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Turbulent Heat Transfer
From a Slot Jet Impinging
on a Flat Plate

The flow field and heat transfer of a plane impinging jet on a hot moving wall were inves-
tigated using one point closure turbulence model. Computations were carried out by
means of a finite volume method. The evolutions of mean velocity components, vorticity,
skin friction coefficient, Nusselt number and pressure coefficient are examined in this
paper. Two parameters of this type of interaction are considered for a given impinging
distance of 8 times the nozzle thickness (Hle =38): the jet-surface velocity ratio and the
jet exit Reynolds number. The flow field structure at a given surface-to-jet velocity ratio
is practically independent to the jet exit Reynolds number. A slight modification of the
flow field is observed for weak surface-to-jet velocity ratios while the jet is strongly
driven for higher velocity ratio. The present results satisfactorily compare to the experi-
mental data available in the literature for Ry < 1.The purpose of this paper is to investi-
gate this phenomenon for higher R values (0 <Ry <4). It follows that the variation of
the mean skin friction and the Nusselt number can be correlated according to the sur-

Jface-to-jet velocity ratios and the Reynolds numbers. [DOI: 10.1115/1.4024554]
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1 Introduction

Impinging jets are extensively investigated in numerous bench-
marks. Such configurations are common in many industrial and
engineering applications (e.g., manufacturing, material process-
ing, electronic cooling, paper drying, textiles and tempering of
glass). Various comprehensive reviews of jets impingement onto
a motionless wall are available in the literature [1-9]. However, a
small number of studies were devoted to the effects of the wall
motion of impinging jets, on the flow structure and the heat
transfer.

The first study of a jet impingement on a moving wall was car-
ried out experimentally by Subba Raju and Schliinder [10]. They
investigated the heat transfer of a single jet impinging a moving
belt. Huang et al. [11] performed numerically the case of a turbu-
lent jet on a rectangular duct with surface motion effects. They
have found that, when the plate velocity is great, Nusselt numbers
becomes smaller around the area where the surface motion is
opposed to that of the flow and augments when the moving wall
and the flow evolve in the same direction. Zumbrunnen [12] have
developed an analytical study for a single planar laminar imping-
ing slot jet onto a moving plate subjected to a constant heat flux.-
They show that the heat transfer is more effective when the
boundary layer development is slowed down by the plate motion.
Chattopadhyay et al. [13] have numerically investigated the turbu-
lent heat transfer of an array of slot jets impinging a moving plate
using large Eddy simulation (LES), for jet exit Reynolds numbers
ranging between 500 and 3000 and for several surface-jet veloc-
ities ratios Ry such as: 0 <Ry <2. They found that the Nusselt
number distribution over the plate becomes more uniform when
the total heat transfer and the plate velocity decreases. Later,
Chattopadhyay and Saha [14] used large Eddy simulation to
investigate both the turbulent flow and the heat transfer resulting
from a single slot jet impingement onto a moving hot isothermal
plate. They have provided some results for a given jet exit Reyn-
olds number of 5800 on a moving plate corresponding to a veloc-

Contributed by the Heat Transfer Division of ASME for publication in the
JourNaL oF HEear TransreEr. Manuscript received July 3, 2012; final manuscript
received May 3, 2013; published online August 19, 2013. Assoc. Editor: Wilson K.
S. Chiu.

Journal of Heat Transfer

Copyright © 2013 by ASME

ity ratio between 0 and 2. They were focused on the details of the
flow structure, the velocity profiles and the turbulent shear stresses
distribution. Similarly, the flow field of a confined turbulent slot
air jet impinging perpendicularly a flat surface, was experimen-
tally studied by Senter [15]. The experiments were carried out for
a nozzle-to-plate spacing of eight slot nozzle thickness, at three
Reynolds number (5300, 8000, and 10,600) and four surface-to-jet
velocity ratios (0, 0.25, 0.5 and 1.0). Measurements are performed
within the main regions of the jet. It appears that the flow structure
patterns corresponding to a given surface-to-jet velocity ratio are
independent with the jet exit Reynolds number between 5300 and
10,600. Also, a slight modification of the flow field is observed
for a surface-to-jet velocity ratio of 0.25, whereas this effect is
more significant for higher ratios of 0.5 and 1. On the other hand,
Senter [15], determined the local Nusselt number by means the
computation fluid dynamics (CFD) software Fluent using k—¢
WCP model for jet exit Reynolds number of Re = 10,600 and nor-
malized plate velocities of 0, 0.25, 0.5, and 1.0. This study proves
that the local Nusselt number tends to significantly decrease fol-
lowed by an increasing around the stagnation zone. Sharif and
Banerjee [16] have achieved a numerical study by the CFD code
Fluent, using the standard k—¢ turbulence model coupled to the
enhanced wall treatment. They showed that the local Nusselt num-
bers along the moving plate exceed the values in the vicinity of
the impinging region for the cases corresponding to lower plate
velocities ratios, which can be explained by the thinning of dy-
namical and thermal boundary layers. These values decrease for
greatest plate velocities induced by the parallel dominating shear
driven flow. For a given plate velocity, the average Nusselt num-
ber close to the plate augments whilst the average skin friction
coefficient decreases when jet exit Reynolds number increases.
On the other hand, for a given jet exit Reynolds number, these
two parameters slightly decrease for small velocity ratio, followed
by an increase for greater values In the present paper, the case of
a confined slot jet impinging perpendicularly a moving heated
wall is numerically investigated (Fig. 1). This study complements
both the previous work of Senter [15] and Sharif and Banerjee
[16] by considering values of jet-plate velocity ratios greater than
1 (0<R;<4). We extend the velocity ratio surface-jet because
Zumbrunnen et al. [17] reported that the impingement surface
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velocity can exceed as much as ten (10) times the jet velocity in
some industrial application such as hot rolling process.

2 Methodology

Reynolds averaged equations can be written using transport
conservative equations (mass Eq. (1), momentum Eq. (2) and
energy Eq. (3)) form required by finite volume method

ou;
o 0 M
ou; 0 (P 0 ou; ___
0= s) o (V) @
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The closure of Reynolds Average Navier Stokes (RANS) equa-
tions is achieved through the standard &~ model which takes into
account some modifications due to low-Reynolds numbers effects
and shear flow spreading [18]. The transport equations of the tur-
bulent kinetic energy (k) and the specific dissipation rate () are,

respectively, written as
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The production of the turbulent kinetic energy, Py, in Egs. (4) and
(5), is defined as
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The turbulent viscosity v is defined by
. Pk
mo=a @)
w

The coefficient o damps the turbulent viscosity causing a low-
Reynolds numbers correction, which is given by

. o + Re, /Ry

= %11 Re/Ry ®)

The quantity Re, represents the turbulent Reynolds number
defined by
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In the high Reynolds number from of k—w model: o* =0 = 1.

Thus, the turbulent Reynolds stress tensor and the correlation
between velocity and temperature fluctuations are deduced using
Boussinesq assumption

2 oU; U,
Uiy = gkbl/ — (_8)(/' + _8)(,‘) (10)
— or
—puj('):O(ta—xj (11)

Considering the similarity with molecular transport, the turbulent
Prandtl number for thermal transport can be determined by the
following equation:

L3 (12)
or

o=
The empirical constants values appearing in the above equations

are

C, = 0.09,
o-(l) = 2'07

C,1 = 0.555,
and o1 = 1.0.

Cwp =0.833, o =20,

Convection and diffusion terms are discretized by means of
POWER LAW schemes, while the pressure velocity coupling is
achieved through SIMPLEC algorithm.

All the boundary conditions are summarized in Fig. 1. The jet exit
velocity Vj is varied for a given Reynolds number. Constant values
are imposed for mean velocity and turbulence quantities at inlet

U=0, V=V, T=293K; k=002V? and o= Cif

uk
The moving wall velocity Uy, results from a surface-to-jet velocity
ratio Ry; defined by: Ry = Uy /V;. The jet exit and the upper plate
are maintained at cold temperature 7 while the moving one is
heated up to Ty (Tc =293 K and Ty =313 K). At open boundaries
the pressure is kept at atmospheric level.

A two dimensional structural non uniform grid was generated
and the grid spacing was made thinner close to the wall, where
quite high variables gradients prevail (Fig. 1). The convergence of
the distribution of the local Nusselt number along the moving wall
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Fig. 2 Effect of grid refinement on the local Nusselt number
along the moving wall

with grid refinement is shown in Fig. 2. It observed the grid inde-
pendence is achieved at 280 x 80 nodes distribution beyond which
no further significant change in Nusselt number distribution is
noticed. The grid distribution is consequently used in all following
calculations.

3 Numerical predictions and discussion

Several flow structures and heat transfer patterns resulting from
the interaction of a confined slot jet with a hot moving wall were
numerically studied using a one point closure turbulence model.
The parameters considered in this paper of flow interaction are:
ratio of plate-jet exit velocity Ry; (0 <Ry <4) and Reynolds num-
ber (10,000 <Re <25,000). The results show that the topologies
of flow and heat transfer are significantly affected by the move-
ment of the impinging wall.

3.1 Validation of Numerical Method. The computed mean
velocities components (U/V;) and (V/V), for various horizontal sec-
tions (y/e), are concordant with the experimental measurements par-
ticle image velocimetry of Senter [15]. With a still wall (Ry;= 0.0),
velocity profiles are symmetric, hence the effect of a moving wall
is illustrated by the asymmetry of those profiles (Fig. 3).

3.2 Flow Structure. The computed streamline contours
using the k—» model are plotted in Fig. 4. They correspond to
surface-to-jet velocities ratios of 0 <Rg; <4 for Re = 10,600 and
H/e =38. There is a good agreement between numerical predic-
tions and experimental data of Senter [15] for 0 <R < 1.0. Sev-
eral types of flow structure were observed depending on the
surface-to-jet velocity ratio Rg. The first case for Ry = 0.0 repre-
sents the topology of a confined turbulent jet impinging immobile
wall. The streamlines are perfectly symmetric to the jet axis. Two
identical eddies appear at both sides of the jet. This pair of vorti-
ces was similar to those of both experimentally by Gupta [19] and
Senter [15] and through numerical prediction by Beaubert [20]
using LES, Abide [21] and Hattori and Nagano [22] through direct
numerical simulation, and Senter [15] and Sharif and Banerjee
[16] by means of a two equations RANS (k—¢) turbulence model.
The second case corresponds to Ry=0.25. The jet is slightly
deflected toward the same direction of the plate movement. A
third eddy appears on the left part, counter-rotating to the main
vortex. For Rg;=0.5, the size of the left main recirculation area is
significantly influenced, while a new vortex completely emerges.
Rg=1, the jet is strongly deflected toward the direction of the
plate movement, increasing the size of the new vortex and com-
pressing the left main recirculation area. For high surface-jet
velocity ratios of Rgj= 1.5 and 1.75, the jet is completely carried
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away by the plate movement, while a new recirculation area grad-
ually emerges compressing one. The main left recirculation area
reaches the upper wall pushed up by the thickening of the wall jet.
For Ry =2, the size of the left main recirculation area shrinks into
a single point, located at the coordinates (x/e, y/e)=(—0.07,
3.52). The thickness of the wall jet is greater in its left side than
that the right one. For higher ratios of Ry =4, there is no recircu-
lation zone, the flow is completely deflected by the plate motion.
It is found out that the flow behavior is not influenced by Reyn-
olds numbers when Re > 10,000 (turbulent flow). Besides, for the
same Reynolds number and jet—plate velocity ratio, the flow
behavior of different impinging distances 4 < H/e < 10 is similar
to that of H/e =8. The volume of each vortex increases with of
the impinging distance. This result is in concordance with the
work of Yokobori et al. [23] for the Rg; =0 case.

3.3 Mean Pressure Distributions. The jet deflection is also
evidenced by Coanda effect. The pressure coefficient C}, along the
moving wall is required for further details about the near-wall
pressure effect. For more details, Fig. 5 depicts the static pressure
coefficient distribution along the moving wall for several jet-plate
velocity ratios. We notice that the pressure coefficients exhibit the
same shape for each case. The maximum corresponds to the loca-
tion of the stagnation point; witch is shifted away from the jet axis
when the impinging wall moves. The maximum value of the pres-
sure coefficient decreases when the plate velocity increases. This
phenomenon is due to the generation of a new recirculation area.
For great R; values, none pronounced peaks is observed because
the fluid is completely detached from the moving wall. At the
open boundary (exit), atmospheric pressure is attained (C, = 0.0).

3.4 Vorticity Distributions. The vortical structure of a plane
impinging jet is illustrated in Fig. 6. As it can be seen, the primary
vortices are close to the impinging wall. The penetration of the
new recirculation area is highlighted by the secondary vortex as
shows the Fig. 6.

3.5 Skin Friction Evolution. The skin friction coefficient Cy
is determined by the following equation:

ou

Co=w/1/2pV} where =, = pps (13)

ywall

The wall friction is certainly useful for the understanding of the
near-wall mechanisms. It can be useful in many industrial devices
[24]. Figure 7 illustrates the effect of the plate movement
(0<R;<4) for the friction coefficient for Reynolds number of
Re = 10,600. For all tested cases (R; > 0), the skin friction coeffi-
cient at the left end (X/e = — 50) reaches a maximum value which
increases with the Rsj ratio. These maxima result from the discon-
tinuity of the velocity between the mobile plate and still part (see
Fig. 1). For further details of Fig. 7, we suggest to separately rep-
resent the skin friction coefficient around the impinging region
(—20<X/e<20) for three plate—velocity ratio ranges
(O<RG;<1;125<R;<1.75,and 2<R; < 4).

For the immobile wall case, the skin friction coefficient is char-
acterized by a minimum at the stagnation point and two symmetri-
cal maxima on both sides of the jet axis [16]. Whereas, for the
moving wall cases, we observe (1) a sudden decrease of the local
skin friction coefficient at the detachment point of the new recir-
culation area; (2) the left side maximum increases with the veloc-
ity ratio. The effect of Reynolds number on the skin friction
coefficient was also investigated. For all jet—plate velocity ratios,
the location of the maximum does not seem to be influenced by
the Reynolds number, and the increase of the latter brings about a
slight decrease of Cy [25,26].

The mean skin friction coefficient is deduced by the following
equation:
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Figure 8 illustrates the average skin friction coefficient variation
according to the velocity ratio. This parameter decreases when
R =1, and increases with the increase of Ry ratios; (0 <Ry <4).
The evolution of the average skin friction coefficient according
to the velocity ratio for each Reynolds number within the range of
study is correlated by the expressions (14) for two ranges of Ry;

025 <Ry <1:Ct=2.102x10Re"'R*#

o 15
1 <Ry < 4:Cr = 1.995x10 *ReCRL (1)
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Fig.8 Mean skin friction coefficient H/'e=8
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3.6 Local Nusselt Number. The local Nusselt number along
the impinging plate Nu(x) is calculated from the following

equation:
e or
Nu(x) == —5 )| =
( ) (TH - TC) (8y))'wall

And the average Nusselt along the moving wall is also deduced
from the following equation:

o 1 L/2
Nu:—J
L)_i1p

16)

Nu(x)dx 17

Figure 9 exhibits a good agreement with the experimental outcome
of Gardon and Akfirat [3] and the numerical results of Senter [15]
for a still wall. Figure 9 illustrates the local Nusselt number evolu-
tion along the moving wall, for various values of Ry;.

Figure 10(b) is an enlargement of Fig. 10(a) for a more accurate
description. The analysis of these curves drives the following
conclusions:

— For Ry =0, the curve has a symmetrical bell the shape. The
maximum is observed at the stagnation point of the jet.
Beyond that, the local Nusselt number symmetrically
decreases on both sides of the jet.
—For 0.25 <R;<L.5:
* The maximum value decreases and the stagnation point loca-
tion is shifted toward the same direction as the plate velocity.

¢ The value decreases in the left part of the plate; this reduction
is coupled to the creation of a new recirculation area [15,16].

* A pronounced peak appears at the left end of the moving wall
(X/e = — 50), which augments when Rg; increases. The devel-
opment of this maximum can be explained by the velocity
discontinuity between the moving part and the left side still
part [15].
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* The Nusselt number increases on the right side part of the
plate when R; augments due to the effect of a progressive jet
deviation.

— For 1.75 <R,; < 4: the absence of any obvious peak because
the flow completely runs away from the plate. The locations
and the maximum values for different Ry are reported in
Table 1.

The effect of Reynolds numbers on local Nusselt numbers, for
Reynolds numbers, ranging from 10,000 to 25,000, for several Ry;

(0<R;<4), was examined. Similar variations are obtained
except that their maximum values increase with Reynolds num-
bers. The stagnation point location does not seem to be influenced
by the Reynolds number.

Figure 11 shows the average Nusselt number variation accord-
ing to the velocity ratios. The average Nusselt number decreases
until Rg; = 1.5; increases for higher values of velocity ratios (Rg;).
The minimum value of mean skin friction coefficient is reached
for R =1 case (Fig. 8) but that of average Nusselt number corre-
sponds to Rg=1.5. Fluid flow and thermal fields are not similar
which can be explained by the pressure effects (Coanda) which

Y
(a) Along the hi'ut moving wall

(b) Enlargement for -20 < x/e £ 20

R,,=0 —o—R_=0.25 —=—R_=0.5 —a—R_=1—=—R_=1.25
—“—Rg=1.5—+—Ry=175 —+—Ry =2 —0—R,=3 —x—R,=4

Fig. 10 Distribution of local Nusselt number for H/e=8, Re =10,600 and 0 < R,; < 4 (a) Along

hot moving wall and (b) for —20 < x/e < 20
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Table 1 Effect of surface-to-jet velocity on the maximum val-
ues of the local Nusselt number and the location of stagnation
point. Re = 10,600, H/e = 8.

R 0 0.25 0.5 1 1.25 1.5
Xole 0 0.434 0.784 1.837 3.450 5.552
NUpax 61.047 58.796 56.000 47.849 36.796 25.945
40 -
(e}
] L] ° A
o
30 s .
(e}
A . 8
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Fig. 11 Average Nusselt number distribution for H/e=8

intervene only in the momentum equations, delaying the reattach-
ment process in comparison with thermal behavior.

The average Nusselt number evolution according to the velocity
ratios, for each Reynolds number, is correlated by the expressions
(17) for two ranges of Ry

0 <Ry < 1.5:Nu = (0.188 — 0.046R;)Re"***

_ (18)
1.5 <Ry < 4:Nu = (0.073 + 0.035R;)Re"***

4 Conclusions

The effects of Reynolds numbers, plate velocity and impinging
distance, on flow fields and heat transfer were discussed in this pa-
per. Results are in good agreement with experimental measure-
ments and previous numerical works. The contours of different
variables (streamlines, isobars, kinetic energy, shear stress and
vorticity) are symmetrical for unmoving wall cases (R = 0), and
become asymmetric in the case of a moving wall (R # 0). The
deviation of the stagnation point from the jet exit axis generates
an important variation of the heat transfer. For high velocity ratios
(Rg > 2), there are no stagnation points because the flow is com-
pletely detached away from the wall. Many correlations are pro-
posed for several ranges of jet to wall velocity ratios.
Additionally, one must emphasize the occurrence of a difference
between the corresponding Rg; of the minimum value of mean
skin friction coefficient (Ri; = 1) and that of mean Nusselt number
(Rgj=1.5); which can be explained by the pressure effects
(Coanda) which intervene only in the momentum equations,
delaying the reattachment process in comparison with thermal
behavior.

Nomenclature

Cy = skin friction coefficient
Cy; = mean skin friction
C, = pressure coefficient

e = nozzle width (m)
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H = impinging distance (m)
k = turbulent kinetic energy (m” s~ 2)
L = length of the impingement plate (m)
Nu, = local Nusselt number
Nu = average Nusselt number
P = mean pressure (Pa)
Pr = Prandlt number
Re = Reynolds number

Greek Symbols

p = fluid density (Kg m )
1t = dynamic viscosity of fluid (Kgm~"'s™")
u, = turbulent eddy viscosity (K mtsh
w = specific dissilpation rate (s” )
Q = vorticity (s™ )

V; = jet exit velocity exit (m s7h

U™ = nondimensional velocity

Uy = wall velocity (m sh

U; = mean velocity components (m s h
u; = fluctuating velocity components (m sh
V = mean velocity in the y-direction (m s ')
x; = coordinate directions (m)

= nondimensional distance

R; = surface-to jet velocity ratio
T = mean temperature (K)

U = mean velocity in the x-direction (m s~ ")

Subscripts

C = cold temperature
H = hot temperature
t = turbulent
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