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Abstract-In this paper the ﬂow and heat transfer charactenstzcs in the turbulent
confinement impinging air jet have been ﬂumericaﬂy analyzed, Two- -equation
turbulence model, K-g, have been used. Mass, momentum, energy,. turbulent kinetic
energy and turbulent kinetic energy d1531pat1on rale equations were solved. by the
PHOENICS package program. Velocity, turbulent kinetic energy, turbulent kinetic
energy dissipation rate and heat transfer characteristics in the impinging region have
been predicted by finite volume scheme for the various plate spacings. . ..
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" 1. INTRODUCTION

Impinging jets are used in a variety of heat and mass transfer applications including
the glass and metal indusiries for cooling, in the paper and textile mdustrles for drying,
and thermal control of high heat flux electronics. The heat and mass transfer
characteristics beneath an impinging jet depend largely on the nature of the flow field.
For this reason it is essential to understand the flow characteristics for the investigation
of the associated transport properties

For' direct contact drymg of extended suxfaee materials, impinging jets give
substannally higher drying rates relative to parallel flows. Additionally, impinging jets
have the potential for fine control of local drying rates by adjustmg the geometry and/or
local flow rate. This capability is particularly important in the drying of materials for
which uniformity is a key requirement of product quality, such as in the drying of paper.
Design of industrial impingement drying systems therefore involves an impressive
number. of alternatives :and parameters, for which a complete understanding and
documentation would require long programs of experimentation. The impingement
drying of paper was investigated experimentally in pilot scale [1]. Looney and Walsh
[2] used the k-& model for the prediction of heat transfer in the impingement region and
indicated that a more complex turbulence model does not necessary improve the
predictions. The x-g& model thus retains a reasonable combination of economy and
accuracy even for the complex conflguratlon of impingement flow. .

Polat et al. [3] investigated the modelling of convective heat transfer for

impingement drying. Using the x-¢ model and the numerical solution was done by
upwind finite difference scheme in their study.
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Seyedein et al. [4] presented results of numerical simulation of two-dimensional
flow field and heat transfer due to laminar heated multiple slot jets discharging normally
into a converging confined channel. They. employed a control volume-based finite
difference method to solve the governing mass, momentum and energy equations.

Abe et al. [5] have developed a new turbulence model for flow field, which is modified
from the latest low-Reynolds-number k-& model, to calculate complex turbulent flows
with separauon and heat transfer

Cho and Goldstein [6] presented a revised form of low-Reynoldsnumber x-¢
tarbulence model that aptly describes recirculating flows. It was applied to two-
dimensional channel flows, flow over a backward facing step, and flow over a forward
facmg to calculate flow fields and surface heat or mass transfer rates. Considerable
expemmental and’ theoretlcal Works on tur’ouient ﬂows have been reported in the
hterature[’? 9]

Using PHOENICS, Jambunathan et al. [10] and Yavuz [11] investigated the flow
field between two horizontal = stationary surfaces arising from the turbulent
incompressible jet issuing from the upper and impinging normaﬂy on the lower surface.
The velocity, pressure and shear stress distributions in the impinging regron were
predicted for a parabolic and a flat veloc1ty profile with various plate spacings and
Reynolds numbers.

Kopag[IE] evaluated the turbulence models for the air jet. Kopag[13] used the K-€
turbulence model for the numerical simulation of a gaseous fueled(methane) combustor.
Park and Sung[14] developed a near«wall turbulence model and applied to heat and
fluid flows for an impinging jet flow.

The objective of this study is to predict the flow and heat transfer characteristics in
turbulence plane impinging jet partially confined by parallel surfaces using the two-
equation turbulence model, k-&. To determme flow fields and heat transfer
characterlstlcs the PHOENICS package programme were used. Predicnons were tested
for close nozzie~to~surface spacings, H=2zp.x /W, in the range 1to4, for jets discharging
from nozzles located in a confinement hood. . :

2 GOVERNIN G EQUATIONS ON THE PLANE IMPINGEMENT J E'I‘

A general form for the governing equatlons mcludmg the equatlon of contihuity is:

~——<pv¢)+—-——<pw¢) ( a‘b) az(}t}, ai’)+s oo
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In order to express the governing equations of a particular variable in the above
generalized form, the terms other than those in the form of “convection” and “diffusion”

terms are collected in the source term, Sy . The terms I'y.and Sy are shown in Table 1.
As turbulent. viscosity, p.g, is determined by flow condztlons, it must be modeied in

terms of measurable flow quantities. This is done using the two equauon K-£ turbulence
model of Jones and Launder[lS} In the k-8 model, W, is related to the turbulence
kmeuc energy and to the d1sszpat1on of turbuient kmetlc energy, K and £, as

R=Co= e
The transport equations for x and € are éummarizec} i_n Table 1.

The equation of continuity
-‘%(QVH%(DW):O o - (3)
.~ y-momentum
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x and € are determined from Rubel [16];

Turbulent Kinetic energy equation;

o oo o aff wa) off m o) @
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* Tutbulent Kinetic energy disSipatiOn rate equation; o

9, ., 9 poloe) off s ¢l
€ g + ‘ o+ +C; - e
ey, leve)- ay([“ }ayJ aﬂ | e}a J KOG ©

| The numerlcal procedure allows soiutlons of the Nawer—Stokes and energy
equations in conjuction with the two-equation turbulence model, k-¢. The sets of
equations, incorporating the Boussinesq turbulent viscosity concept, which describe the

mean. velocity, pressure and tcmperature fields for steady ax1ymmetr1c turbulent flow
considering Eq. (1) and Table 1 are given as follows:

Table 1. Summary of the basic equations

Equation ) I ‘. Sy
Coh{inuity 1 0 o 0
P d ov] o = ow
y- momgntum v et - a_y— + ‘5)’(‘ Heff é‘; + 5z Heft _a;
| oP 3 dv) 9 ow
z-momentum W Hegr St é; Heff 5 [+ 5| Meff 3
Be o Kt
E =t 0
nergy | .h o "o,
- o |
Turbulent KR o, G-pe
energy
e e o e gP
energy € M, +& - C=G-Cp—
dissipation S, K *
Where

mul az ay ay aZ ’ u‘eff —p‘.‘.’ I'Lt

C,=009C=143; C;=1.92; ox=1.0;6,=13; 6:=09

Boundary Condiridns.:"' |

For the flow configuration used, Fig, 1, the boundary conditions are as follows.
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Nozzle exit: Uniform profiles for the jet across the slot nozzle exit are specified for
velocity, wj, axial turbulence intensity, Ij= 1%, and nondimensional entalpy, h =1, These

w; and [ conditions are realistic for the ASME standart elliptically contoured entry
nozzle. The boundary conditions for v, K and € are:

N W
V=G N =Tiwg =Cuigt? /005

Svmmétrv Axisi = 3% _ox_oh ag

At_the_ Impingement and Confinement Surfaces: The followmg condmons were
specified at the confinement and 1mp1ngement surfaces, respectively:

QOutflow: w*é—gmg—é}“—é}*-(}

To apply these outﬂow boundary condltxons thxs boundary should be placed at a
suffl(:lent distance from the jet axis to avoid inflow across part of thlS boundary
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Fxgure 1. Confined i 1mp1ngmg plane jet flow conflguratlon
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3. NUMERICAL PROCEDURE

The PHOENICS code developed by Spalding{17] was modlfxed for use in the
present work,

Grid Layout:

A rectangular coordinate system was used to discretize the flow field. In order to
achieve efficiency in terms of computational time as well as accuracy in regions of steep
and mild gradients, a combination of uniform and non-uniform grid size appropriate to
the flow field was used. In the y-direction, from the jet symmetry line to the nozzle
corner, 4 uniform grid spacing was used so that the nozzle wall coincides with a control
volume boundary. Downstream of the nozzle an expanding y-direction grid layout
(factor 1.05) was adopted. In the z-direéction, i.e. from confinement to impingement
surface, the grid layout was uniform. In the runs the number of grid nodes was
5+20(1.05) in the y-direction and 25(uniform) in the z-direction.

4. RESULTS AND DISCUSSION

In this study, the values of velocity, nondimensional enthalpy, turbulent kinematic
viscosity, turbulent kinetic energy and turbulent kinetic energy dissipation rate were
calculated numerically for four different plate spacings. The temperature of air used in
this study is 20 °C. The ambient temperature is considered to be 0 °C. Density of the air
used was estimated to be 1. 2045 kgm™. The values of Reynolds number were
considered to be 1x10* and 3x10* The values of turbulent kinetic energy in this study
were compared with the results of Polat et al.[3] when Re = 3x10* and H = 2.6. In this
study K-€ turbulence model have been used. '

As seen in Figure 2, axial velocity variation with non-dimensional distance above
plate are consistent with the results of Yavuz{11]. Axial velocity values increase up to
the half length of the distance above the plate and then remain nearly constant at
Y=0.03. In Figure 3, turbulent kinetic energy variation, Z with non-dimensional
distance above plate for different plate spacings are given. It is seen that turbulent
kinetic energy values do not show any significant variation at H=1. For H=2 and H=4,
turbulent kinetic energy values decrease, when distance of impingement plate from
confined plate increases. When plate spacing value(H) increases, turbulent kinetic
energy values increase. On the other hand, as H increases, these values reach a
minimum at a region closer to the confined plate. In Figure 4, variation of turbulent
kinetic energy dissipation along the non-dimensional distance above plate for H=1, 2
and 4 are given. These variations show a similar trend as with the turbulent kinetic
energy shown in Figure 3. In Figure 5, predicted non-dimensional enthalpy values along
the non-dimensional distance above the plate are given for H=1, 2 and 4. These values
show an increase from the impingement plate through the confined plate and, they
converge to each other approaching to the confined plate. Turbulent kinetic energy
variations along the non-dimensional distance from the nozzle centerline are given in
Figure 6. As seen from this plot turbulent kinetic energy passes through a maximum at
the middie and then slow a decrease, for H= 1. As H increases, maximum values shift to
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lower values and the variation in turbulent kmeuc energy values remains essentialy
constant. As plate spacing values increase, maximum points approach to nozzle
centerline. _For each of three plate spacings, the results are the same at Y=0.33. As H
increases,. the values before this point increase. In Figure 7, turbulent kinetic energy
variation of this study is compared W1th Polat et al. [3]. The results of this study are
seen to be consisted with Poiat et al. [3].
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Figure 2. Comparison of axial velocities along the symmetry axis
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Figure 3. Effect of plate spacing on predicted turbulent kinetic energy



178 M. Kopag

1,00E-01

Re = 10000; Y = 0.2 T H=1
' TtoH=2
—H=4

1,00E-02 }

1,00E-03

€
1,00E-04 1

1,00E-05

1,00E-06 Ao ; : : frmminen ;
0 o1 0,2 0.3 0,4 0,5 0,6 0,7 0,8 0,9 1

Non-dimensional distance above plate, Z

Figure 4. Effect of plate spacing on predicted dissipation of turbulent kinetic energy
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