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Abstract

The flow field topology of a confined turbulent slot air jet impinging normally on a moving flat surface has been investigated experi-
mentally by using particle image velocimetry (PIV). Experiments were conducted for a nozzle-to-plate spacing of eight slot nozzle widths,
at three Reynolds numbers (Re = 5300, 8000 and 10,600) and four surface-to-jet velocity ratios i.e. 0, 0.25, 0.5 and 1. The measurements
of the mean velocities and turbulent quantities are presented in the following main characteristic regions of the jet: the potential core, the
intermediate zone and the impinging zone. It appears that the flow field patterns at a given surface-to-jet velocity ratio are independent of
the jet Reynolds number in the range of 5300–10,600. A slight modification of the flow field is observed for a surface-to-jet velocity ratio
of 0.25 whereas at higher ratios of 0.5 and 1, the flow field is significantly affected.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Impinging jets have received considerable research
attention because of the high convective heat transfer that
occurs in the impingement region (Korger and Krizek,
1966; Antonia, 1983; Viskanta, 1993; Sakakibara et al.,
1997; Haneda et al., 1998; Narayanan et al., 2004). Indus-
trial applications include tempering and shaping glass, dry-
ing textiles and paper, cooling turbine blades and electronic
equipment, annealing metal and plastic sheets and some
processes in the food industry. Thus, the jet flow issuing
from a nozzle is often directed perpendicular to a moving
impingement surface (Fig. 1). Some numerical studies have
reported the strong effects of the impingement surface
motion on the fluid flow (Zumbrunnen, 1991; Chattopa-
dhyay and Saha, 2003). The flow field can be significantly
affected since the impingement surface velocity can exceed
the jet velocity in some applications such as the hot-rolling
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process. Indeed, at the impingement, the jet flow is divided
into two wall jets. The wall jets behaviour will consequently
be completely different given that the wall jet flow moves in
the same or in the opposite direction to the moving surface.
As a result, the strongly modified flow field will influence
the convective heat transfer. As reported by Schlünder
et al. (1970) and later by Martin (1977), the heat and mass
transfer in impinging flow depends on the Reynolds num-
ber, the Prandtl number of the fluid, nozzle geometry and
nozzle-to-plate spacing. Gardon and Akfirat (1965, 1966)
also noticed the effect of turbulence on the local heat and
mass transfer. They reported that, for a slot air jet, the
absolute magnitude of the velocity fluctuations reaches a
maximum in the neighbourhood of a nozzle-to-plate spac-
ing equals to eight slot nozzle widths. This maximum
occurs simultaneously with the maximum of the heat trans-
fer coefficient at the stagnation point. It is also important
to point out the role of the confinement of the jet on the
flow field (Fitzgerald and Garimella, 1998). Indeed, the
heat transfer distribution along the impingement surface
is generally characterised by a single peak located at the
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Nomenclature

e slot nozzle width
h heat transfer coefficient
H impingement distance
k turbulent kinetic energy
k 0 two-component turbulent kinetic energy,

ðu2
rms þ v2

rmsÞ
IU turbulence intensity of the fluctuating compo-

nent of velocity in the x-direction
IV turbulence intensity of the fluctuating compo-

nent of velocity in the y-direction
LC potential core length
l channel width
Nu Nusselt number, he/k
Re Reynolds number, UJe/m
RSJ surface-to-jet velocity ratio, VS/UJ

U mean velocity in the x-direction
UJ jet centerline mean velocity at nozzle exit

urms rms of the fluctuating component of velocity in
the x-direction

V mean velocity in the y-direction
vrms rms of the fluctuating component of velocity in

the y-direction
VS mean velocity of impingement surface in the y-

direction
(U2 + V2)1/2 mean velocity magnitude
hu 0v 0i mean Reynolds shear stress
x, y coordinates

Greek symbols

e turbulent dissipation rate
k thermal conductivity of air
m kinematic viscosity of air
q air density

Fig. 1. Sketch showing the impingement plate movement relative to the jet
flow direction.
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stagnation point. However, at small nozzle-to-plate spac-
ings, secondary peaks appear in the heat transfer distribu-
tion. They suggested that these peaks, generally understood
to result from a transition to turbulence in the wall jet
boundary layer, might also be due to the recirculation pat-
terns found for the confined jet.

Among the very few experimental studies involving jets
impinging on a moving flat surface, the work of Subba
Raju and Schlünder (1977) concerning a moving flat sur-
face impinged by a turbulent slot air jet can be mentioned.
A mean heat transfer coefficient was calculated over the
length of the impingement surface for different nozzle-to-
plate spacings, several Reynolds numbers and a surface
velocity VS between 0.15 m/s and 5.5 m/s. However, a lack
of information about the local heat transfer and the
flow field prevents an understanding of the physical
phenomenon. Van Heiningen et al. (1977) performed an
experimental study of a turbulent slot air jet impinging
on a large rotating drum. The tangential velocity of the
moving surface was less than 2% of the jet velocity. Under
these conditions and comparing their results with the avail-
able data for a turbulent slot jet impinging on a stationary
surface, they concluded that, for low surface-to-jet velocity
ratios, the wall motion seemed to be negligible in the local
heat transfer.

The aim of this paper is to investigate the role of surface
motion in the development of a turbulent slot air jet
impinging on a moving flat and smooth surface. The rela-
tive moderate Reynolds numbers considered in this study
have been chosen to enable a first comparison with differ-
ent numerical simulations where the roughness is not taken
into account. It also seems important to have first an accu-
rate description of this complex flow field to enable valida-
tion of the local heat transfer in future experimental and
numerical studies. In addition, future research could con-
sidered the effects of surface roughness of the moving sur-
face on the flow field and on the local heat transfer. Indeed,
Beitelmal et al. (2000) investigated experimentally the
effects of surface roughness on the average heat transfer
characteristics of a circular air jet impinging on a station-
ary surface. The roughness took the form of a circular
array of protrusions of 0.5 mm base and 0.5 mm height.
They showed an increased of up to 6% of the average Nus-
selt number due to surface roughness. Finally, Chakroun
et al. (1998) also mentioned the average Nusselt number
increase of a stationary surface impinged by a circular air
jet due to the effects of surface roughness. In that experi-
mental study, the roughness was composed of 1 mm cubes
and was found to affect significantly both the mean velocity
and the turbulence intensity of the flow.



Fig. 2. Scheme of the experimental set-up.

Table 1
Experimental cases

Case VS (m/s) UJ (m/s) Re RSJ

1 0, 1, 2, 4 4 5300 0, 0.25, 0.5, 1
2 0, 1.5, 3, 6 6 8000 0, 0.25, 0.5, 1
3 0, 2, 4, 8 8 10,600 0, 0.25, 0.5, 1

Fig. 3. Sketch showing the PIV data plane and the PIV system
arrangement.
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2. Experiments

2.1. Experimental set-up and configuration cases

The apparatus used for the present investigation is
depicted in Fig. 2. The air jet, blown at 20 �C, is generated
by a centrifugal ventilator before passing through a diverg-
ing nozzle and a converging nozzle with a contraction ratio
of 6.25. The slot nozzle width e is 20 mm and the nozzle-to-
plate spacing H is 8e. This distance is selected because it is
known to generate the maximum heat transfer at the stag-
nation point (Metzger, 1962; Gardon and Akfirat, 1965).
More recently, Gori and Bossi (2003) found the optimal
slot height in the jet cooling of a circular cylinder to be
8e. Then, the jet blows into a confinement tunnel from
top to bottom. The width of the tunnel is 500 mm and its
length is 2500 mm.

The nozzle aspect ratio l/e is higher than 20, which enables
the flow field to be considered two-dimensional, at least for
the mean time properties (Rajaratnam, 1976; Awbi, 1991).
The transversal distribution of the velocity at the nozzle exit
UJ fits well with a seventh power law profile. The nozzle exit
turbulence intensity of component U is about 9% (from PIV
measurements). The three Reynolds numbers studied are
5300, 8000 and 10,600. They are based on the centerline
velocity at the nozzle exit UJ and the slot nozzle width e.
The jet, located at the middle of the confinement tunnel,
impinges on the moving surface perpendicularly.

The moving surface is an endless rubber belt, driven on
two rollers, one of which is connected to a variable rotating
speed motor. The strip stretched between the two rollers and
slipped onto a fixed flat plate provides a continuous surface
velocity controlled by a tachometer. Two plates are fixed at
the ends of the conveyor belt to ensure no entry of fluid and
thus to fulfill non-perturbing conditions at the exit of the
wind tunnel. The maximum surface velocity VS reached is
8 m/s. The different cases studied are summarized in Table 1.
2.2. Particle image velocimetry

Fig. 3 shows the PIV system arrangement for the veloc-
ity measurements. For this purpose, the wind tunnel is
made of Plexiglas to enable PIV velocity measurements in
the (x, y)-plane. The origin of the (x, y)-coordinate system
is at the intersection of the centerline of the jet and the top
plates of the confinement tunnel. The x-axis is measured
along this centerline and is assumed to be positive in the
downward direction. The y-axis is measured along the
top plates of the confinement wall. The measurement area
is defined by 0 < x/e < 8 and �6.5 < y/e < 6.5.

The impingement flow is investigated using a PIV sys-
tem manufactured by Dantec Dynamics. The system
includes a double-pulsed Nd-Yag laser (2 · 120 mJ at
15 Hz and 532 nm). The laser is adjusted to produce a
1 mm thick sheet that illuminates the flow in the measure-
ment area.

Seeding is obtained using an oil smoke generator.
A high sensitivity double frame CCD camera with a



Table 2
Characteristics of the PIV measurements

Focal length lens (mm) 28
Numerical aperture 2.8
Field of view (mm2) 202.7 · 273.5
Interrogation area size (pixels2/mm2) 32 · 32/5.47 · 5.47
Interrogation area overlap (%) 50
Reynolds number 5300, 8000, 10,600
Pulse delay (ls) 200, 170, 130
Dynamic velocity range (m/s) 0.013:6.8, 0.016:8.0,

0.021:10.5
Acquisition frequency of snapshots (Hz) 15
Number of snapshots 700
Maximum standard error for the first and

second moments (%)
2.8 and 7.4
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resolution of 1186 · 1600 pixels2 records the images of the
seeding particles in the laser sheet. The PIV processor syn-
chronizes the laser with the camera.

Table 2 presents the recording parameters of the PIV
system for the three Reynolds numbers. Every 67 ms, a pair
of images is recorded and the two images of each pair are
separated by a pulse delay of varying duration. These pairs
are then cross-correlated, which gives the seeding particle
displacement between the two images and finally the
instantaneous velocity field of the flow (Raffel et al.,
1998). Each image is split into interrogation areas of
32 · 32 pixels2, which leads to a map of 59 · 98 vectors2.
The percentage of spurious vectors rejected is less than
3% for a signal-to-noise ratio of 1.2. Moreover, the nearest
vectors to the impingement surface (x/e = 7.86) should be
interpreted carefully since the blooming generated by the
laser sheet on the impingement surface can significantly
bias their mean value. The maximum theoretical standard
error (Bruun, 1995) has been estimated at 2.8% and
7.4%, respectively, for the first and second moments, to
the entire region under investigation.
Fig. 4. Distributions along the jet centerline of the mean verti
3. Results and discussion

The topologies of the flow field for the same surface-to-
jet velocity ratio at different Reynolds numbers (5300,
8000, 10,600) are almost similar and will be studied first.
Then, to clarify the analysis, the mean flow patterns, the
mean velocities and the turbulent quantities will be exam-
ined in details only in the case of Re = 10,600.
3.1. Effect of the Reynolds number on the mean flow field

The experiments were conducted for a turbulent slot air
jet at three Reynolds numbers of 5300, 8000 and 10,600
impinging on a surface animated by a velocity ratio RSJ of
0, 0.25, 0.5 and 1. This part of the study is carried out to
investigate the influence of the jet Reynolds number on
the mean flow field for a given surface-to-jet velocity ratio.

The distributions of the mean vertical velocity and the
vertical turbulence intensity along the centerline are
depicted in Fig. 4 for the three Reynolds numbers studied
and the velocity ratio of 0, 0.5 and 1. These quantities rep-
resented along the centerline, and often used to character-
ize the jet impinging on a stationary surface, are interesting
to compare with those of a jet impinging on a moving sur-
face. Given that the profiles of these quantities for
RSJ = 0.25 are very similar to that for RSJ = 0, they are
not represented here to ensure a good readability. This
similarity demonstrates the slight influence of the surface
boundary layer on jet development and thus, the predom-
inant effect of the jet on the flow field. Firstly, in
Fig. 4(a) very good agreement can be observed between
the profiles of the mean vertical velocity at the three Rey-
nolds numbers in the case of RSJ = 0. For RSJ = 0.5, the
distributions are also very similar and the discrepancies
in the values do not exceed 4%. It clearly shows the devia-
tion of the jet in the intermediate zone. Moreover, this shift
cal velocity (a) and of the vertical turbulence intensity (b).
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is initiated at the end of the potential core, which corre-
sponds to a distance of 2.6e in our case. For RSJ = 1, the
curves are likewise similar together showing a rapid
decrease of the velocity that appears after only one nozzle
width distance from the exit of the jet. These latter distribu-
tions of velocity thus demonstrate the strong deviation of
the jet in this surface-to-jet velocity ratio. They also present
negative values above x/e = 6.5, which is caused by the
location of a recirculation region described later. The ver-
tical turbulence intensity profiles illustrated in Fig. 4(b)
also highlight the similarity of the measured values at the
same surface-to-jet velocity ratio. The values of the IU tur-
bulence intensity from x/e = 1 to 7 progressively rise with
the increase in RSJ and reach a maximum of 27% in the
cases of RSJ = 1, which is caused by the location of a recir-
culation region. The development of this recirculation
region will be discussed later.

Then, to compare the twelve cases, the time-averaged
velocity magnitude and the two-component turbulent
kinetic energy are depicted along the y-direction in the mid-
Fig. 5. Distributions in y-direction of the mean velocity magnitude: (a) RSJ =
turbulent kinetic energy: (e) RSJ = 0, (f) RSJ = 0.25, (g) RSJ = 0.5, (h) RSJ = 1
dle of the measurement area (x/e = 4) and near the
impingement surface (x/e = 7) to describe the mean veloc-
ity field and the velocity fluctuation distribution, respec-
tively (Fig. 5).

The velocity magnitude profiles at x/e = 4 and x/e = 7
are weakly affected by the surface-to-jet velocity ratios
except in the case of RSJ = 1. Nevertheless, a modification
of the profiles for y/e < 0 and a slight shift of the maximum
value locations to the right in the y-direction are observed
when RSJ increases (Fig. 5(a)–(c)). In Fig. 5(d), a strong
change of the velocity profiles is noticed at x/e = 7. It is
important to emphasize the very good agreement between
the same velocity profiles at the three Reynolds numbers.
This good similarity can also be observed in the case of
the two-component turbulent kinetic energy k 0 profiles
illustrated in Fig. 5(e)–(h). As previously, in the cases of
RSJ up to 0.5, the k 0 profiles are subjected to slight changes.
The maximum peak values of the normalized k 0 are about
0.06. In the case of RSJ = 1 and at x/e = 7, the normalized
k 0 profiles present a high peak value of 0.012–0.016 located
0, (b) RSJ = 0.25, (c) RSJ = 0.5, (d) RSJ = 1 and of the two component
.
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at y/e = 1, which shows the high turbulent activity of this
zone close to the stagnation point and located in the mixing
region between the jet and a recirculation region described
later.

The above considerations thus suggest that the surface-
to-jet velocity ratio is the parameter influencing the flow
field, the mean velocities and the turbulent quantities, inde-
pendently of the Reynolds number in the studied range.
This conclusion thereby justifies the next detailed analysis
for only one Reynolds number (Re = 10,600). In addition,
the work of Gradeck et al. (2005) on a circular water jet
impinging on a moving surface can be mentioned. They
cited the surface-to-jet velocity ratio as a main parameter
influencing the radius of the hydraulic jump that appeared
in their experiment. Finally, it is interesting to note that
the surface-to-jet velocity ratio would be an additional
parameter, and that of first importance, in the average
Nusselt number correlation in comparison with that of jets
impinging on a stationary surface (Martin, 1977).

3.2. Mean flow patterns

The time-averaged velocity magnitude and streamlines
at Re = 10,600 for the surface-to-jet velocity ratios of 0,
0.25, 0.5 and 1 are represented in Fig. 6.

The first case (Fig. 6(a)) depicts a typical turbulent slot
jet confined and submerged impinging on a stationary sur-
face. Two recirculation patterns can be observed in the out-
flow (noted A and B, respectively, for the left, upstream
recirculation and right, downstream recirculation). The
Fig. 6. Dimensionless mean velocity magnitude (U2 + V2)1/2/UJ and streamlin
RSJ = 0, (b) RSJ = 0.25, (c) RSJ = 0.5, (d) RSJ = 1.
other characteristics of this flow field are the normal
impingement of the jet, the symmetry of the velocity mag-
nitude between the left and right wall jets and the stagna-
tion point centered at y/e = 0. For quite the same
configurations, the recirculation patterns were previously
observed experimentally by Gupta (2005) at Re = 7000,
by Beaubert (2002) in LES calculations at Re = 3000,
7500 and 13,500, and in DNS calculations by Abide
(2005) at Re = 3000 or Hattori and Nagano (2004) at
Re = 4560. They were also observed in the case of round
confined and submerged turbulent impinging jets, experi-
mentally by Fitzgerald and Garimella (1998), and numeri-
cally with the normal-velocity relaxation turbulence model
(v2–f model) by Behnia et al. (1999).

The second case (RSJ = 0.25) is presented in Fig. 6(b).
The small surface-to-jet velocity ratio has a slight effect
on the flow field. The jet is slightly deviated, thus the stag-
nation (or impingement) point moves to y/e = 0.1. The B

recirculation is not affected and the position of its center
remains at x/e = 5.6. The most noticeable change is the dis-
placement of the A recirculation center from x/e = 5.6 to
x/e = 4.2.

The third case (RSJ = 0.5) can be seen in Fig. 6(c). The
jet is a little more deviated, so that the stagnation point
moves to y/e = 0.4. The center of the A recirculation
appears clearly on the field of view and is located at
x/e = 3.8 and y/e = �4.1. The B recirculation is slightly
affected. The appearance of a detachment point at
y/e = �4.6 can also be observed, induced by the expan-
sion of a new recirculation region noted as C. This C
es illustrating the recirculating flow patterns for H/e = 8, Re = 10,600: (a)
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recirculation is in the opposite direction relative to the A

recirculation. The decrease in the upstream wall jet velocity
magnitude added to the other modifications leads to an
asymmetry of the flow field patterns.

The last case (RSJ = 1) depicted in Fig. 6(d) is the most
affected case concerning the flow field. The jet is strongly
deviated to the downstream part of the measurement area,
which is corroborated by the movement of the impinge-
ment point to y/e = 1.3. The expansion of the C recircula-
tion compresses the A recirculation and thus the A

recirculation center moves to x/e = 5.6 and y/e = �0.2,
and the detachment point is shifted to y/e = �0.4. The left
wall jet issuing from the jet is restrained between the
detachment point and the stagnation point and is charac-
terized by a low velocity magnitude. These observations
confirm the previous calculations obtained from a k–e
model used with the one-equation model of Wolfshtein in
a similar case (Senter et al., 2005).

In Fig. 7, the distribution of the two-component turbu-
lent kinetic energy is depicted. In the stationary case, the
higher level zones of k0=U 2

J correspond to the mixing layers
of the wall jet, to the mixing layers of the jet and to the
impinging zone. The peak values of the normalized quan-
tity k 0 reached in these regions are about 0.055, 0.066
and 0.069, respectively. In the case of RSJ = 0.25, a slight
increase in the peak value is noted in the impinging zone
to 0.083. For RSJ = 0.5, the peak value near the stagnation
point also increases slightly and is about 0.086. The nor-
malized k 0 value close to the detachment point is about
0.059. Strong modifications of the distribution of k0=U 2

J

appear for RSJ = 1. The high turbulent activity in the A
Fig. 7. Distribution of k0=U 2
J for H/e = 8 and Re = 10,600
recirculation near the stagnation point is noteworthy. In
this zone, the peak value of the normalized k 0 reaches
0.166. Finally, the low values of the normalized k 0 should
be noted in the C recirculation close to the impingement
surface, about 0.017 at y/e = �4. Thus, it is clear that the
C recirculation in the case of RSJ = 1 provides lower values
of the normalized k 0 in this region than the left wall jet flow
for the previous surface-to-jet velocity ratios in the same
region.

3.3. Mean velocity components

In Fig. 8 (RSJ = 0), the mean and rms quantities of com-
ponent U are compared to the experimental values of Mau-
rel (2001) and LES data of Beaubert (2002) for H/e = 10
and a Reynolds number of 13,500 to validate our experi-
mental results. Fig. 8(a) shows good agreement of the
time-averaged vertical velocity between these different data.
The length of the potential core LC for experimental and
numerical values at H/e = 10 and Re = 13,500 is about
0.37H. In the case of H/e = 8 and Re = 10,600, LC is
0.32H. This lower value can be explained by a lower noz-
zle-to-plate spacing, as mentioned by Maurel (2001), and
also by a higher value of the turbulence intensity at the
nozzle exit. Besides, Van and Howell (1976) stated that
the length of the potential core linearly decreases with the
increase in the initial turbulence intensity at the nozzle exit.
Fig. 8(b) presents the centerline vertical turbulence inten-
sity profiles. It appears that the profiles become very simi-
lar for x/H > 0.4. Thus, the turbulence intensity at the
nozzle exit does not seem to influence the distribution of
: (a) RSJ = 0, (b) RSJ = 0.25, (c) RSJ = 0.5, (d) RSJ = 1.



Fig. 8. Distributions along the jet centerline of the time-averaged vertical velocity (a) and of the vertical turbulence intensity (b).
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the vertical turbulence intensity along the centerline in the
intermediate zone nor in the impinging zone. In fact, the
centerline turbulence intensity of component U is close to
22% for the three cases at x/H = 0.95.

Next, the mean velocity components are discussed for
the different surface-to-jet velocity ratios studied (RSJ = 0,
0.25, 0.5 and 1) at Re = 10,600. They are also represented
for the three flow regions of the impinging jet outlined in
Fig. 9. Thus, Fig. 10(a)–(d) present the mean velocity of
component U along the y-direction for different x loca-
tions, at x/e = 1 (in the potential core), x/e = 4 (in the
intermediate zone) and x/e = 7 and 7.5 (in the impinging
zone). The similarity of the profiles at the various x loca-
tions for the surface-to-jet velocity ratios between 0 and
0.5 can be observed first. Indeed, in the potential core,
the maximum value of the time-averaged velocity U occurs
at y/e = 0 and reaches UJ. Then, in the intermediate zone,
the maximum value of U reaches 0.95 UJ at y/e = 0 for
RSJ = 0, at y/e = 0.13 for RSJ = 0.25 and at y/e = 0.29
for RSJ = 0.5. A slight deviation of the jet happens in the
Fig. 9. Flow regions for an impinging jet.
case of RSJ = 1, since the maximum value of U occurs at
location y/e = 0.83 and its magnitude is reduced to 0.86
UJ. In the impinging zone, the same trend is noticed: for
RSJ = 0, 0.25 and 0.5, the jet is slightly deviated and the
maxima of U are quite similar and near to 0.52 UJ at
x/e = 7 and near to 0.33 UJ at x/e = 7.5. For RSJ = 1, the
jet is significantly deviated and the maxima of U decrease
to 0.35 UJ at x/e = 7 and to 0.20 UJ at x/e = 7.5. The influ-
ence of the A recirculation is observed from the different
profiles at each x location studied for the negative values
of y/e. Fig. 10(e)–(h) show the normalized horizontal com-
ponent of the velocity in the impinging zone for different y

locations (y/e = �3, �1, 0, 1, 3) respectively, for RSJ = 0,
0.25, 0.5 and 1. For the stationary case, the symmetries
between the profiles at y/e = �3 and 3 on the one hand,
and at y/e = �1 and 1 on the other hand, confirm the sym-
metry of the left and right wall jets that normally occurred
in this case. The almost null value of the time-averaged
velocity V on the centerline highlights the good accuracy
of the experimental set-up and measurements. For RSJ =
0.25, the trend of the velocity distribution does not change
drastically. The slight deviation of the jet induces a slight
increase in the absolute maximum value of V at y/e = �1
and 0 and a slight decrease of the absolute maximum value
of V at y/e = 1. For RSJ = 0.5, the asymmetry between the
left and right wall jet is more pronounced. Thus, at
x/e = 7.73, the normalized velocity of component V is
equal to �0.62 at y/e = �3 and 0.75 at y/e = 3, �0.56 at
y/e = �1 and 0.25 at y/e = 1. For RSJ = 1, the wall jets
are completely asymmetrical. Indeed, the profiles of the
velocity V at the locations y/e = �1, 0 and 1 are affected
by the A recirculation, whereas at y/e = �3, the profile of
the V velocity is influenced by the C recirculation and all
the measurements at x/e > 5 become positive. Further-
more, the distribution of the V velocity at y/e = 3 empha-
sizes the predominance of the right wall jet over the left
one.



Fig. 10. Distributions of the mean vertical velocity along the y-direction: (a) RSJ = 0, (b) RSJ = 0.25, (c) RSJ = 0.5, (d) RSJ = 1 and of the mean horizontal
velocity along the x-direction: (e) RSJ = 0, (f) RSJ = 0.25, (g) RSJ = 0.5, (h) RSJ = 1.
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Consequently, the increase in the surface-to-jet velocity
ratios progressively leads the wall jets to become strongly
asymmetrical and thus to have an undeniably significant
effect on the local convective heat transfer.

3.4. Reynolds stresses

The root of the normal stresses in the x- and y-direc-
tions, i.e. the turbulence intensities of components U and
V, and the Reynolds shear stress hu 0v 0i are illustrated in
Fig. 11 for the different values of RSJ as a function of the
non-dimensional distance x/e for the five y/e locations.

Fig. 11(a)–(d) depict the evolution of the IU turbulence
intensity with the increase in the surface-to-jet velocity
ratios. In the cases of RSJ = 0 and 0.25, the distributions
of IU are quite similar. For these two surface-to-jet velocity
ratios, a peak value of IU appears in the neighbourhood of
x/e = 7.5. At y/e = �3 and 3, these peaks are close to 13%
and at y/e = �1, 0 and 1, they reach approximately 22%. A
slight change is observed for RSJ = 0.5, since the maximum
of IU reaches 25% close to the stagnation point. The effect
of the surface velocity on the IU distribution is more
marked in the case of RSJ = 1. At y/e = �3, the turbulence
intensity IU is weaker than before and is less than 5% for
x/e > 7. This is due to the influence of the C recirculation
at this y location. At y/e = �1 and near the impingement
surface, the turbulence intensity IU is also at a lower level
than previously and is less than 10% over x/e = 7. At this
position, the fluctuation of the U velocity is influenced by
the mixing layer between the A and C recirculations. At
y/e = 0, the level of turbulence intensity increases up to
28%. This maximum occurs at x/e = 5.5 close to the center
of the A recirculation. The value of IU is even more signifi-
cant at y/e = 1, in the mixing zone between the jet and the
A recirculation and close to the impingement. The peak
value of IU is so within 33%. At y/e = 3, the profile of IU

is very similar to the shape characterizing the previous dis-
tribution of IU in a wall jet, i.e. with a maximum intensity
in the vicinity of x/e = 7.5. This peak value of IU is about
24%.



Fig. 11. Distribution of Reynolds stresses along the x-direction. Iu: (a) RSJ = 0, (b) RSJ = 0.25, (c) RSJ = 0.5, (d) RSJ = 1; Iv: (e) RSJ = 0, (f) RSJ = 0.25,
(g) RSJ = 0.5, (h) RSJ = 1; hu 0v 0i/U 2

J : (i) RSJ = 0, (j) RSJ = 0.25, (k) RSJ = 0.5, (l) RSJ = 1.
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Fig. 11(e)–(h) report the IV turbulence intensity profiles.
In the first three cases (RSJ = 0, 0.25 and 0.5), the distribu-
tions of IV at the different y locations do not significantly
change for x/e between 6.5 and 7.59. At y/e = �1, 0 and
1 and at these x/e, the values of IV are about 11%. The
decrease of IV with the increase in RSJ at y/e = �1 in
the zone x/e < 6.5 is explained by the progressive shift of
the A recirculation to the right. At y/e = �3 and 3, the
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IV curves present a peak value of about 16% close to x/
e = 7. As for previous observations, in the case of
RSJ = 1, the change in IV is more affected. We can pinpoint
the peak value of 25% at y/e = �1, which shows an
increase in IV in the mixing layer between the A and the
C recirculations near the impingement surface. The high
level of IV close to the detachment point is also noteworthy.
The value of IV at y/e = 0 and x/e = 7.73 is, for instance,
about 27%.

The Reynolds shear stress along the x-direction is
depicted in Fig. 11(i)–(l) for each surface-to-jet velocity
ratio. For RSJ = 0, the Reynolds shear stress along the cen-
terline is normally almost null. The distributions of hu 0v 0i at
the locations y/e = 1 and �1, even at the Reynolds num-
bers of 5300 and 8000, highlight a characteristic point
where the value of this quantity is systematically equal to
zero at the same x/e position of nearly 7.1. This singular
phenomenon has previously been observed by Maurel
and Solliec (2001). They noted that this point might char-
acterize the transition of the intermediate zone to the
beginning of the impinging one. Concerning the profiles
at y/e = 3 and �3, they present an absolute peak value
close to 0.012 at x/e = 7.2, which determines, respectively,
the mixing layers between the A recirculation and the
upstream wall jet, and between the B recirculation and
the downstream wall jet. For RSJ = 0.25, only the center-
line distribution is affected and confirms the slight devia-
tion of the jet to the right. For RSJ = 0.5, all the values
at y/e = 1 become positive. For RSJ = 1, the marked
changes of the flow field topology significantly influence
the distribution of hu 0v 0i. We can, for instance, notice the
negative values of this quantity in the centerline, which cor-
responds to the location in the A recirculation.

4. Conclusion

Particle image velocimetry measurements have been con-
ducted to examine the flow field of a turbulent slot air jet
confined and submerged impinging normally on a moving
flat surface. It is developed in order to have a better under-
standing of the physical phenomenon. The surface-to-jet
velocity ratio RSJ appears as the influencing parameter on
the flow field topology, independently of the Reynolds num-
ber in the studied range. According to the mean velocities
and turbulent quantities measured, the flow field is slightly
affected for a surface-to-jet velocity ratio of 0.25. For this
ratio, the flow field remains almost symmetric and the jet
is slightly shifted to the downstream part of the tunnel.
For a surface-to-jet velocity ratio of 0.5, the upstream main
recirculation is significantly affected and a detachment point
appears at a distance of 4.6 nozzle widths upstream from
the centerline. A new recirculation thus emerges. The most
affected topology occurs in the case of a surface-to-jet
velocity ratio equal to unity. The jet is strongly deviated
to the downstream part of the tunnel and the detachment
point moves very close to the centerline. The previous
emerging recirculation becomes prominent and the previous
main recirculation is significantly reduced. Furthermore,
the turbulence intensity measurements close to the stagna-
tion region point out the increase in their value with the
increase in the surface-to-jet velocity ratio. Finally, knowl-
edge of the behaviour of the flow field provides crucial
information for future numerical or experimental heat
transfer studies in this case. Likewise upcoming studies will
compare these experimental results with those obtained
from RANS-based turbulence models, LES and DNS.
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