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Abstract: One most common x — & model is used for study of the turbulence in the off-set jet problem. Finite
Volume based SIMPLE algorithm is used for solving the discretized equations and power-law scheme is used
for discretizing the convection terms The flow and heat transfer characteristics in the wall jet cooling that had
already been done experimentally, is also shown. The regions of study are the recirculating zone, impingement
and developing wall jet zones. Thermal characteristic of each zone is studied. The numerical results are
compared with the experimental results. Computational details of various mean flow and turbulent parameters
are presented and described for different offset ratios. The results include reattachment length, velocity profile,
the axial velocity decay curve and wall static pressure distribution. The spatial distributions of turbulent
intensities show a high turbulent recirculating flow between the jet and the off-set plate. The results obtained
are satisfactory with the experimental results.

Keywords: Off-set jet, k¥ —& model, Power law scheme, Recirculating zone, Off-set ratio, Reattachment
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1. INTRODUCTION

An off-set jet occurs when discharge of fluid, in the form of jet, occurs in the proximity of surface
such that the surface influences the entrainment charecteristics asymmetrically about the jet centre
line. The most obvious effects is the derection of the jet towards the wall and eventually impingement
onto the surface. The off-set jet commonly represents the flow like heat exchangers, fluid injectors,
environmental dischargers, combustion chambers, cooling systems and many others. When the height
(h) = 0, the off-set jet becoms a wall jet. Asymmetric entrainment on both sides of the jet causes the
jet to deflect towards the plate and finally attaches to it. The jet is divided into three regions, viz, the
recirculation region, the impingement region and the wall jet region. The details of the flow was
studied by several authors. The first detail experimental study of the mean flow was reported by
Bourque and Newman [1], followed by Sawyer [2]. They have examined the effect of off-set height
on the wall pressure distribution and reattachment locations. Rajaratnam and Subramanya [3] found
that beyond the impingement region the flow represents similar to a wall jet flow irrespective of the
off-set ratio. Hoch and Jiji[4,5] have considered the case of an off-set jet in the presence of a free
stream motion. The fluid flow solution has been provided by them. Utilizing this fluid flow solution,
they later on have provided the analytical solution for the temperature distribution for the same
geometry. In a study, Pelfrey and Liburdy [6] have provided the details of the mean flow and
turbulent characteristics and showed how entrainment and local pressure and turbulent energy
components are affected by the jet curvature in the reattachment region. In this study, the plate
parallel to the jet was as adiabatic. For large Reynolds number generally larger than the 10 the
impingement distance becomes a function of the off-set ratio only. Holland and Liburdy[7] presented
the thermal characteristics of off-set jets in a condition similar to that of Pelfrey and Liburdy for
different offset ratios. In the study, they examined the surface temperature distribution, the maximum
temperature decay and the temperature variation in three regions. Computations of the off-set jet
performed by Yoon et al[8] showed that in addition to the turbulence model. The numerical scheme
also plays a profound effect in predicting the solution. It is observed that the numerical diffusion error
due to the stream line to grid-skewness will be significant in the prediction of off-set jet flows. Koo
and Park [9] have used the QUICKER scheme to predict the turbulent off-set jet flows. They have
compared their numerical results with those from the skew-upwind and the hybrid schemes. They
concluded that the QUICKER scheme is found to be suerior to the other two schemes. Nasr and
Lai[ 10] have done an experimental study for the offset ratio(OR) = 2.125 using laser doppler
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anemometry (LDA).The LDA results had been used to examine the capability of three different
turbulence models (i.e, k¥ —¢&; RNG, and Reynolds stress) in predicting the velocity field of this jet.
It was found that although three turbulence models predict quantitatively, the standard x —¢
turbulence model predicts better the reattachment length with experimental value. Yang and Shyu[11]
have presented numerical prediction on fluid flow and heat transfer characteristics of multiple
impinging slot jets with an inclined confinement surface. The parameters studied included the angle of
inclined confinement surface and entrance Reynolds number, which is in the turbulence region. The
numerical results showed that the maximum local Nusselt number and maximum pressure on the
impinging surface move downstream while the inclination angle is increased. The maximum local
Nusselt number decreases while the value of the local Nusselt number downstream increases with
increasing inclination angle. The entrance Re has little effect on the size of the recirculation region,
but the inclination angle has the significant effect on the recirculation zones. Shuja et al. [12] studied
the jet impingement on a surface having constant heat flux over a limited area. Air is considered as the
impinging gas and the process is simulated with a two dimensional axis symmetric form of the
governing conservation equations. Four turbulence models including standard x — &, low Reynolds
number x — ¢, and two Reynolds stress models, are introduced to account for the turbulence. They
concluded that the agreement between the temperature profiles predicted from both the low Reynolds
number x — & model and the Reynolds stress turbulence model are better than that obtained from the
standard x — & model. Aldabbagh and Sezai[13] have investigated numerically the steady state flow
and heat transfer characteristics of impinging laminar square twin jets. The simulations have been
carried out for various jet-to-jet spacing and nozzle exit-to-plate distances. The effect of these
parameters on the flow structure has been studied. Heat transfer from a row of turbulent jets
impinging on a stationary surface is investigated numerically by Salamah and Kaminski [14]. The jet-
to-jet interaction, the geometric parameters of the jet array, and the effect of Reynolds number are
investigated. The conjugate heat transfer of a laminar off-set jet is reported by Kanna and Das [15].
The governing equation is solved by alternating direction implicit (ADI) method and clustered
Cartesian grids are used for computations. They found that the local Nusselt number increases to a
peak value and further it is decreased in the downstream direction. In another study, the same authors
have carried out a steady-state heat-transfer study for a two dimensional, laminar, incompressible,
plane wall jet over a backward facing step. The heat transfer characteristics of the jet as functions of
Reynolds number, Prandtl number, and step geometry (step length and step height) are reported in
detail. Results are presented in the form of isotherm, Nusselt number, and average Nusselt number. In
some cases, the computed results are compared with the results when the step length is zero. Despite
the wide variety of engineering applications, efforts to numerically predict the turbulent off-set jet
flows and heat transfer have been rare. In the present study, computational details of the various offset
ratios (wall jet, OR = 7, and 11) are presented. Power law scheme is used for discretizing the
convective terms. In order to have the same numerical accuracy for the fluid flow solution as reported
in Koo and Park, high grid size is used and non- uniform grids are used along the walls and at the
entrance of the jet. The geometry is similar to that of Pelfrey and Liburdy. The results are compared
and are found to be in good agreement with it. For the temperature solution, the case of Holland and
Liburdy has been considered. The computed results have been compared and found to be in good
agreement with the experimental results.

2. PROBLEM SPECIFICATION

The flow field of an off-set jet is complex and is encountered in many engineering applications. A jet
can be analyzed as a free jet or bounded jet, depending on distances from the discharge to the
confining boundaries. If the boundaries are sufficiently far from the discharge, the flow can be
considered as free jet. However, a bounded jet will occur when it interacts with a parallel wall.
Bounded jet can be classified into three types; (a) impinging jet aimed towards the boundary; (b) wall
jet where fluid is discharged at the boundary; and (c) off-set jet from a vertical wall of a stagnant pool
issuing parallel to a horizontal solid wall. The flow emanating from a two dimensional (2D) off-set jet
is shown in (Fig.1). where the main features and regions of interest are depicted. Fluid is discharged
from a slot in a vertical wall into the ambient near a horizontal solid boundary parallel to the inlet jet
direction. Due to the entrainment of fluid between the jet and the bottom plate, there is a reduction of
pressure in this region forcing the jet to deflect towards the boundary and eventually attach with it.
This is called Coanda effect. The off-set jet behaves differently in various regions. In the near field
with in a very short distance from the point of discharge, the jet in momentum dominated flow having
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the properties of free jet. Attachment may occur when the jet is deflected by an adjacent solid wall or
a free surface and tends to flow along the boundary. In the region around attachment point, that is, the
impingement region and part of pre- attachment region, the jet has characteristics similar to an
impingement jet. The jet becomes a wall jet in the far field. The other factors such as ambient motion
(free- stream velocity), buoyancy (density difference), discharge orientation, etc. further complicate
the jet boundary interaction and the behavior of an off-set jet. The turbulent phenomenon of the jet is
studied using the k¥ — & model.

Bl Sl
Figl. Flow through off-set Jet.
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Production term (G)
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OX oy oy oX

(7)
Eddy Viscosity (vt)
vo=c,
L e ®)

Assumptions made are:-

a. Steady turbulence.

b. 2-D flow, flow variations in z- direction is neglected

c. Incompressible flow, i.e. dilation term is neglected.

d. Body forces are neglected.

e. Properties (p,v,p,) are assumed to be constant.

f. RANS equations are used for predicting the turbulent flow.

g. Boussinesqg assumption is used to link Reynolds stress to velocity gradient.
h. Kk —& Model is used for determining the turbulent viscosity.

4. BOUNDARY CONDITIONS

Non dimensional boundary conditions are provided as input for the solution. At the inlet of the jet

U — VvV - . .

U, Y =1, V,=—=0 and 0= ~— =1 are the boundary conditions for velocity and
U, Vo n T

temperature. For turbulent kinetic energy equation, boundary conditions at inlet is «,, = KZ =1.512

0
where | is equal to turbulent intensity, and is equal t00.02. For solid wall no slip boundary condition is
considered for velocity. For bottom surface adiabatic surface is considered and for vertical surface
isothermal surface is considered. First grid point lies at point P in the logarithmic region. There are

still five unknown constants C,, C,, o, o, C, which are universal for all types of flow. Experimental
data are used to determine the constants. The value c, = 0.09. For determining the other constants
logarithmic part of turbulent boundary layer is considered where convection term is negligible, and
utilizing that production and dissipation are in balance. P.= pg.The two constants o, ,o, are
optimized by applying the model to various fundamental flows such as flows in channel, pipes, jets,
wakes, etc. The values of the five constants C,, C,, o, 0.C, are 1.44, 1.92, 1.31, 1.0 and 0.09

respectively.
5. CODE VALIDATION

To validate the code developed, the results obtained from code are compared with the experimental
solution by Holland and Liburdy [7] for offset ratio =7 shown in Fig. (2). To do this, velocity profiles
are compared at different downstream location, that shows the little difference in the deviation from
the experimental results. These downstream locations lie in the different region. Downstream location
at X = 3 (recirculating region), X = 6 (recirculating region), X = 9 (impingement region), X = 12
(impingement region), X =15 (wall jet region) are considered. A grid independence study is done for
grid sizes of 75x61,101x81, 121x101 and 151x101.1t is found that the grid size of 151x101 and the
domain size of 75x35 is satisfactory for all the cases. Hence the grid size 151x101 is considered for all
the cases.
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Figure2. Validation of code for O.R. = 7 with experimental results of Holland and Liburdy

6. RESULTS & DISCUSSIONS

Code is run for offset ratios 7, 11 and wall jet .The grid size of 151 x 101 is considered for all cases.
Here the working fluid is air and Reynolds number is 15000. Following results are obtained from the

code:
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6.1. Reattachment Length

This is the length from the offset wall to the point where the shear stress is zero. It's value increases as
the offset ratio increases. For lower offset ratio the obtained values are lower than experimental values
and higher for higher offset ratio shown in Fig (3). For higher offset ratios the results are quite
satisfactory with the experimental values. This is due to numerical diffusion and applicability of the
wall function in the region. The variations of reattachment length with offset ratio are shown in
table 1.
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Figure3. Variation of reattachment length with Offset ratio
Tablel. Variation of Reattachment length (R.L.) with offset ratio

Offset ratio R.L.( present solution) R.L.(Experimental)
5 9.272 10.28
7 10.067 12.42
9 14.655 14.71
11 17.842 17.10

6.2. Maximum Velocity Decay

Unmax Variation occurs in three regions. In the first region the maximum velocity decreases much faster
up to reattachment region then there is sudden rise in the maximum velocity within the impingement
region and slow drop in maximum velocity far from the downstream direction. In the decreasing
region velocity drops slowly as the offset ratio increases shown in Fig.(4). Minimum value occurs
very near to reattachment point and it decreases as O.R. increases. In the increasing region Uy
increases slowly as the offset ratio increases. In the slowly decreasing region U, decreases as offset
ratio increases at a particular location.
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Figure4. Variation of maximum velocity decay with Offset ratio
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6.3. Variation of Pressure at Wall

Pressure attains a minimum value as the OR decreases because for low OR, jet impingement velocity
is more. For the same reason wall pressure attains the maximum value as the OR increases. Minimum
and maximum values of pressure are very close to center of vortex in the upstream direction in the
recirculating region and downstream in the impingement region. Farther downstream pressure is
almost constant and increases as offset ratio increases at any particular location shown in Fig.(5).
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Figure5. Variation of wall pressure with offset ratio

6.4. Half Velocity Points

It is the vertical distance where the half of the maximum velocity occurs. For a particular X-co-
ordinate there are two values one is the outer shear and other is inner shear layer. The distance Y.
shows the region of outer shear layer and y.;,, shows the inner shear layer. Fig(6) shows the spread of
outer shear layer increases as the location X increases for a particular offset ratio. Spreading rate also
increases with increase in offset ratio. Lower half velocity points have little variation with X.
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Figure6. Loci of half velocity points

6.5. Stream Line Distribution
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Fig.(7) shows the stream line plot of the flow field. This figure is used for finding the reattachment

length. The point of zero shear stress is called reattachment point.
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Figure7. Stream line distribution for (a) Wall jet (b)) OR =7 and (c) OR = 11
6.6. Pressure Distribution in the Domain

0 =

w
T

Figure8. Pressure distribution of Offset jet for (a) Wall jet (b)) OR =7 and (c) OR =11
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From the Fig(8) it is evident that variation of pressure in the recirculating and impingement region is
high. Maximum and minimum values of pressure are found in impingement region and very close to
center of vortex in the recirculating region respectively. At the impingement region fluid is brought to
rest so the pressure at these points are higher and in the recirculating region due to entrainment of the
fluid the sub atmospheric region creates where low pressure value exists.

6.7. Distribution of turbulent kinetic energy (X)

Distribution of turbulent kinetic energy for offset jet with different offset ratios are shown in Fig(9).
From this figure, it is obvious that maximum value of turbulent Kkinetic energy occurs in the
recirculating region and in the nozzle exit region where it interacts with stationary fluid. In case of
offset jet x is lower in the impingement region than recirculating region. Lower values are obtained
in wall jet region. In the wall jet region x increases up to Un.cand beyond that it decreases to almost
zero.

W0
i 0~

X
(©)
Figure9. Distribution of turbulent kinetic energy of Offset jet for (a) Wall jet (b)) OR =7 and (c) OR = 11

6.8. Dissipation (¢') of turbulent kinetic energy

Maximum dissipation (&) occurs on either side of the jet. It has minimum value in the
recirculating region. It decreases along the stream-wise direction. It is obvious from Fig(10).
In the crosswise direction it increases up to Umax and then it decreases to zero. The value of
dissipation suddenly drops to the zero at interaction of jet boundary to the ambient fluid. At
nozzle exit higher value of dissipation observed with increase in offset ratio.
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|

Figurel0. Dissipation (&) of turbulent kinetic energy of Offset jet for (a) Wall jet (b)) OR =7 and (c) OR =11
6.9. Distribution of turbulent viscosity

W

Figurell. Turbulent viscosity distribution of Offset jet at different offset ratios

International Journal of Modern Studies in Mechanical Engineering (IJMSME) Page | 24



A Study on Turbulent Flow and Heat Transfer of an Off-set Jet

It is maximum at the center of the recirculating region, slightly decreases in the impingement region
and then increases in the wall jet region shown in Fig(11) . It increases up to U in the crosswise
direction then decreases. Outside the boundary layer its value s very high which shows high viscous
flow in this region. At the center of vortex it's value is very high and it increases as the offset ratio
increases at this location. Farther downstream it increases from impingement region to wall jet region.

7. CONCLUSION

e Reattachment length increases with increasing o_set ratio and the variation is of linear type.
e Minimum value of U, Occurs very near to reattachment point in downstream location and it
decreases as offset ratio increases.
e In the recirculating region shear stress is positive and it decreases as offset ratio increases.
e Pressure distribution is nearly constant for wall jet region.
Nomenclature
Clp Cop v Constant in modeled ¢ equation
C v Constant in turbulence model
K ettt Turbulent kinetic energy
Pl Prandtl number
RE o Reynolds number for the fluid
T Constant ambient temperature
U e Instantaneous velocity in x-direction, m/s
U ooeeeeeesesseeessseneeeeees time-average velocity in x direction, m/s
Vo, Instantaneous velocity in y-direction
Y2 Time-average velocity in y direction
E Dissipation
U SRS Dynamic viscosity
i et Dynamic turbulent viscosity
Ve Kinematic viscosity, m?/s
Vi etetiee s Kinematic turbulent viscosity
Deeeereereerreer e et e e ereestresre e e Density, kg / m®
Oeeereeeereeesteeesresssseesireeesresereens Turbulent Prandtl number
00 1itttete et Ambient condition
et Non-dimensional parameter
ADl.cooviiii, Alternating Direction Implicit
SIMPLE.......cccoiiiiiiinin, Semi - Implicit Method for Pressure- Linked Equations
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