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Abstract

In this paper the three dimensional round jet impinging on a circular pedestal is simulated. The
predictions are carried out through numerical procedure based on finite volume method. The effects of the
nozzle to target spacing (H/D=2, 4 and 6) and Reynolds numbers (23000 and 50000) are investigated.
The flow field is considered to be incompressible and the buoyancy and radiation heat transfer effects are
neglected. Turbulent fluctuations in the velocity field are modeled using the Reynolds Averaged Navier-

Stokes (RANS) methodology and various turbulence models such asSST K—w, RNGK-—g,
Realizable K — & and v2 — f are also used. The results of convective heat transfer obtained on the

pedestal and the flat plate, using vZ — f turbulence model have good agreement with the experimental
data compared to the other models and also heat transfer increases with increasing Reynolds number
and the maximum heat transfer coefficients occur for H/d equals to six.

Keywords: Turbulent impinging jet - Cylindrical pedestal - Numerical simulation - Heat transfer

characteristics.

1. Introduction

The impinging jet is used in many
engineering and industrial applications such as
annealing of metal and glass, cooling of cast
iron and transistors, forming of plastic [1], drying
film and textile [2], grinding processes [3],
cooling of gas turbine blades [4-6] and cooling of
microelectronic equipments [7, 8]. The high heat
transfer rate generated by turbulent impinging jet
flows is present even in aircraft industry, for
example the flow field generated by the fan-
powered vertical take-off and landing vehicles

can be simulated and studied by considering the

impinging jet flows [9]. These applications are
due to the high heat and mass transfer rates of
the jet impingement.

To design and optimize the jet impingement
cooling, it is essential to determine and
understand the effects of such important
parameters as nozzle to plate distance, jet
Reynolds number, Prandtl number, jet diameter,
impact angle, nozzle geometry, confinement
effect and etc. In some of previous studies these
effects have been examined.

Basic features of such flows are different flow

areas which are the area of free jets, the area of


mailto:Im.Rashidi@gmail.com

TSME - IDOME

the gradient flow in the zone of critical point and
the jet turn and the area of wall jet. The high
rate of heat and mass transfer processes in the
stagnation region of the jet.

The impinging jet flow, despite its relatively
simple geometry, exhibits extremely complex
flow characteristics. Therefore it is a challenging
case for turbulence models.

There have been numerous experimental and
numerical investigations on the flow and heat
transfer characteristics of the impinging jets, for
example Mesbah [10] and Choi et al. [11] have
studied the heat transfer of the circular jet on the
concave surfaces experimentally. They
concluded that the heat ftransfer at the
stagnation point was increased with increasing
relative surface curvature and was relatively
higher than for an equivalent jet impinging on a
flat plate. The effects of an isolated jet impinging
on a circular pedestal have been also
investigated experimentally by Parneix et al.
[12], they found that the local Nusselt number
distribution was different from the flat plate
configuration since the stagnation Nusselt
number was a local minimum. Lee [2]
investigated the effect of the aspect ratio of the
elliptic jets on the turbulent jet structure and heat
transfer on the stagnation region of the plate.
Esposito [6] studied two different styles of jet
impingement geometries to be used in backside
combustor cooling. There have been also many
studies in trying to numerically predict the flow
and heat transfer from the impingement of a jet,
for example Behnia et al. [13] and Park and
Sung [14] have computed the heat transfer from
a turbulent impinging jet. Merci et al. [15] studied

the heat transfer characteristics of an
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axisymmetric jet impinging on a cylindrical
pedestal both experimentally and numerically.
The unsteady simulations of a slot jet impinging
normally onto a flat surface have been
performed by Cziesla et al [16] using the large
eddy simulation (LES) methodology and Chung
et at [17] using direct numerical simulation

(DNS). Rundstrom et al. [18] compared the

performance of the v’ —fand the RSM
turbulence models with a two-layer wall
treatment for the prediction of the mean velocity
field, the turbulence characteristics and the heat
transfer rate of the normal impinging jet and also
impinging jet in a cross-flow configuration.

In the present study a jet with various jet to plate
distances at different Reynolds numbers,
impinging on a circular pedestal is investigated
numerically. The turbulence models such as

SSTk—w, RNG K —¢&, Realizablek —& and

v? — f have also been used
2. Governing Equations
In this study, the flow field can be

considered to be incompressible. The buoyancy
and radiation heat transfer effects are neglected.
The velocity and pressure have been
decomposed into the mean and fluctuating
components. The continuity equation is:

N, (1)

OX.

Where Ui is the average of the velocity
components. Assuming constant fluid properties,
the momentum and energy equations are
decoupled and the full momentum and energy

equations are written in tensor forms as:

au, U, oP 0 8U, duu ()
T e i —
ot ox, OX. ox; OX,  OX,

! J ]
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oT o o7 ouT 3) can be seen, is shown in Fig. 1. The grids near
_ - J
Pox ¢ X OX. oX. the pedestal are also shown in Fig. 2.
J J ] J
D_
Where p, T, v and p are the pressure,
temperature, kinematic viscosity and the fluid
density respectively. 1
k
Lok )
PC,
Kk is the thermal conductivity of the fluid and C, >
is the specific heat at constant pressure. ruj' is T
the kinematic form of the Reynolds stress tensor H
and u'T' is the turbulent heat flux. Using “ﬁ L
Boussinesq eddy-viscosity assumption, the \

Reynolds stresses are approximated as:

/
6
1

u, 5)
o o
U-Uj _VT( " +k5ij) Flat Plate

Fig. 1 The computational domain

V.

. is the eddy viscosity and K is the turbulent

D: The jet diameter
kinetic energy. To solve equation (3), the J

H: The jet to target distance
h: The height of the pedestal ( h=2r=D/1.06 and r

turbulent heat flux is related to the mean velocity

field by using the Boussinesq approximation

is the radius of the pedestal)
where

I: the jet length (it equals to six times of the jet
v, aT ®) j gth (it eq j
 Prg ox, diameter)

!

L: The flat plate length (it equals to ten times of the
As, air is assumed to be the working fluid, the

jet diameter)
molecular Prandtl number is set to a constant

value of 0.7. Viscous heating is neglected and a

constant turbulent Prandtl number is introduced 1 i

to model the turbulent heat flux, || A i

ke = vy [P, 7) =—— i

Values of Pr. vary from 0.73 to 0.92. Here, a

constant value of Pr. =0.85 has been used. — s

3. Numerical Method

In this investigation a three-dimensional S R

grid, made up of approximately 2342375 cells
has been used. A schematic of computational Fig. 2 The grids close to the pedestal

domain in which the flat plate and the pedestal



TSME - IDOME

The numerical data for a round jet with different
nozzle to target distances and various
turbulence models at Reynolds numbers equal
to 23000 and 50000 have been computed to
investigate the role of these parameters in
predicting the flow and heat transfer
characteristics of a jet impinging normally on a
circular pedestal of height (h) and radius equal
to D/1.06 and h/2 respectively. The pedestal has
been heated and mounted on a flat plate.

In order to validate the numerical method, the
data of the steady-state simulations for H/D=6
(H is jet to target distance and D is the jet
diameter.) at Re=23000 have been compared to
the available experimental data. The Reynolds
number is calculated using the bulk velocity U, ,
and the diameter of the pipe (D). Then using the
same method, the impinging jet with two other
jet to target distances (H/D=2 and H/D=4) at
Re=23000 and Re=50000 have been simulated.
The Turbulent fluctuations in the velocity field
have been modeled wusing the RANS
methodology. Wall  effects have  been
approximated using various turbulence models

such as SSTk—w, RNG Kk —¢,

RealizableK —& and v —f .

The grids have strong clustering close to the
walls to ascertain that the first computational
node is at y+ ~ 1.

The SIMPLE algorithm has been used to couple
the velocity and the pressure field. The second-
order upwind discretization method has been
applied to the convective fluxes in the
momentum, energy and turbulence equations.
Fully developed nozzle-exit velocity profile is

also assumed in this study.
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4. Boundary Condition

At the inlet boundary ( the velocity inlet)
the temperature is TO = 295.2K, with
atmospheric static pressure, a turbulent intensity
of 1% and a turbulent length scale equal to the
nozzle diameter have been used. The uniform
temperature 321.2K has been imposed on the
pedestal and the flat plate. Velocity components
and turbulent kinetic energy have been set to
zero at the solid boundaries and a zero
derivative has been used for the static pressure.
At the upper boundary, atmospheric static
pressure has been imposed and radial
derivatives for the other quantities have been set
to zero (pressure outlet condition).

5. Results and Discussion

Fig. 3 shows the velocity fields for the
different jet to target distances which are illustrated
by the contour plots of the velocity magnitude in the
xy-plane.
The flow fields show a complex behavior around the
pedestal. The fluid emanating from the jet
decelerates in the axial direction at the top of the
pedestal where a stagnating streamline is positioned
on the symmetry axis. Then the flow turns sharply
and forms a radial wall jet along the upper surface
of the pedestal.
At the corner of the pedestal, the flow separates
and reattaches downstream on the plate. It creates
a recirculation region that has a significant effect on
the wall heat transfer. After reattachment, the flow
develops into a wall jet along the plate.
The contours of turbulent kinetic energy around the
pedestal for different jet to target distances at
Re=50000 are presented in Fig 4. The maximum
value is near the pedestal top corner, due to the
large turbulent shear stresses in the curved

streamlines in that region.
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Fig. 3 Velocity contour around the pedestal (1% - f , Re=23000) (a- H/D=2, b-H/D=4, c-H/D=6)
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Fig. 4 Contour of turbulent kinetic energy around the pedestal (v - f , Re=50000)

(a- H/D=2, b-H/D=4, c-H/D=6)
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Fig. 5 Profiles of normalized velocity magnitude at different radial location (.2 — £, Re=23000)
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Fig. 6 Profiles of normalized velocity magnitude at different radial location (.2 — £, Re=50000)

The non-dimensional velocity (U’ +V? Upue)
at Reynolds numbers equal to 23000 and 50000
at six different radial locations are presented in
Figs 5 and 6 respectively. As it can be seen at

r/D=2, 2.5 and 3 the non-dimensional velocity

(VU? +V? U, ) increases from a value of
zero to a maximum and subsequently decays to
a very small value.

Figs 7 and 8 show the profiles for the surface heat
transfer coefficient along the top face of the
pedestal and the flat plate respectively. Data from
the numerical predictions are validated against the
experimental data reported by Mesbah [10]. These
figures show that the Realizable k—¢ prediction is
more than 100%

values and with the SST K—@ model, heat

higher than the experimental

transfer coefficients are underpredicted while with
k—g
Realizable K — & model, they are

two models especially with

overpredicted. This is in accordance with the higher
level of turbulent kinetic energy with this model. On

the other hand, numerical predictions obtained using

V.

agreement

the turbulence model are in good

with the experimental data, both
qualitatively and quantitatively. The results show a
local minimum in the heat transfer coefficient on the
symmetry axis, which is in contrast to observations

on a simple flat plate.

° Experimental data
A

Fig. 7 Profiles of surface heat transfer coefficient

along the pedestal top face (H/D=6, Re=23000)
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Fig. 8 Profiles of surface heat transfer coefficient

along the flat plate (H/D=6, Re=23000)

The profiles of the surface heat transfer
coefficient along the top face of the pedestal at
different jet to target distances, are shown in
Figs 9 and 10 at Reynolds numbers equal to
23000 and 50000 respectively. As it can be
seen, in these figures, by increasing Reynold
number, the momentum of the flow would be
increased and the circular shape of the
impinging jet would preserved for different H/D.
For low Reynold number, the momentum of the
flow would be diffused easily and the flow
regime would be changed for different H/D.
Consequently for low Reynolds impinging jet,
variation of Nu number are larger than high

Reynolds impinging jet.

Fig. 9 Profiles of surface heat transfer coefficient

along the pedestal top face (2 — £, Re=23000)
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Fig. 10 Profiles of heat transfer coefficient along

the pedestal top face (2 — , Re=23000)

Figs 11 and 12 also show the heat transfer
coefficient along the flat plate at different jet to
target distances for both Reynolds numbers.
According to these figures the maximum
stagnation heat transfer coefficient occur for H/d
equal to six and as the boundary layer thickness
has been decreased by increasing the Reynolds
number, and the heat transfer rate and

consequently the Nuselt number would increase.

Fig. 11 Profiles of surface heat transfer
coefficient along the flat plate (+2 — ¢,
Re=23000)

Reynolds number on the turbulence and the
heat transfer characteristics. The results show
that the local heat transfer coefficient on both

the pedestal top surface and the plate are

predicted with v2 — f turbulence model
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Fig. 12 Profiles of surface heat transfer

coefficient along the flat plate(,.? — £+ ,Re=50000)

Correctly and with the SST K—@ model, heat
transfer coefficients are underpredicted while

with both K —& models, they are overpredicted.

So, the v?>—f model performs well for all
cases. The investigation of heat transfer
coefficients along the top surface of the pedestal
and the flat plate show that the heat transfer
increases with increasing Reynolds number and
the maximum heat transfer coefficients belong to
the nozzle to target distance equals to six times
of the jet diameter.
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