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Abstract

The numerical solution is obtained for unsteady two-dimensional fluid flow and heat transfer in a confined impinging slot jet using the
finite volume method. In order to consider the effect of Reynolds number and height ratio on the flow and temperature fields in the chan-
nel, the numerical simulations were performed for different Reynolds numbers of 50–500 and different height ratios of 2–5. The critical
Reynolds number, beyond which the flow and thermal fields change their state from steady to unsteady, depends on the Reynolds num-
ber and height ratio. The unsteadiness gives a big impact on the flow and temperature fields and as a result the pressure coefficient, skin
friction coefficient and Nusselt number in the unsteady region show different characteristics from those in the steady region.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Impinging jets are jets of fluid on an impingement sur-
face that needs to be cooled/heated or dried. These imping-
ing jets are widely applied in many industrial and
engineering applications such as rapid cooling/heating pro-
cesses, drying of papers, films and foods, freezing of tissue,
coating and tempering of glass and metal, because of their
high heat and mass transfer rates and high efficiency. The
advantage of impinging jet flow is its ease to adjust the
location of interest and to remove a large amount of heat
(or mass) on the impinging surface due to the thin hydro-
dynamic and thermal (or concentration) boundary layers
around the stagnation region. In recent years, the power
dissipation from electrical components becomes larger
because of their high density. The impinging jet is used as
a promising candidate to remove more heat from electrical
components. However, in electronic packaging, because
0017-9310/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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space and size are limited, it is difficult to properly imple-
ment the impinging jet which works at a low Reynolds
number under the low operating pressure condition.

There have been many experimental and numerical stud-
ies to investigate the flow structures and heat transfer mech-
anisms in detail to obtain the optimal operating conditions
of impinging jets for different industrial and engineering
applications. Most of these previous studies are concerned
with high Reynolds number jets because of industrial appli-
cations. Then, only several research papers are available on
low Reynolds number jets. Sparrow and Wong [1] derived
the mass transfer correlation for the impinging slot jet flows
at a Reynolds number of 150 < Re < 950 using the naphtha-
lene sublimation technique and the analogy of heat and
mass transfer. Chen et al. [2] carried out an experimental
and numerical study to investigate the high Schmidt-num-
ber mass transfer to a line electrode in laminar impinging
slot jet flows for the slot-based Reynolds number from
220 to 690. Their experimental and theoretical results show
that the peak values in mass transfer occur at a point one-
half to one jet width away from the stagnation point, which
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Nomenclature

Cf friction coefficient
CP pressure coefficient
D jet nozzle width
H nozzle-to-plate spacing
L channel length
Nu local Nusselt number
p dimensionless pressure
Pr Prandtl number
Re Reynolds number (=vjetD/m)
Rec critical Reynolds number
t dimensionless time
tp period of time integration
T dimensionless temperature
u,v dimensionless velocity in x and y direction
x,y cartesian coordinates

Greek symbols

a thermal diffusivity
q density
m kinematic viscosity

Sub/superscripts

c critical value
jet nozzle exit jet
ref reference value
RMS root mean square
stag stagnation point
w bottom wall
* dimensional value
– time-averaged quantity
h i surface-averaged quantity
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was not observed by the earlier studies. Aldabbagh and Sez-
ai [3] investigated the flow and heat transfer characteristics
of impinging laminar multiple square jets through the solu-
tion of the three-dimensional Navier–Stokes and energy
equations in steady state for different jet-to-jet spacings
and nozzle exit to plate distances. Chiriac and Ortega [4]
computed the steady and unsteady flow and heat transfer
due to a confined two-dimensional slot jet impinging on
an isothermal plate using a numerical finite-difference
approach for different Reynolds numbers based on hydrau-
lic diameters in the range of 250-750 at the fixed Prandtl
number of 0.7 and jet-to-plate spacing of 5. The flow and
heat transfer at the Reynolds numbers of 250 and 350 were
steady whereas those at the Reynolds number of 750 was
unsteady and showed a very complex pattern with buckling,
flapping and sweeping of the jet due to vortex shedding and
a non-linear interaction between the jet and the channel
fluid. The stagnation Nusselt number is directly propor-
tional to the jet Reynolds number at the steady state condi-
tion, whereas those at the unsteady condition are less
dependent on the Reynolds number. Lee et al.[5] numeri-
cally investigates two-dimensional laminar slot jet phenom-
ena in the presence of an applied magnetic field to control
vortices and enhance heat transfer. The visualization and
measurement of heat transfer characteristics were con-
ducted by Hsieh et al. [6] for the jet Reynolds number vary-
ing from 0 to 1623. They noted that vortex flow at even
higher Reynolds numbers becomes unstable due to the iner-
tia driven flow instability. Phares et al. [7] presented a
method for the theoretical determination of the wall shear
stress under impinging jets for a wide range of Reynolds
numbers and jet heights. They compared their theoretically
predicted results with available wall shear stress measure-
ments. They found that the electrochemical method in sub-
merged impinging liquid jets could predict the wall shear
stress in the impingement region most accurately among
any of the indirect methods and determine an empirical
relation describing the rise in wall shear stress due to com-
pressibility effects in high-velocity impinging jets. Chung
et al. [8] performed direct numerical simulations of an
unsteady impinging jet to study momentum and heat trans-
fer characteristics by solving the unsteady compressible
Navier–Stokes equations using a high-order finite-differ-
ence method with non-reflecting boundary conditions. They
investigated the effect of primary and secondary vortices on
the local heat transfer and fluid flow. Law and Masliyah [9]
numerically studied impinging jet flow with Reynolds num-
bers between 100 and 400, and jet-to-plate spacings between
2 and 4. The detailed flow characteristics are considered in
steady state without any heat transfer. Schafer et al. [10] cal-
culated the effects of the jet velocity profile and pertinent
dimensionless parameters on flow and heat transfer condi-
tions. For the different jet velocity profiles, uniform and
fully developed profiles, heat transfer and flow field were
compared. Miyazaki and Silberman [11] analyzed theoreti-
cally the two-dimensional laminar jet impinging on a flat
plate. They evaluated the local friction factor and Nusselt
numbers. Sahoo and Sharif [12] investigated the associate
heat transfer process in a mixed convection regime for a
range of Reynolds numbers (100–500) and Richardson
numbers (0–10). Chou and Hung [13] numerically studied
and suggested new correlations of Nusselt numbers in terms
of Re and H/D at the stagnation line for three different jet
exit velocity profiles (uniform, Gaussian and parabolic).
Chatterjee and Deviprasath [14] presented the role of
upstream vorticity diffusion for off-stagnation point Nusselt
number maxima in laminar impinging jets at small height
ratios. Lin et al. [15] performed experiment which includes
the parametric study of jet Reynolds number and jet separa-
tion distance on heat transfer characteristics of the heated
target surface. They classified an impinging jet flow into
laminar or turbulent according to the turbulent intensity.
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van Heiningen et al. [16] investigated numerically the effects
of uniform suction and nozzle exit velocity profile on the
flow and heat transfer characteristics of a semi-confined
laminar impinging slot jet. They reported that two different
nozzle exit velocity profiles, uniform and parabolic, affected
the heat transfer and flow characteristics significantly.

In the present study, we investigated the dependency of
flow and thermal fields of the confined impinging jet on the
Reynolds number and height ratio. We obtained the
numerical solutions for unsteady two-dimensional govern-
ing equations for fluid flow and heat transfer using the
finite volume method. We calculated the instantaneous
and time-averaged streamlines, time- and surface-averaged
friction coefficients, time-averaged pressure coefficients and
Nusselt numbers at the stagnation point as a function of
the Reynolds number for different height ratios. Hence,
the results obtained for the wide range of low Reynolds
number can identify the transitions to the unsteady regime
and their effects on the characteristics of flow and heat
transfer.

2. Governing equations

Fig. 1 shows the computational domain and coordinate
system for the two-dimensional confined impinging jet con-
sidered in the present study. The unsteady two-dimensional
dimensionless continuity, Navier–Stokes and energy equa-
tions that were solved are defined as

r �~u ¼ 0 ð1Þ
o~u
ot
þ~u � r~u ¼ �rp þ 1

Re
r2~u ð2Þ

oT
ot
þ~u � rT ¼ 1

Re � Pr
r2T ð3Þ

The dimensionless variables in the above equations are de-
fined as

t ¼ vjett�

D
; ~u ¼ ~u�

vjet

; p ¼ p�

qv2
jet

; T ¼ T � � T w

T jet � T w

ð4Þ

In the above equations, q, vjet, Tjet, Tw, and D represent the
density, inlet jet velocity, inlet jet temperature, bottom wall
temperature and jet width, respectively. The superscript *
Outlet

Impingement wall
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D Uniform jet inlet (Vjet)
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Fig. 1. Computational domain and coordinate system for a two-dimen-
sional confined impinging jet.
in Eq. (4) represents the dimensional variables. t;~u; p and
T are the non-dimensional time, velocity vector, pressure
and temperature. The above non-dimensionalization re-
sults in two dimensionless parameters: Re = vjetD/m and
Pr = m/a where m and a are the kinematic viscosity and ther-
mal diffusivity. In the simulations to be reported here the
Prandtl number, Pr, has been taken to be 0.7. We limit
attention to the case of incompressible flow with constant
thermodynamic and transport properties for the fluid. We
also assume that the flow is two-dimensional and invariant
along the spanwise direction for the low Reynolds numbers
considered in the present problem.
3. Numerical methodology

The central difference scheme with second-order accu-
racy based on the finite volume method is used for the spa-
tial discretization [17]. A two-step time-split scheme is used
to advance the flow field. First the velocity is advanced
from time level ‘n’ to an intermediate level by solving the
advection–diffusion equation. In the advection–diffusion
step, the nonlinear terms are treated explicitly using the
second-order Adams–Bashforth scheme. The diffusion
terms are treated implicitly using the Crank–Nicolson
scheme. Then a Poisson equation for pressure is solved
fully implicitly. The final divergence-free velocity field at
‘n + 1’ is obtained with a pressure-correction step. The
temperature field is advanced in a similar manner with
the second-order Adams–Bashforth scheme for the advec-
tion term and the Crank–Nicolson scheme for the diffusion
term [18].

Once the velocity and temperature fields are obtained,
the local, time- and/or surface-averaged pressure coeffi-
cients, friction coefficients and Nusselt numbers are defined
as

Cp ¼
p � pjet

1=2qv2
jet

; Cp ¼
1

tp

Z t2

t1

Cpdt

Cf ¼
sw

1=2qv2
jet

; hCfi ¼
1

tp

1

L

Z t2

t1

Z L=2

�L=2

Cfdxdt

Nu ¼ oT
oy

����
wall

; Nu ¼ 1

tp

Z t2

t1

Nudt

ð5Þ

where, sw is wall shear stress and tp(=t2 � t1) is the period
of time integration.

The boundary conditions used in the present study are
defined as

Inlet : u ¼ 0; v ¼ �1; T ¼ 1

Upper wall : u ¼ v ¼ 0; oT=oy ¼ 0

Lower wall : u ¼ 0; v ¼ 0; T ¼ 0

Lateral exit :
ou
ot
þC

ou
ox
¼ 0;

ov
ot
þC

ov
ox
¼ 0;

oT
ot
þC

oT
ox
¼ 0

At the lateral exit regions, a convective boundary condition
based on the hyperbolic equation is used to prevent any



Table 1
Test cases and results of grid independence study

Case Nx Ny Cp;stag Nustag

1 601 75 0.827 8.626
2 1001 101 0.786 8.085
3 1501 125 0.779 7.961

Table 2
Test cases and results of computational domain size independence study

Case Re L Cp;stag Nustag

1 150 10 0.957 5.527
2 150 20 0.957 5.528
3 150 30 0.957 5.528
4 150 40 0.957 5.528
5 500 10 0.783 8.081
6 500 20 0.785 8.067
7 500 30 0.787 8.061
8 500 40 0.786 8.058
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flow reflection or distortion at the outlet [19,20]. This con-
vective outlet boundary condition also reduces the CPU
time, the upstream influence of the outlet and the necessary
downstream extent of the domain. The convective velocity
C represents a mean value of stream-wise direction veloci-
ties at the exit.

Fig. 2 shows the grid distribution and the number of
domains used in the present study. The number of grid
points used in the present calculation is 1001 � 101
(x � y) and the number of domains used is 10. The condi-
tion of CFL < 0.3 is chosen to determine the non-dimen-
sional time step used in the present calculations and as a
result a time step of 0.005 is used for all the calculations.
The computations are advanced in time until it is observed
that the pressure and heat transfer coefficients have reached
a statistically stationary state. The developed computer
code is parallelized based on the MPI (Message Passing
Interface) to increase the computational speed [21]. The
number of processors used is 5 in the x-direction and 2 in
the y-direction, respectively, as shown in Fig. 2. The same
number of grid points is allocated to each processor.

In advance, the grid independence study to find optimum
grid resolution has been performed for H/D = 5 at
Re = 500 and L = 30. The grid dimensions of the coarse,
medium and fine grid systems considered are 601 � 75,
1001 � 101 and 1501 � 125 (x � y), respectively. The
time-averaged pressure coefficients and Nusselt numbers
at the stagnation point ðCp;stag;NustagÞ for the medium and
fine grid systems are very close. However, these values of
coarse grid system show the little deviation from those of
the medium and fine grid systems as shown in Table 1.
Accordingly, we used the medium grid system of 1001 �
101 (x � y) in the present study. Also, the computational
domain size has been tested for L = 10, 20, 30 and 40 for
the case of H/D = 5 at Re = 150 and 500, using the grid sys-
tem of 601 � 101, 801 � 101, 1001 � 101 and 1201 � 101
respectively. Table 2 shows the results for the domain size
dependency test case study. Then, the domain size L = 30
was chosen for the appropriate domain size based on effi-
cient numerical calculations.
Fig. 2. Grid distribution and the num
To validate the present computational method, the fluid
flow and heat transfer for the confined impinging jet was
conducted when H/D = 5 at Re = 125 and 250. Fig. 3
shows that the present results of time-averaged pressure
coefficients and Nusselt numbers along the lower (impinge-
ment) wall are in good agreement with those of previous
researches [4,5].
4. Results and discussion

Figs. 4 and 5 show the time-histories of pressure coeffi-
cients at the stagnation point (CP,stag) and their corre-
sponding root-mean-square (RMS) value (RMSCp,stag) for
different Reynolds numbers and height ratios. In the pres-
ent study, we defined the critical Reynolds number as a
Reynolds number beyond which the flow starts to change
its state from steady to unsteady. Within the range of Rey-
nolds numbers considered in this study with the interval of
50, the critical Reynolds numbers (ReC,2, ReC,3, ReC,4 and
ReC,5) for the different H/Ds of 2, 3, 4 and 5 are identified
ber of domain used (H/D = 5).



Fig. 3. Time-averaged quantities along the impingement wall at H/D = 5;
(a) pressure coefficient and (b) Nusselt number.
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by observing the time-histories of pressure coefficients
(CP,stag) and their RMS value at the stagnation point for
different Reynolds numbers and height ratios.

The critical Reynolds numbers for H/D = 2, 3, 4 and 5 are
ReC,2 = 350, ReC,3 = 300, ReC,4 = 300 and ReC,5 = 250,
respectively. The critical Reynolds number decreases with
increasing height ratio, meaning that the flow and tempera-
ture fields change their state from steady to unsteady at the
smaller Reynolds number due to increasing unsteadiness
with increasing H/D.

When the Reynolds number is less than the critical Rey-
nolds number, the flow and temperature fields are steady
and as a result CP,stag is constant and the RMS of CP,stag

is zero, as shown in Figs. 4 and 5. If the Reynolds number
is larger than the critical Reynolds number, the flow and
temperature fields are time-dependent and CP, stag oscillates
with a positive RMS value of CP,stag. Under the unsteady
condition where the Reynolds number is greater than the
critical Reynolds number, the oscillating amplitude of
CP,stag and the corresponding RMS of CP,stag increases sig-
nificantly with increasing Reynolds number and height
ratio, meaning that the unsteadiness increases with increas-
ing Reynolds number and height ratio.

For the case of H/D = 2, CP,stag is independent of time in
the range of Re 6 ReC,2 = 350. When Re > 350, RMSCp,stag

is larger than 0 and CP,stag starts to oscillate with a small
oscillating amplitude, as shown in Figs. 4a and 5.
For the cases of H/D = 3 and 4, the critical Reynolds
number is 300. When Re > 300 at H/D = 3 and 4, CP,stag

shows time-dependent behavior as shown in Fig. 4b and
c, and the RMS of CP,stag increases with increasing Rey-
nolds number as shown in Fig. 5. As H/D increases, the
oscillating amplitude of CP,stag increases with increasing
unsteadiness and the RMS of CP,stag for H/D = 3 and 4
is larger than that for H/D = 2. As a result the critical Rey-
nolds number for H/D = 3 and 4 is less than that for H/
D = 2, meaning that the flow changes its state from steady
to unsteady at the lower Reynolds number as H/D
increases.

For the case of H/D = 5, the critical Reynolds number is
250, which is less than that for the cases of H/D = 2, 3 and
4. When the flow and temperature fields are time-depen-
dent, the oscillating amplitude and the RMS of CP,stag

for H/D = 5 are much larger than those for H/D = 2, 3
and 4.

Figs. 6–9 show the instantaneous streamlines for differ-
ent Reynolds numbers of 50–500 and different height ratios
of 2–5 to show the unsteady flow characteristics after they
reach the fully developed state.

When H/D = 2 at Re = 50, the flow is steady and has a
symmetric shape about the jet axis (x = 0). Two symmetric
main re-circulating vortices are formed near the jet inlet
due to the jet entrainment. When Re = 150 at H/D = 2,
the two main re-circulating vortices elongate along the
direction of jet exit and their size becomes bigger than that
at Re = 50, due to the increasing convective force with
increasing Reynolds number. The stronger convective
motion contributes to the flow separation and the forma-
tion of secondary vortices on the lower wall as shown in
Fig. 6b. As we increase the Reynolds number to 300, the
pair of symmetric vortices still elongate and the secondary
vortices on the lower wall move further outward to the lat-
eral exit. Because the value of RMSCp,stag is very small
when Re = 400 as shown in Fig. 5, the unsteadiness of
the flow at Re = 400 is very weak and as a result the flow
at Re = 400 is similar to the steady flow pattern of
Re = 350. When we increase the Reynolds number further
to 450 and 500, the flow becomes time-dependent and
asymmetric with increasing unsteadiness of flow, as shown
in Fig. 6e and f. When the flow is unsteady, the jet core is
distorted and the main re-circulating vortices emanating
from the jet shear layer are alternately shed on both sides
of the jet. After the jet impinges on the lower wall, the flow
is deflected from the wall and then a wall jet is developed.
The wall jet flow is separated from the wall because the
flow is disturbed by the wall shear stress, leading to the for-
mation of a series of wall vortices. The detached wall jet
flow is partially re-entrained into the jet, which forms a pair
of re-circulating zones. Near the jet inlet, small vortices
appear between the impinging jet and main re-circulating
vortices. These vortices are mainly caused by the existence
of the upper wall. The flapping of the jet flow in the
unsteady region increases with increasing Reynolds num-
ber because of the augmentation of sinuous and varicose



Fig. 4. Time histories of pressure coefficients at the stagnation point (Cp,stag) for the different height ratios; (a) H/D = 2, (b) H/D = 3, (c) H/D = 4 and (d)
H/D = 5.

Fig. 5. RMS of pressure coefficient (Cp) at the stagnation point for the
different height ratios.
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jet instabilities. For the case of H/D = 2, even though the
flow is time-dependent at the unsteady Reynolds numbers
of 400, 450 and 500, the instantaneous jet flow still main-
tains the almost symmetric pattern near the jet inlet
(x = 0) because H/D is not large enough to disturb the
jet flow near the jet inlet.

For the cases of H/D = 3 and 4, the flow is steady and
symmetric at Re 6 300, which is similar to the case of
H/D = 2 at Re 6 350. When Re = 150 for H/D = 3 and
4, we can observe the formation of the main re-circulating
vortices near the jet inlet and secondary vortices on the
lower wall as shown in Figs. 7b and 8b which is similar
to the case of H/D = 2 at the same Reynolds number.
However, the size and strength of the vortices formed at
H/D = 3 and 4 are larger than those at H/D = 2 because
the jet entrainment near the jet inlet and the flow instability
on the lower wall increase due to increasing domain size
with increasing H/D. When Re = 300 at H/D = 3 and 4,
the flow is still steady. However the core of the main re-cir-
culating vortices near the jet inlet is split into two cores and
secondary vortices in the lower wall is stretched to the lat-
eral exit along the lower wall. We can also observe the for-
mation of small tertiary vortices in the upper wall
surrounded by the main re-circulating vortices. When the
Reynolds number is in between 300 and 350, the unsteadi-
ness starts to give some effect on the flow and temperature
fields. Thus, when Re = 350 at H/D = 3 and 4, the flow
becomes unsteady and moves toward the lateral exit of
the channel with the development of small vortices along



Fig. 6. Instantaneous streamlines at H/D = 2 for different Reynolds numbers; (a) Re = 50, (b) Re = 150, (c) Re = 300, (d) Re = 400, (e) Re = 450 and (f)
Re = 500.

Fig. 7. Instantaneous streamlines at H/D = 3 for different Reynolds numbers; (a) Re = 50, (b) Re = 150, (c) Re = 300, (d) Re = 350, (e) Re = 400 and (f)
Re = 500.
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both the upper and lower walls. If we increase the Reynolds
number further to 400 and 500 at H/D = 3 and 4, the effect
of the unsteadiness on the flow becomes larger and as a
result the flows show more complex and irregular patterns
as shown in Figs. 7e and f and 8e and f, compared to those
at H/D = 2 as shown in Fig. 6e and f.

For the case of H/D = 5, the jet flow maintains steady
and symmetric at Re = 50, which is similar to the cases of
H/D = 2, 3 and 4. However, when H/D = 5 at Re = 50,
the momentum is not large enough to overcome the friction
along the lower wall because the domain size and the dis-
tance between the jet inlet and the bottom wall increase with
increasing H/D. So we can observe the formation of second-
ary vortices on the lower wall for the case of H/D = 5 at
Re = 50, which is not observed for the cases of H/D = 2,
3 and 4. When the Reynolds number increases to 150 at
H/D = 5, the main re-circulating vortices near the jet inlet
are split into two cores and secondary vortices surrounded
by the main re-circulating vortices are formed on the upper
wall, which are similar to the cases of H/D = 3 and 4 at



Fig. 8. Instantaneous streamlines at H/D = 4 for different Reynolds numbers; (a) Re = 50, (b) Re = 150, (c) Re = 300, (d) Re = 350, (e) Re = 400 and (f)
Re = 500.

Fig. 9. Instantaneous streamlines at H/D = 5 for different Reynolds numbers; (a) Re = 50, (b) Re = 150, (c) Re = 300, (d) Re = 400 and (e) Re = 500.
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Re = 300. The size of the secondary vortices formed on the
lower wall for the case of H/D = 5 is bigger than that for the
cases of H/D = 2, 3 and 4.

When Re = 300, 400 and 500 at H/D = 5, the flow
becomes unsteady and asymmetric, resulting in complex
vortical motion as shown in Fig. 9c–e. When H/D = 5,
the transition of flow from the steady to unsteady state
occurs at a lower Reynolds number than for the cases of
H/D = 2, 3 and 4 because the unsteadiness increases with
increasing H/D. For the case of H/D = 5, the instability
of the inlet jet gives a much bigger impact on the flow
unsteadiness, compared to that for the cases of H/D = 2,
3 and 4. Similar to the flow at Re = 400 and 500 for the
cases of H/D = 3 and 4, the time-dependent flow at
Re = 300, 400 and 500 for the case of H/D = 5 shows very
complex and irregular patterns in the channel.

Figs. 10–13 show the time-averaged streamlines for the
flow fields corresponding to the unsteady region for differ-
ent Reynolds numbers and H/Ds.

For the case of H/D = 2 at the Reynolds numbers of 450
and 500, the time-averaged flow consists of the main re-cir-
culating vortices near the jet inlet (MRV), secondary vorti-
ces on the lower wall (LV) and secondary vortices on the
upper wall (UV), as shown in Fig. 10. The size of MRV
for Re = 500 is slightly larger than that for Re = 450. How-
ever, the size of LV and UV for Re = 500 becomes smaller
than those for Re = 450, due to the increasing convective
force with increasing Reynolds number. The center of LV
and UV for Re = 500 moves more toward the jet axis, com-
pared to that for Re = 450.

For the case of H/D = 3 at the Reynolds numbers of 350
and 400, the time-averaged flow consists of the main re-cir-
culating vortices near the jet inlet (MRV), small vortices
embedded in the main re-circulating flow on the upper wall
(UV1) which does not exist for the case of H/D = 2, small
vortices on the lower wall (LV) and isolated small vortices
in the upper wall (UV2), as shown in Fig. 11a and b. When
H/D = 3, the size of MRV and UV1 for Re = 400 is slightly
larger than that for Re = 350, whereas the size of LV and
UV2 for Re = 400 becomes smaller and the centers of LV
and UV2 move more toward the jet axis, compared to
those for Re = 350. If we increase the Reynolds numbers
to 450 and 500, the UV2 disappears as shown in Fig. 11c
and d and the centers of MRV, UV1 and LV keep moving
toward the jet axis. As a result, the MRV, UV1 and LV are
formed at locations close to the jet axis when Re = 500.
Fig. 10. Time-averaged streamlines at H/D = 2 for differe
For the case of H/D = 4 at a Reynolds number of 350,
the time-averaged flow consists of the main re-circulating
flow near the inlet jet (MRV), small vortices embedded in
the main re-circulating vortices on the upper wall (UV1),
small vortices in the lower wall (LV1) which does not exist
for the case of H/D = 3, small vortices embedded in the
primary small vortices on the lower wall (LV2) and isolated
small vortices on the upper wall (UV2), as shown in
Fig. 12a. If we increase the Reynolds numbers to 400 at
H/D = 4, the LV2 disappears, the size of UV2 becomes
bigger, and the size of MRV, UV1 and LV1 becomes smal-
ler, compared to those for Re = 350 at H/D = 4. The cen-
ters of MRV, LV1, UV1 and UV2 move toward the jet axis
as the Reynolds number increases from 350 to 400, which is
similar to the case of H/D = 3, as shown in Fig. 12a and b.
The time-averaged flow for Re = 450 at H/D = 4 is similar
to that for Re = 400 at H/D = 4. If we increase the Rey-
nolds number further to 500 at H/D = 4, the flow becomes
more complex. The size of MRV and UV1 becomes smaller
and the center of MRV and UV1 moves further to the jet
axis. The size of LV1 and UV2 becomes larger and LV2
appears again.

The time-averaged flow for the case of H/D = 5 at differ-
ent Reynolds numbers of 300–500 shown in Fig. 13 is sim-
ilar to that for the case of H/D = 4 at Re = 500 shown in
Fig. 12d, which consists of the MRV, LV1, LV2, UV1
and UV2, because the unsteady effects on the flow increase
with increasing H/D. When the Reynolds number increases
from 300 to 350 at H/D = 5, the size of MRV and UV1
decreases, the center of MRV and UV1 moves toward
the jet axis, and the size of LV2 increases. When the Rey-
nolds number is larger than 350 at H/D = 5, the time-aver-
aged flow for different Reynolds numbers with the
formation of MRV, LV1, LV2, UV1 and UV2 is similar,
showing that the time-averaged flow does not depend much
on the Reynolds number in the unsteady region at H/
D = 5.

Fig. 14 shows the time-averaged pressure coefficient at
the stagnation point ðCp;stagÞ as a function of Reynolds
number for different height ratios. When H/D = 2 and 3,
Cp;stag has a unit value for all Reynolds numbers covering
both the steady and unsteady region except Re = 50, which
means that all the jet momentum at the inlet is transferred
into pressure on the impinging wall. When Re = 50 at H/
D = 2 and 3, the value of Cp;stag is lower than 1 because
the convective force of jet flow is not enough to transfer
nt Reynolds numbers; (a) Re = 450 and (b) Re = 500.



Fig. 11. Time-averaged streamlines at H/D = 3 for different Reynolds numbers; (a) Re = 350, (b) Re = 400, (c) Re = 450 and (d) Re = 500.

Fig. 12. Time-averaged streamlines at H/D = 4 for different Reynolds numbers; (a) Re = 350, (b) Re = 400, (c) Re = 450 and (d) Re = 500.
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all jet momentum at the inlet into the pressure at the stag-
nation point at this low Reynolds number. This result also
shows the evidence that the jet flow in the unsteady region
for the case of H/D = 2 and 3 still maintains almost a sym-
metric shape near the centerline (x = 0), as shown in Figs. 6
and 7. If we increase H/D to 4 and 5, the variation of Cp;stag

in the unsteady region is different from that in the steady
region. In the steady region at H/D = 4 and 5, Cp;stag has
a value less than 1 at Re = 50. When we increase the Rey-
nolds number in the steady region at H/D = 4 and 5, Cp;stag

increases until it reaches a unit value because the convec-
tive force of jet increases with increasing Reynolds number.
In the unsteady region at H/D = 4 and 5, the jet swings
around the centerline due to its flapping motion caused
by the unsteadiness. The jet loses its kinetic energy during
its flapping motion and dissipates its kinetic energy into the
jet induced small vortices. With increasing Reynolds num-
ber in the unsteady region at H/D = 4 and 5, the unstead-
iness and swing motion of jet increases and as a result the
jet has less opportunity to impinge on the stagnation point.
Thus, if we increase the Reynolds number in the unsteady
region at H/D = 4 and 5, Cp;stag decreases continuously
with its value less than 1. Because the unsteady effect of
H/D = 5 is much larger than that of H/D 6 4, the values
of Cp;stag for H/D = 5 in the unsteady region is much less
than that for H/D 6 4. In the steady region, Cp;stag

decreases with increasing H/D at the same Reynolds num-
ber because the jet flow loses more kinetic energy while it
moves the longer distance between the jet inlet and the
lower wall with increasing H/D.

Fig. 15 shows the time- and surface-averaged skin fric-
tion coefficients ðhCfiÞ on the lower half wall as a function
of Reynolds number for different height ratios. The magni-
tude of hCfi depends on the distance from stagnation point
to the 1st separation point, the size and strength of the sec-
ondary vortices formed on the lower wall and the location



Fig. 13. Time-averaged streamlines at H/D = 5 for different Reynolds numbers; (a) Re = 300, (b) Re = 350, (c) Re = 400, (d) Re = 450 and (e) Re = 500.

Fig. 14. Time-averaged pressure coefficient at stagnation point ðCp;stagÞ as
a function of Reynolds number for different height ratios.

Fig. 15. Time- and surface-averaged skin friction coefficients ðhCf iÞ on the
impingement wall as a function of Reynolds number for different height
ratios.
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of the reattachment point, whose respective effects a give
positive or negative effect on hCfi. As the Reynolds number
increases in the steady flow region, the 1st separation point
on the lower wall is located at a longer distance from the
centerline and the size of secondary vortices formed on
the lower wall increases. As a result, hCfi in the steady flow
region decreases with increasing Reynolds number. How-
ever, in the unsteady flow region, the variation of hCfi does
not depend much on the Reynolds number and H/D unlike
to the large variation of hCfi in the steady flow region.
Fig. 16 shows the time-averaged Nusselt number at the
stagnation point, Nustag, as a function of Reynolds number
for different height ratios. The time-averaged Nusselt num-
ber in Fig. 16 is divided by Pr1/3. For a fixed H/D, Nustag

increases with increasing Reynolds number generally
because the convective heat transfer increases with increas-
ing Reynolds number. As we increase H/D for the fixed
Reynolds number, the cold jet flow travels a longer dis-
tance until it meets the lower hot wall. And as a result
the thermal boundary layer around the stagnation point



Fig. 16. Time-averaged Nusselt number at the stagnation point as a
function of Reynolds number for the different height ratios.
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becomes thicker. Thus, Nustag decreases with increasing H/
D for a fixed Reynolds number. We compared our compu-
tational results of Nustag with the correlation obtained by
Chou and Hung [13] and the computational results for
H/D = 5 obtained by Chiriac and Ortega [4]. In the steady
Fig. 17. Time-averaged Nusselt number at the impingement wall for the diffe
region, the variation of Nustag obtained by the present com-
putation for different values of H/D is slightly smaller than
that of the correlation of Chou and Hung [13] and the pres-
ent computational results of Nustag for H/D = 5 at Re = 125
and 250 is slightly lower than Nustag obtained by Chiriac
and Ortega [4]. In general, our computational results for
Nustag in the steady region represent the results given by
Chiriac and Ortega [4] and Chou and Hung’s correlation
[13] well. However, in the unsteady region, our computa-
tional results are much lower than those obtained by Chou
and Hung’s correlation because of the swing motion caused
by the unsteadiness. We can also observe the similar drop
in the value of Nustag obtained by Chiriac and Ortega [4]
in the unsteady region. Chou and Hung [13] solved the
two-dimensional, steady governing equations of mass,
momentum and energy conservation with a Reynolds num-
ber range of 100–500, even though these Reynolds numbers
cover the unsteady region. So Chou and Hung’s correlation
[13] cannot reproduce the effects of unsteadiness on Nustag

and as a result we can observe big differences between
our computational results and Chou and Hung’s correla-
tion [13] for Nustag in the unsteady region.

Fig. 17 shows the distributions of time-averaged Nusselt
numbers ðNuÞ normalized by Re1/2 along the lower wall for
rent height ratios.; (a) H/D = 2, (b) H/D = 3, (c) H/D = 4, (d) H/D = 5.
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different Reynolds numbers and height ratios. Only a half
of the lower wall is considered in the plot because the
time-averaged quantities are symmetric about the jet axis
(x = 0). The distribution of Nu=

ffiffiffiffiffiffi
Re
p

along the lower wall
generally follows the Reynolds analogy [8] and depends
strongly on the size and magnitude of the secondary vorti-
ces formed on the lower wall. Nu=

ffiffiffiffiffiffi
Re
p

has a peak value at
the stagnation point. For the case without secondary vorti-
ces on the lower wall, Nu=

ffiffiffiffiffiffi
Re
p

decreases very rapidly close
to the stagnation point and then keeps decreasing slowly as
the flow approaches to the lateral exit. However, for the
case with secondary vortices, Nu=

ffiffiffiffiffiffi
Re
p

increases slightly
between the separation and reattachment point in the pres-
ence of secondary vortices.

5. Conclusions

The present study investigates numerically the unsteady
two-dimensional fluid flow and heat transfer in the con-
fined impinging slot jet for different Reynolds numbers of
50–500 and different height ratios of 2–5. The critical Rey-
nolds number, beyond which the flow and temperature
fields start to change their state from steady to unsteady,
depends on the height ratio.

If the Reynolds number is greater than the critical Rey-
nolds number, the flow and thermal fields becomes time-
dependent and asymmetric. As the Reynolds number
increases in the unsteady region, the flapping motion of
jet increases and the flow fields become more complex with
unsteady vortical motion caused by the augmentation of
sinuous and varicose jet instability.

When H/D = 2 and 3, the time-averaged pressure coef-
ficient at the stagnation point ðCp;stagÞ has a unit value
for all Reynolds numbers covering both the steady and
unsteady region except Re = 50. When H/D = 4 and 5,
Cp;stag in the steady region increases from a value lower
than 1 to the unity value, whereas Cp;stag in the unsteady
region decreases with increasing flapping motion of the
jet caused by the unsteadiness, if we increase the Reynolds
number in the steady and unsteady regions.

In the steady region, the time- and surface-averaged skin
friction coefficients ðhCfiÞ decrease with increasing Rey-
nolds number and decrease with increasing height ratios.
However, the dependency of hCfi on the Reynolds number
and height ratio in the unsteady region is not large.

In the steady region, the time-averaged Nusselt number
at the stagnation point ðNustagÞ increases monotonically with
increasing Re for different height ratios. However, Nustag in
the unsteady region decreases due to the increasing flapping
motion of the jet with increasing Reynolds number.

The distribution of time-averaged Nusselt numbers ðNuÞ
along the lower wall depends strongly on the size and mag-
nitude of the secondary vortices formed on the lower wall.
Nu has the maximum value at the stagnation point and
decreases generally as we move to the lateral exit, except
the locations where Nu increases slightly in the presence
of secondary vortices.
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