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Abstract:

The acrodynamic study of circular normal turbulent jet impinging on a corrugated/ribbed wall is carried out from
measurement and numerical apalyses of flow and beat transfer fields. The distributions of wall pressure and heat
transfer coefficient along the impingement surface are measured at different flow and geometry conditions.
Numerical simulations are performed to study momentum and heat transfer characteristics through solutions of
Navier-Stokes and energy equations with a turbulence k-e model. The effects of initial flow Reynolds number
(Re=3.4x10°:1.3x10%), impact surface geometry (corrugated/ribbed) and surface spacing to nozzle ratio
(H/d=2:20) have been analyzed. The results arc compared with those of a smooth plate. The obtained resuits are
used to belp of understanding the process of the jet impingement on corrugated/ribbed surfaces and its effect on
the local heat transfer coefficient between the impinging jet and the complicated surface configuration. This jet
impingement results in complicated flow structure in the region confined between the nozzle and target surface.
The jet impacts the wall, separates into two parts; each part rolls up along the wall; meets the entrainment and
ring vortices are generated. The complex behavior is caused by the generated shear layer, the secondary and
recirculating flow created in the entry region over the corrugated target plate or between ribs. This is because the
ribs/corrugations break the laminar sub-layer and create local wall turbulence due to flow separation and
reattachment behind/inside the ribs/corrugations, and the secondary flow induced by ribs/corrugations, thus
greatly enhancing the mixing process, delayed wall separation and improved performance. Experimental data
have confimmed the relative corrugation/ribs effects and show different bebavior of the wall jet. The spacing
between the nozzle and surface strongly influences the flow dynamics. Computational results clearly indicate the
structure of the jet impinging corrugated/ribbed surfaces and the effect of spacing between nozzle and target
plate. It is observed that the heat transfer coefficient between the impinging jet and the target plate is sensitive to
the surface configuration. The increase in the heat transfer coefficient up to 61% depending on the target plate
geometry, plate spacing to nozzle ratio and the initial flow Reynolds number is observed. An agreement between

measured and numerical results is found.
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Introduction

Impinging jets are comimonly used to enhance
heat transfer in many modern engineering
applications. Therefore, in the last 10 years, there
has been much research effort directed at
understanding the flow and heat transfer from
impinging jet flows. This is because jet
impingement systems provide an effective means
for the enhancement of convective processes due
to the high heat and mass transfer rates that can be
achieved. Also, they can remove large amounts of
heat over a small area consequently producing
high local heat transfer, Beitelmal et al. (2000).
The fact is that the high heat transfer rates
generated by turbulent impinging jet flows is
presented in modern design technologies used by
industrial and engineering applications such as the
diverse applications, which include the drying of
paper, glass manufacturing, material processing,
ceramics, gas turbine cascades, heat exchanger,
and miniature surfaces like electronic chips.
According to the applications, the conditions of
impact differ and are defined by many
geometrical or dynamic parameters. The main
variables for jet impingement heat transfer are the
nozzle geometry, the impingement surface
configuration, the angle of impingement, the jet
Reynolds number, Prandtl number, target plate
inclination, roughness of the target plate,
curvature of target plate, height of the nozzle
above the impingement surface and the turbulence
intensity at the nozzle exit, Son, et al. (2001), Wu
et al. (2001), Maure! and Solliec (2001), and
Taslim et al. (2001). Knowing the effects of these
parameters on the heat transfer is necessary for
good system development and high efficiency,
Chung, et al. (2002). Although many research
concentrated on the above knowing parameters,
certain gaps remain concerning the configuration
of the impinged target plate. Indeed, the majority
of the pervious studies relate to a single (or multi)
jet impinging on a plane wall. The surface
roughness (surface attachment, ribs or grooves) of
most mentioned industrial applications can play a
significant role in the heat transfer, and thus
should not be neglected. In electronic chip
cooling, jet impingement is of interest and the
high heat transfer rates generated close to the
impingement region need to analyze. Ekkad and
Kontrovitz (2002) studied the effect of the

dimpled surface on the heat transfer between:

array of circular jets and the flat plate. They
reported the reduction in the heat transfer
coefficient for the dimpled surface as compared to
the smooth surface.

The flow field created by impinging jets is
quite complex varying from a stagnation type
flow to a wall jet type of flow with considerable
curvature of streamlines. If the flow field is
confined between an impinging jet and a
confinement wall (especially the roughened
walls) then recirculation regions may be present
as well. Gao et al. (2003) studied the effect of a
passive control in the form of triangular taps put
at the nozzle exit on the heat transfer rate. Lee et
al. (2004) indicated the effect of nozzle exit
diameter on the flow field and heat transfer.
They reported that the local Nusselt number in
the stagnation point region increases with
increasing the nozzle diameter. This is attributed
to the increase in the jet momentum and
turbulence intensity, which in turn results in the
heat transfer augmentation at the stagnation
point. Zukerman and Lior (2005) studied
different numerical modeling and reported
correlations for stagnation point and average
heat transfer. Beitelmal et al. (2006) analyzed
two-dimensional impinging jets and correlated
the heat transfers in the stagnation point,
stagnation region and wall jet region. Hoffiman
et al. (2007) studied the effect of nozzie to plate
distance and flow Reynolds number on the flow
structure and heat transfer from a single round
jet impinging perpendicularly on a flat plate.
Comprehensive reviews of heat transfer to
impinging jets have been conducted by Varun et
al. (2007) and Weigand and Spring (2009) for a
wide range of effected parameters. The increase
of the distance between the jet and the surface
leads to decreasing the local heat transfer
significantly, so the remedy is adopting a
multiple impinging jets or using rib roughened
walls. The effects of important parameters (rib
height and pitch) on the heat transfer and
pressure drop are needed to understand.

The current research is concerned with the
analyses of flow features and heat transfer to
impinging air jets over a range of test
parameters. These include the initial flow
Reynolds number, Re, (from 3.4x10° to
1.3x10%, the intermediate spacing ratio, the
impact surface to nozzle exit, H/d, (from 2 to
20), heat flux and target surface configuration,
smooth and roughened (ribbed) /corrugated
plates. Such a geometry resembles that an
electronic component. The mean time average
pressure, velocity and temperature distributions
up to 12 nozzle exit diameters from the
geometric centre of the jet have been reported.
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Experimental set up and procedure

The schematic diagram of the experimental set
up is shown in Fig.1a. A blow down air supply
system has been used to produce the air jet.
Compressed air is discharged from two air
compressors (1) to an air filter and air dryers,
and then to a large storage tank of 8.3 m’, (2).
The maximum pressure in the storage air tank
is automatically controlled to approximately 8
bars. The compressed dry air is restored in a
settling chamber, (7), (1.75 m long and 0.8 m
diameter) after passed through the gate (4) and
pressure regulator (5) valves which control the
mass flow rate of the air flow. Two mesh wire
screens are fixed in the settling chamber to
reduce the air disturbances and keep a uniform
flow at the nozzle exit. A circular convergent
nozzle (15) is made of Aluminum and has
dimensions: the length is 35mm, the inlet
diameter is 30 mm, and the exit diameter is
10mm. The nozzle is attached to the settling
chamber, which is kept parallel to the ground
floor. The air is accelerated through the nozzie
and released into the ambient atmosphere in
the form of a free jet, (10). The air jet is
allowed to impinge normally the smooth or
corrugated/ribbed plates (11), Fig.l.a. The
model configurations are given in Fig.1.b.
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Fig.1a. Schematic diagram of the experimental set up

The target plate has length of 400 mm and
width of 400 mm and is instrumented with a
1000mm serpentine Nickel-chromium coil.
The heated plate consists of two main layers.
The top surface is a | mm thick iron plate. A
Ceramic plate is fixed to the underside of the
iron plate to carry the serpentine heated coil. It
has a power rating of 1500 W/m? and a voltage
rating of 220 V. The voltage is varied using a
variable resistance that controls the heat
supplied to the upper plate. A two dimensional
eorrugated and ribbed plates are tested to make
understanding the effect of the corrugation and
attachment ribs on the heat transfer. The plate
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assembly is such that it approximates a uniform
wall temperature boundary condition, operating
typically at a range of surface temperature from 27
°C to 57 °C, in steps of 10°C. The plate is clamped
on a carriage in an arrangement that allows the
distance between the nozzle exit and the target plate
in the y-direction to be varied; the range is from 2
to %Q_lggﬁizie diameters.

Trlaugular ribbed plate, {=0.087

.
Fig.1b. Schematic diagram of target plates

Measurements of the wall pressure, (p.) have
been done at different values of the stagnation
pressure (p,), in which the corresponding Reynolds
number based on the nozzle exit diameter is varied
from 3.4x10* to 1.3x10°. The pressure wn the
settling chamber (p,), is recorded by a digital
manometer. (3). The wall pressure (py), has been
measured thiough tabs of 0.5 mm inner diameter;
made along the surfaces at equal distances starting
from the stagnation point. A U-tube water
manometer (13) is used to read the wall pressure.
The ambient atmospheric pressure (p,) is measured
using a barometer. The temperature in the settling
chamber (T,), is recorded by a digital thermometer
(8). Six calibrated Copper-Constantan T-type
thermocouples of 0.2 mm outer diameter are
distributed over the impingement region to measure
the temperature on the target plate. . The
thermocouples are connected to a digital
millivoltmeter. A three dimensional traversing
mechanism (14) has a pitch of | mm in all
directions has been used to change the distance
between nozzle and plates, H. The nearest walls
have been kept sufficiently far from the tunnel to
exclude their effects. The local convective heat
transfer coefficient has been ealculated from
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where q, is the total heat flux imposed through
the electrical resistance and is given by, Lee
and Lee (2000)

i

A

The conduction and radiation heat fluxes are
considered negligible. The local surface
temperature is converted to the local Nusselt
number defined as
v,

ks

To perform the experiments, the following
procedure is applied. First, the air compressor
is turned on and control valves are opened. The
pressure and temperature in settling chamber
are recorded. The air jet is allowed to impinge
the target plate which is located normally with
the jet axis by the traverse system. Care is
taken into account to find out the jet centerline
by a set of pre-experiments. Then, the readings
of wall static pressure are recorded. After
steady state conditions are reached, the walil
and ambient temperatures are recorded.

Uncertainty Estimates
The uncertainty in the measurement is found to
be as follows:

* Axial velocity, u:t7%

* Reynolds number Re: +3.2%
* Wall pressure, Pw: £ 2%

* Tap position, x/d:£3.3%
* Intermediate distance Wd: £3.5%
* Stagnation temperature T, +2.5%
* Jet air temperature Ty £1.0%
* Wall temperature T, £ 0.7%

Numerical model Description

The computational domain is illustrated in Fig.
1b. The turbulent Navier-Stockes and energy
equations are solved numerically along with
the continuity equation to simulate the flow
and thermal fields and compared with
experimental data. A mathematical model in
three rectangular Cartesitan  coordinate
directions for steady, incompressible flow and
constant properties has been applied. The
Reynolds average equations in tensor form can
be written as

9 (ou)=0 )
ox,

uU, -
Yz, _13_[ fﬂ__pu,u J )
Ox, ox, @ dx,
ou,T, 8 oT, —
-9 o' T 3
s [ Proc, © f]
The term pu,u|, represents the Reynolds turbulent

stresses and the term pu,.Tj represents the turbulent

heat fluxes. The standard k-¢ model is the chose
since this model has the ability to handle complex
high Reynolds number flows in much less time than
other turbulent models. This model solves two
transport equations gne for the turbulent kinetic
energy, x, and the other for the dissipation rate of
the turbulent kinetic energy, €, as shown below:

S

A
Ox & &

opel, 8 o€
tabaad UGN | IYSY ¢,.G,~-C (3
= ax[[” g‘]ax]“’ £ (CG~Cree)

j
where the shear production term, (Gy) is defined as

G, = | B 2y |0, ©)
ﬁxj ax, axj,

the turbulent viscosity, p is given by

=pC yKZ lg .
The model! coefficients oy, oy, ¢, ¢, and ¢, are 1.0,
1.3, 1.44, 1.92, and 0.09 respectively. The initial
values of turbulent kinetic energy and turbulence
dissipation are, Patankar, (1970)

K, =15V, k=150, I, =2%
&, =K, 12d, ,=x112d,  A=0.005

where the turbulent kinetic energy, x;, and the
dissipation rate of the turbulent kinetic energy, g
are estimated at the local value of the jet velocity
Uj, Kadem et al, (2007).

The numerical computations were performed on
non-uniform staggered grid system. A finite volume
method described by the following formula was
adopted to integrate the considered governing
equations (1) to (5).

[(ogu)dv = [din(Tgradg)v + [S,av

where ¢ , ", S, are respectively, the transportable
quantity, the diffusion term and the source term
indicated by governing equations, Imirde, et al
(2005). This gives a system of discretization
equations which means that the system of elliptic
partial differential equations is transformed into a
system of algebraic equations. Then the solution of
these trarisformed equations is performed by
implicit line by line Guass elimination scheme. An
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elliptic finite volume computer code is used to
attain the results of the numerical procedure
through using pressure-velocity coupling
(SIMPLE  algorithm), Patankar (1970).
Relaxation factors are used to ensure the
solution convergence. The relaxation factors
for velocity, pressure and turbulence Juantities
are 0.5, 1, and 0.7 respectively. Care is taken
into account in which the results shown here
are sensibly free of grid related numerical
errors.

Results and Discussions

The flow field

There has not been a lot of work done on
impinging flows in geometries other than
smooth plates. In this section, results from a jet
impinging normally on ribbed/corrugated
surfaces are presented. The impinged surface
is heated and a heat transfer has been carried
between the jet fluid and the heated surface.
The features of the flow field are characterized
and sample of data are presented.
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¢ Rectangular ribbed plate, Fig.1b-b
Fig. 3 Wall pressure distributions for different H/d

In Fig.3, the normalized wall pressure
distributions (p./p,) for the jet impinging
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smooth, ribbed and corrugated plates are given for
comparison. The Reynolds number is 1.3% 10" and
the distance between the nozzle and plate (H/d) is
ranged from 5 to 20. Near the nozzle exit, the jet
behaves as a free jet. Experimental results on a jet
impinging a smooth plate show a top-hat profile in
the region just near the nozzle exit and the
maximum pressure is shown along the jet axis. Its
value is a function of the intermediate distance
between the nozzle and plate. It decreases with
increasing the distance between the jet and plate.
This is due to the ambient entrainment which
increases the spreading and decay of the jet. The
pressure decay is almost smooth for the smooth
plate while for the corrugated/ribbed plate the
profile behaves a steeper dip. This is due to the
existence of separated, recirculated and reartached
areas appeared on the impinging plate due to the
corrugation or attached ribs. As the jet approaches
the plate the streamlines turn away from the axis
line and the wall jet develops. The pressure
decreases as the jet progress along the surface from
the symmetry line. At the far distance from the
stagnation point, the surface pressure equals the
ambient pressure (p,) and becomes almost constant
along the surface; due to the mixing with the
ambient. The steadiness of the pressure field is
dependent on the geometry of the impinging
surface.

The data of the velocity field from the numerical
model are represented for various configurations of
the target plate for the Reynolds number of 3.5x10?
and spacing distance, H/d=12. Hence, the typical
velocity distributions in the region between the
nozzle exit plane and the target plate show an
interesting behavior and are given in Fig4 It is
seen that, in the potential core region, i.e. at the
section y/d < 2, the 'top-hat' profiles are almost
identical for all cases and similar to that of a free
jet, Kadem, et al (2007). As the jet approaches the
target plate, an interaction occurs and other peaks
are seen at different location from the stagnation
point. This is due to the generation of flow vortices
generated over corrugated and ribbed surfaces,
which stretch and grow gradually downstream
through rolling-up process. The growing of flow
vortices is affected by the target plate configuration,
Gabour and Lienhard (1994) and Narumanchi et al.
(2006).
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Fig. 5 Flow ficld on a smooth plate, Re=6.7x 10°, H/d=5

Calculations have been done to complement
the experimental data to provide further insight
into the structure of the corrugated/ribbed
surfaces. The computed isolines, contours and
trajectories of the velocity field from the
present simulation are given in Fig. 5, for the
jet impinges the smooth plate. The initial
Reynolds number, R,=6.7x10” and the spacing
distance, H/d=5. These snaps increase
understanding of the general structure, flow
field features, streamwisw  ftrajectory
behaviour, and scaling properties of the round
jet impinging on the smooth plate. It is seen
that the calculation provides qualitative

-4 -3 -2 -1 0 1 2 xid 4
¢- Triangular ribbed plate, H/id=12
Fig. 4 Yelocity field In region

agreement with the experimental data. Near the
nozzle exit, the free jet is formed and the potential
core is depicted. Far from the nozzle, the interaction
with the target plate occurs and the ambient
entrainment is illustrated by the curvature of the
velocity lines. The streamwise velocity lines turn
smoothly along the plate, out from the symmetry
line in which the wall jet is developed. Along the
impingement plate, the wall jet progress, develops
and diverges in the far region from the symmetry
line.

ba ‘\. \

K . 40500 ,Ag " C v i 4
Fig. 6 Flow ficld on a corrugated plate, Re=7.1x 10°, H/d=2.5

The numerical solution has aiso reproduced the
expected physical features of the jet impinging
corrugated plates, Fig.6. The developed region near
the nozzle exit, the core region, interaction zone,
reflection, and entrainment are clearly shown. The
fluid emanating from the jet decelerates in the axial
direction at the impinged surface. The flow then
turns sharply and forms a wall jet along the upper
surface of the plate. For the case of the smooth
plate, Fig.5, the wall jet progress smoothly with
almost constant pressure. However for the case of
the corrugated plate, Fig.6, the jet approaching the
plate will at some intermediate distance begin to
feel the presence of the plate. The flow separatcs
and reattaches the v-shaped channel (corrugated
structure). Secondary flows, wall eddies and
different bubbles of different tengths are formed
inside each channel. This is due to the strong
influence of the outer region of the impinging jet
and the axisymmetric nature of the flow. The
ambient fluid outside the jet is entrained into the
core with a developing shear layer separating the
core and the ambient. This entrainment is illustrated
by the curvature of the velocity lines outside the jet
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towards the symmetry axis and leads to a small
recirculation zone in the vicinity of the exit jet-
wall. This feature and the presence of a
secondary recirculation near the bottom of the
v-shaped indicate sufficient flow vortices
around the stagnation point. The convected
wall eddies induced from the interaction
process stretch and grow downstream. This
creates a large scale toroidal vortices and
recirculation region that has a significant effect
on the wall heat transfer. Far from the
symmetry line, the flow progress parallel to the
surface in which the wall jet is redeveloped.
Due to the growing process of the wall
vortices, the ambieat entrainment shows
generation of flow eddies, which affect the
development of the wall jet. Thus, the nature of
the wall jet is different from that of the smooth

iate, Fig.5.
frs

f

Fig; 7 Wall‘jct, vortices along:; corrugated pla,
Re=7.1x 10* , Hid=2.5

Making a focus on the flow characteristics
along the corrugated plate has done to
understand the fluid flow and heat transfer of
the jet impinging a corrugated plate especially
the generated wall jet, Fig.7. An interesting
behavior is depicted; the numerical model
successes to provide the best view for the flow
field. The isolines of mean averaged velocity
turn away from the jet axis, the wall jet
progress along the surface, the flow separates
from the top of corrugated channels, flow
recirculation and large scale torodial vortices
and eddies are visible. Many bubbles are
formed in the v-shaped channel along the
corrugated plate. Each one has different length
from the other. This 1.1gth develops, stretches
and grows as the flow progress along the plate,
The large scale length is shown at the end of
plate with increasing the amount of
surrounding  entrainment  resulting  a
recirculating zone and counter-rotating vortex
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pairs. This leads to an enhancement of the mixing
process, which means that the centrifugal force
increases as the flow progress along the surface, so
that an increase in the recirculation force occurs

S

R v - I
far ribbed plate, Re=T.1x 10°, H/id=5§

A

Fig. 8 Flow field on
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The vertical near-field flow structure of the jet
impinging on a two dimensional rectangular ribbed
surface is numerically visualized and typical results
are shown in Fig.8. The flow is parallel to the jet
axis at the nozzle exit, develops into a free jet.
Ambient fluid is entrained into the core of the jet
prior to impingement. This entrainment is shown by
the curvature of the ambient velocity lines towards
the symmetry axis. The flow decelerates as it
impinges on the top of the ribs. At the corners of
each rib, the flow separates, reattaches downstream
on the base plate between each two ribs. Different
recirculation zones are formed at the two sides of
each rib and many vortices are formed. As the jet
progresses along the plate, flow vortices are
stretched and their sizes grow gradually through
rolling-up process. The toroidal vortices grow over
the impingement plate periodically and a large scale
one is shown at a distance of x/d = 1.0. The
behavior of the wall jet is affected by the generation
of such wall flow vortices. After the impingement,
the large-scale vortices stretch and grow in the x-
direction along the wall surface and interact with
the impingement plate. The convected wall eddies
induced from interaction between the large-scale
toroidal vortices and the impingement surface can
be clearly seen in the region ranged as 1.0 < x/d <
2.0. The wall eddies are stretched and diverged in
the downstream from the symmetry line in some
pulsating patterns. With going further on the plate,
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the toroidal vortices and the induced wall
eddies are abruptly merged with the

surrounding entrainment. This leads to change
the structure and nature of the wall jet;
transformed into a turbulent wall jet.

an, R . . .
Fig. 9 Bubbles, vortices and recirculation on a ribbed plate

The complex features of the turbulent wall
jet induced from the interaction of the jet and
ribbed target plate include entrainment,
stagnation, streamline curvature and a change
in the flow direction due to the ribs and walil
eddies. As the wall jet progresses downstream,
the structure of recirculation zone is changed
by the ribs with increasing its length. At the far
region, the wall vortices stretch, grow and fill
the entire region between the two ribs, Fig.9.
At this instant, the wall jet changes its
direction and the intermediate spacing between
the velocity lines decreases. This results in a
very complex flow structure with several flow-
related phenomena, such as stagnation points,
separations, recirculation, vortices, bubble
generation and curvature effects, which have
influences on the heat transfer rate, Fig.4.

‘ .

| ¢=0.156

U BETT

ular ribbed plate

Fig. 10 Stracture of flow ficld on a
Re=7.1x 10%, H/d=3

The velocity field from the numerical model
is illustrated by contour plots of the velocity

magnitude in the xy-plane for the jet impinging on a
triangular shaped ribbed plate, Fig.10. Two values
of the height of the triangular ribs are considered. In
the lift snap, the height is 1.56mm, £ =0.156 and in
the right snap the height is 0.87 mm, £ = 0.087. The
flow field shows a complex behaviour depending
on the rib height. There are several flow-related
phenomena that can affect the structure of the flow
field, the initial flow Reynolds number, the spacing
between the nozzle and target plate, the height of
ribs and the interior distance between ribs. Three
zones can be identified: firstly there is a free jet
zone, which is the region that is largely unaffected
by the presence of the impingement ribbed surface;
this exists beyond approximately 1.5-3.5 diameters
from the nozzle exit, depending on the initial flow
Reynolds number and spacing between the nozzle
exit and target plate. A potential core exists with the
free jet region, within which the jet exit velocity is
conserved and the turbulence intensity level is
relatively low. A shear layer exists between the
potential core and the ambient fluid where the
turbulence is relatively high and the mean velocity
is lower than the jet exit velocity. The shear layer
entrains ambient fluid and causes the jet to spread
in the direction normal to the jet axis. Beyond the
potential core the shear layer has spread to the point
where it has penetrated to the centreline of the jet.
At this stage, the centreline velocity decreases and
the turbulence intensity increases, especially for
higher values of the rib height, the iift snap of
Fig.11. The snaps also identify a stagnation zone
that extends to a location in the x-direction defined
by the spread of the jet. The stagnation zone
includes the stagnation point where the mean
velocity is zero and within this zone the free jet is
deflected into the wall jet flow. The surface ribs
break the shear sub-layer associated with the wall
jet and create local wall turbulence due to the flow
separation and reattachment over and behind the
ribs, Fig.11. The secondary flow induced by these
ribs, creates recirculating and flow vortices, thus
greatly enhancing the mixing process and improved
the wall heat transfer process.

. 11 Development of wall jet along a trinngular ribbed plate
Re=7.1x 10%, H{d=3
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The length scale of flow vortices induced
by the interaction between the jet and
triangular ribs depends on the surrounding
entrainment, height of ribs, the interior
distance between ribs and the position from the
jet axis, Fig.12. A strong influence of the rib
height on the flow dynamics is observed. This
effect is similar to that found with the plate has
attached rectangular ribs. However, making a
focus on the snap, the triangular ribs cause the
ring vortices to be spaced less closely together
than for the case of rectangular ribs, Fig.13.

Fig. 12 Effect of rib height on the flow field, Re=T.1x 10°,
H/d=5

Fig. 13 Induced ring vortices along a triangular ribbed plate,
Re=7.1x 10°, H/d=5

The temperature field

Fig.14 shows the variation in the measured
Nusselt number in the x-direction along the
smooth plate for different Reynolds number
and H/d = 4. In general, it is observed that the
Nusselt number increases as the flow Reynolds
number is increased. The rate of increase is
higher at the stagnation point as compared to
the other location along the target plate in the
x-direction. For an increase in the Reynolds
number from 3.5 x 10° to 7.1x10°, the Nusselt
number at the stagnation point increases from
53.7 to 86.4 (1.e.,, 61%) whereas at a location
corresponding to x/d=10, the increase in the
Nusselt number is from 30.4 to 42.3 (i.e.,
39%). This suggests that the stagnation point
heat transfer is stronger function of Reynolds
number than the wall jet heat transfer. The
same results were reported by Kadem et al.
(2007) for an axisymmetric turbulent jet
impinging on a flat plate.
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Fig. 14 Effect of Re on temperature distribution along smooth plate

The variation of the calculated stagnation point
Nusselt number for the smooth plate with the init:al
flow Reynolds number is given in Fig.15. The
spacing between the nozzle exit plane and target
plate, H/d=8. A comparison with the measured data

is shown, an agreement is found.
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Fig. 15 Numerical and measured Nu vs, Rc for a smooth plate

Fig. 16 gives the comparison of the calculated
Nusselt number for smooth and corrugated surfaces
at a Reynolds number of 1.1x10° and nozzle to
plate spacing, H/d=6. The solid corrugated line
indicates the quantities values of the Nusselt
number at the top and base points of the corrugated
plate. The mean averaged values are correlated and
given by the detach point line. An increase in the
Nusselt number can be observed for the corrugated
plate as compared to that of the smooth plate. For
example, at the stagnation point, the Nusseit
number increases from 68 to 90.46 (i.e., 33%)
whereas at a location in the x-direction
corresponding to x/d=6, the increases in the local
Nusselt number is from 26 to 34.97 (i.e., 34.5%).
This indicates that there are significant effects of
wall vortices and bubbles induced by the wall jet
over the corrugated plate on the augmentation of
the heat transfer.
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Fig. 16 Variation of Nussclt number along a corrugated plate
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Fig.17 shows the comparison of the Nusselt
number for the smooth and rectangular ribbed
target plate at a Reynolds number of 1.1x10*
and nozzle to plate spacing, H/d=5. The solid
corrugated line indicates the quantities values
of the Nusselt number at the top and middle
points on the base between ribs, An increase in
the Nusselt number is found as compared to
that of the smooth plate. This means that the
attached ribs generate wall vortices and
recirculation of eddies, which increase the flow
mixing as well as the heat transfer. The
increase in the Nusselt number ranges between
31.8% and 38.7% depending on the location in
the x-direction from the stagnation point.
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Fig. 18 Variation of Nu for triangular ribbed plate

Fig.18 shows the comparison of the Nusselt
number for the smooth and triangular ribbed
target plates at a Reynolds number of 1.1x10*
and nozzle to plate spacing, H/d=8. Also, the
same feature of the Nusselt number variation
along the target plate as those of the corrugated
and rectangular ribbed plate is observed. An
increase in the Nusselt number is found as
compared to that of smooth plate. The increase
in the Nusselt number ranges between 19%
and 32% depending on the location in the x-
direction from the stagnation point. It can be
concluded that there is an overall increase in
the heat transfer for the corrugated and ribbed
surfaces as compared to that of the smooth
surface. But, the increase in the Nusselt
number depends on the initial flow Reynolds
number, the spacing between the nozzle and

surface, the surface configuration and the location
from the stagnation point.

Conclusions

The fluid flow and heat transfer characteristics of a
turbulent circular air jet impinging normally on a
heated corrugate/ribbed target wall are examined
using experimental and numerical simulations. The
effects of nozzle to target plate spacing, Reynolds
number and target plate configuration are
considered. The range of Reynolds numbers
examined is from 3.4 x10” to 1.3 x10°. The distance
of the target plate from the nozzle exit plane varies
between 2 to 20 the nozzle exit diameters. Different
data for the pressure distribution, velocity and
temperature fields are obtained. The results of
experimental and computational studies show that
there is a significant enhancement in the local heat
transfer. The corrugated and ribbed surfaces
produce much flatter velocity profile and higher
turbulence intensities as compared to the smooth
surface. This is because the ribs/grooves break the
laminar sub-layer and create local wall turbulence
due to flow scparation and reattachment
behind/inside the ribs/grooves, and the secondary
flow induced by ribs/grooves, thus greatly
enhancing the mixing process, delayed separation
and improved performance. It is also observed that
the heat transfer coefficient is sensitive to the
configuration of the target plate. The increase in the
Nusselt number from 19 % to 61% depending on
the target plate configuration, spacing between the
nozzle and plate, the distance from the stagnation
point and the initial flow Reynolds number is
observed. The numerical solution success to
reproduce the flow details which increases the
understanding for the method of heat transfer
enhancement.

Nomenclature

A: the surface heated area, m?

d : nozzle exit diameter, m

H: distance between nozzle and surface, m
h: heat transfer coefficient, W/m* K

k; : Thermal conductivity of fluid, W/m K
p : pressure , N/m’

U, : mean velocity at nozzle exit, m/sec
u: velocity in axial direction, m/sec

r: rib height, m

Re: Reynolds number ( pU,d /1)

T jet air exit temperature, K

Ty: local wall temperature, K

£ : turbulence dissipation, m¥sec’

x : turbulent Kinetic energy, m*/sec’
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jt  dynamic viscosity, kg/m sec
p . air density, kg/m’
C : rib height/nozzle diameter, r/d

Subscripts

a . Ambient condition

¢ : Stagnation (settling chamber) condition
w : wall condition
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