denoted as ¢¢;. It min-
imizes the effect of noise measurements on the identified
local wall heat flux ¢. It limits its important variations and
so generate the most stable solution to accurately solve it.
A new function can be defined, denoted as S:

$= F 12 ()~ Toes O + o1 X [srad (97 ()] @

During the iterative process, the local wall flux at the
iteration n+ 1, ¢!, is determined knowing ¢" at the iter-
ation n. The function F is minimized as:

" ="+ Ao 3)
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with:
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S1=Y; [‘P,'fl] ﬁo,nﬂr

In general, for o; = 0, the plot of the heat transfer co-
efficient will be very noisy and will fluctuate, whereas, for
o', the diagram will be smoothed as accurately as possi-
ble The optimal values of a; correspond to the optimum of
the matrix ([J] [J]' 4 oy [X]), namely:

cond(H[J +a0pt ):

)
min{cond ([J][J]' + o1 [X]) }

The iterative process is stopped when value of the func-
tion S remains constant in two successive iterations.

PIV experimental setup - Case b

The PIV system consisted of a New Wave Nd:YAG
laser (TSI Inc.) with an articulated light arm, digital charge
couple device (CCD) cameras, a synchroniser and a com-
puter. The Nikkor camera lens had a 105-mm focal length
and an f/5.6 aperture. Each laser bean of the double-pulsed
laser was capable of 200 mJ/pulse at a wavelength of 532
nm. These beams were adjusted by a cylindrical and a
spherical lens to form a 1-mm-thick laser sheet. The laser
sheet thickness, as proposed by Raffel et al. (2007), is op-
timised to be thin enough to generate adequate particle in-
tensity but thick enough to reduce the loss of particle im-
age pairs. An olive oil droplet generator (TSI 9307) gen-
erated particles with a mean diameter of 1 pm to seed the
inlet of the backward-facing step jet. The TSI PowerView
Plus 4MP cameras with a resolution of 2.048x2.048 pixels
and a pixel size of 7.4x7.4 um?* captured PIV/SPIV im-
ages and directly sent them to the computer. A LaserPulse
(TSI Model 610035) synchroniser controlled the synchroni-
sation between the lasers and cameras. Depending on the jet
velocity, the time interval between the first and the second
exposures varied from 15 to 30 us.

In this configuration, we performed PIV and
stereoscopic-PIV (SPIV) measurements along the axial and
the transversal direction namely from the outlet of the noz-
zle and from the backward-facing step. PIV images were
separately captured in these different regions with similar
flow conditions. Sequences of 1000 and 2000 images were
respectively recorded for the PIV and SPIV measurements
with a sampling rate of 1 Hz. The velocity fields obtained
from the PIV and SPIV image pairs were checked to be sta-
tistically independent. Image acquisition and image pro-
cessing were performed with TSI Insight TM 4G software.
The interrogation window of 32x32 pixels is applied. We
analysed the PIV and SPIV images by using a recursive
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Nyquist rectangular grid algorithm with two iterations and
a 50% window overlap. The first iterations started with an
interrogation window of 64*64 pixels while the second iter-
ations ended with an interrogation window of 32*32 pixels.
For all the tests, the percentage of bad vectors, which was
calculated as the average over the number of PIV/SPIV ve-
locity fields, was about 3%.

NUMERICAL APPROACH

Experimental data from case a are compared to
flow modeling which was performed using CFD software
Code_Saturne. We have compared RANS (k-w SST and
v2f) and LES model using the Dynamic Smagorinsky sub-
grid scale model, as proposed by Germano et al. (1991),
with experimental data. A thermal model was implemented
in Code_Saturne to see the interaction between the fluid flow
and heat transfer (EDF (2011)). The coupling with heat
transfer was performed with SYRTHES, version 4.0 (Rupp
& Peniguel (2007)).

At the inlet of the computational domain (x/Dj, =
—27.78), a mean velocity profile was applied by following
the 1/7 power law. Upstream, the nozzle length (0.35 m)
was sufficient to ensure fully developed flow. It was veri-
fied that the velocity and turbulence intensity values at the
nozzle outlet were similar to experimental data. A non-slip
boundary and a symmetry conditions were used, respec-
tively, on the wall and at the top of the domain. A constant
pressure profile was imposed at the outlet. The upstream
flow is considered here to be bidimensional, which means
that the hydraulic diameter can be assumed to be twice the
height of the nozzle. The reference temperature was taken
equal to the room temperature, namely at 23.5°C. The walls
are considered adiabatic. The true power injected into the
plate was 167.2 W, by taking into account the losses.

A geometry sensitivity test was performed in 2D and
3D. An artificial growth of the geometry at the top and the
exit was performed in order to prevent disturbances from
the boundary conditions in the zone of interest. A mesh
sensitivity test was performed as well for both. For all of our
simulations, the cell sizes in wall units were in the range of
Axt <30, Ayt ~ 1, Azt < 30. It enables to capture the
viscous sub-layers and obtain a good estimate of the wall
heat transfer for the k- SST model.

RESULTS AND ANALYSIS

In this study, the expansion ratio was ER = 1.2 and
ER = 1.3 and the aspect ratio of the backward-facing step
was equal to AR = 11.33 and AR = 10.5 for case a and
case b, respectively. The tri-dimensional effect could be ne-
glected as proposed by De Brederode & Bradshaw (1972).

Results obtained from case a

Figure 2 compares the numerical and experimental
mean streamwise velocity profiles downstream of the step.
Globally, we can assume that a satisfactory agreement be-
tween the experimental results and the numerical predic-
tions is achieved, especially with the LES code near walls: it
precisely determines the flow structure there. For the RANS
model, the k-w SST turbulence model gives better results
than the v, f @-model, which overestimates < Vs > /Vipax
values more than 25%.

Figure 3 shows the flow pattern downstream of the
step. A main recirculating loop is clearly observed and a
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Table 2. Comparison of the different hot spot values.

Exp. Coupling v, f ¢p-model

Coupling k-0 SST < LES >

Position - x/Dy, 0.511 0.5 0.611
Relative error - % - 2.2 19.5
Tnax - °C 63.5 66.9 76.7
Temperature difference - °C - 34 13.2
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Figure 2. Vertical velocity distribution for x/D;=4.98
downstream of the step.

secondary recirculation bubble also exists near the step cor-
ner. The small bubble is counter clockwise and extends ap-
proximately 0.8Dj, (0.96H) in length in the streamwise di-
rection and 0.5D;, (0.6H) in the wall normal direction. The
large main recirculating loop is clockwise and has a length
close to 1.8Dy, (2.16H) in the x-direction and 0.7Dj, (0.84H)
in the y-direction. It is limited above by the separating flow.
A similar flow pattern was observed by Nait Bouda er al.
(2008) in a configuration corresponding to an incoming wall
jet flow with ER = 2.
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Figure 3. Numerical prediction of the flow pattern down-
stream of the step (streamlines of the mean flow).

Figure 4. Comparison between the skin friction coeffi-
cient Cy obtained by numerical simulation (coupling k-
SST) with the temperature and Nusselt number (centerline).

The coupling of Code_Saturne and SYRTHES with the
k- SST turbulence model gives better temperature results
compared to experimental values than other models, about
the position and the value of the maximum temperature,
Tnax (see Table 2). For the LES model, there is a 19.5%
relative error compared to the experimental data on the hot
spot position. The latter can so be described by both the
experimental and numerical studies.

The location of the hot spot is well given by the thermal
analysis as we can see more precisely in Figure 4. Close to
the step, the velocity is small involving a maximum temper-
ature and a minimum Nusselt number. More conclusions
can be given for the location of the reattachment point, de-
fined by Cy = 0 (see Figure 4), where the temperature is
minimum and the Nusselt number is maximum. We can
note that, experimentally, it was difficult to precisely obtain

Cy = 0 with the hot wire. The Nusselt number, given by
experimental or by numerical data, gives the same tendency
about the value of Nu,, and Nuy,. We can note that, ex-
perimentally, the correlation between the temperature and
the Nusselt number is not so obvious due to the use of the
inverse method, which does not guarantee the same trend.

Table 3 presents a comparison between the locations of
Cy (obtained by numerical simulation) and the lowest tem-
perature 7,,;,. Numerically the reattachment length is ob-
tained from the location of the zero skin friction coefficient
Cy. Tt is close to 3.61Dy, (4.33H) for the k-@ SST model
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Table 3. Comparison between fluid flow (C obtained by numerical approach) and heat transfer (T°) at the reattachment point.

Exp. Coupling vof ¢-model Coupling k-w SST < LES >

Position of Cy = 0 - x/Dy, - 4.056 3.611 35
Position of T,in - X/Dy, 3.089 5.25 3 3.056
Relative error - % - 69.9 2.9 1.1
Tonin - °C 53 50.25 63.2 47.2
Temperature difference - °C - -2.75 10.2 -5.8

and 3.5D;, (4.2H) for the LES simulation. The numerical
prediction of the reattachment length depends on the up-
stream flow conditions. Therefore, with ER = 1.2, our reat-
tachment length is below 5H and does not correspond to the
values found for the confined backward-facing step (Adams
& Johnson (1988)). For comparison with a similar configu-
ration, Nait Bouda ef al. (2008) found a mean of 4.5H. They
attributed it to the additional turbulent diffusive transfer due
to the energetic motions of the eddies in the external flow
layer. Globally, we can assume that a satisfactory agree-
ment between the experimental results and the numerical
predictions is achieved, especially with the LES code near
walls: it precisely determines the flow structure there.

A comparison can be done between the position of
the maximum heat transfer position x;,,, and the reattach-
ment position x,, obtained from the numerical simulation.
The following equations are found: X4y = 0.83 X x, and
Xmax = 0.87 X x,, by using the coupling k-@ SST and LES
models, respectively. In a confined configuration, the po-
sition x4, of the maximum Nusselt number Ny, is cor-
related to the mean reattachment point x, by the relation:
Xmax = 0.9 X x,, as proposed by Vogel & Eaton (1985)
and Boizumault et al. (2000), for a turbulent flow. Con-
sequently, the value of the constant is slightly smaller for a
non-confined study, according to numerical values. More-
over, a correlation can also be done between the mini-
mum of Cy, .~ and the reattachment position x,, namely:
Ct.. = 0.55 x x, and Cy,, = 0.57 X x,, by studying the
same numerical models. It is different compared to the con-
fined studies, where Jovic & Driver (1995) show that the
minimum skin friction coefficient Cy,, occurs at a distance
of approximately 2/3 x,. It is also different from the non-
confined study of Nait Bouda er al. (2008) with upstream
wall jet configuration, where it was found that its location
is much closer to the reattachment point. More precision
is given in next section. Finally, the LES model is closer
to the experimental data than the RANS with or without a
thermal coupling for obtaining the position of the lowest
temperature 7,,;,. Furthermore, the coupling v, f ¢-model
gives the best results for the minimum in the temperature
because this model was originally developed for an imping-
ing jet, attached or mildly separated boundary layers. How-
ever, in the recirculation area, it does not give satisfactory
results. Both the flow structure and thermal data provide
good agreement to measure the positions and the values of
characteristics areas downstream the step.

Results obtained from case b
Figure 5 presents the mean velocity and the turbulent
kinetic energy fields in streamwise direction at the inlet.

Velocity (m/s)

Figure 5. Representation of the mean velocity and the
TKE in streamwise direction at the nozzle exit.

We can see that considering a turbulent wall jet instead
of a standard boundary layer behaves like a classical turbu-
lent boundary layer in the inner while the external turbulent
large eddies produce real changes in the dynamics of the
flow, like a free jet as proposed by Nait Bouda et al. (2008).

Figure 6 shows the contours of the streamwise velocity
and the root mean square fluctuating streamwise velocity in
the transversal direction at the nozzle exit obtained by SPIV
measure.
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Figure 6. Representation of the mean streamwise velocity
and the root mean square fluctuating streamwise velocity at
the nozzle exit in transversal direction.

The mean streamwise velocity and the root mean
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square fluctuating velocity are presented. The flow seems
to be globally symmetrical due to the confinement: it con-
firms that the tri-dimensional effects could be neglected as
proposed by De Brederode & Bradshaw (1972).

The mean velocity and the turbulent kinetic energy can
be plotted downstream the step, respectively in Figure 7.
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Figure 7. Representation of the mean velocity and the tur-
bulent kinetic energy downstream the backward-facing step.

The flow structure in the wall region of the step is con-
siderably modified by the presence of the turbulent wall jet
at the nozzle exit, as shown in Figure 3. As it was noticed
in the previous case with similar configuration, the reattach-
ment length is also below SH. The large eddies in the free
boundary, which interacts with the separated recirculating
zone, modify the flapping of the impingement of the jet on
the wall, making the mean reattachment length to decrease
and can explain the relations between Xjuqy, Cr,,, and x;.

CONCLUSION

This study analyses the influence of a turbulent wall jet
flow downstream of a non-confined backward-facing step.

The conjugate heat transfer computations, which were
performed by coupling the thermal (SYRTHES) and flow
(Code_Saturne) codes give the best results for the position
and capture of the hot spot compared to the experimental
study in case a, especially with the k- SST turbulence
model. The LES model gives the best results to capture
the fluid flow and to follow the position and the value of
the lowest temperature. Both the experimental data and nu-
merical simulation (except for the coupling v, f ¢-model)
catch well the position of these points. Some comparisons
between the skin friction coefficient Cy (obtained by nu-
merical simulation), the temperature and the Nusselt num-
ber Nuy, at the hot spot and at the reattachment point were
given. Both the flow structure and thermal data provide
good agreement to measure their positions and their values.

Some results found in this paper have been compared
to confined configurations. The range of the reattachment
point location is between 4.2H and 4.33H which is shorter
than those generally found in a confined backward-facing
step. The correlation between the position of the maximum
heat transfer position x,,,, and the reattachment position x,
is slightly different according to numerical approaches. The
same conclusion can be made for the correlation between
the minimum of Cy, . and the reattachment position x;.
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The results obtained by PIV/SPIV measurements en-
able to better understand the impact of a turbulent wall jet
downstream the backward-facing step. The external turbu-
lent large eddies produce real changes in the dynamics of
the flow, upstream and downstream the step.
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