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Summary. This study presents the numerical predictions of the fluid flow and heat transfer characteristics 
for three turbulent impingement slot jets. The turbulent governing equations are solved by a control- 
volume-based finite-difference method with power-law scheme, the well known K-e model, and its asso- 
ciate wall function to describe the turbulent behavior. The velocity and pressure terms of momentum 
equations are solved by the SIMPLE (Semi-Implicit Method for Pressure-Linked Equation) method. In 
this study nonuniform staggered grids are used. The parameters interesting include entrance Reynolds 
number (Re), dimensionless nozzle to surface space (H/W),  dimensionless pitch (P/W),  and dimension- 
less velocity ratio (U~/~). The computed results show that the dimensionless pitch has a strong influence 
on the heat transfer characteristics. In the case with surface motion, it is found that the skin friction 
coefficient of the impinging surface is strongly affected by the surface motion, but the heat transfer 
characteristic is not significant in the range of 0.05 _< U~/~ < 0.25. 
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turbulent constant 
skin friction coefficient 
constant 
generation rate of turbulent kinetic energy 
distance between the nozzle and the impingement surface 
turbulence intensity 
turbulent kinetic energy 
local Nusselt number 
pitch 
heat flux 
Reynolds number 
source term 
temperature 
friction velocity 
velocity of surface motion 
jet velocity 
x, y component velocity 
nozzle width 
dimensionless distance from the wall 
dependent variables 
diffusion coefficient of 0 equation 
thermal diffusivity of fluid 
density 
yon KArmfin constant 
turbulent Prandtl number 
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# 
/ /  

dynamic viscosity 
kinematic viscosity 
wall shear stress 
turbulent energy dissipation rate 
length scale constant 

1 Introduction 

Impinging jets are often used to heat or cool a surface. The applications of the impingement 
technique include cooling of turbine blades, drying of paper, textiles, cooling of electrical 
equipment, and annealing of metals. Several numerical studies have been presented of a jet 
impinging on a flat plate. Wolfstein [1] solved the plane turbulent impinging jet by using a 
one-equation turbulence model. Bower et al. [2] applied a one-equation turbulence model to 
an axisymmetric jet impinging on a flat plate. Gosman et al. [3] and Spalding [4] used the one- 
equation model to recirculating flows, and the results agree well with the experiments. Agar- 
wal and Bower [5] demonstrated the superiority of the two-equation model for lilt-jet 
configurations over the simple models, namely the zero-equation and one-equation models. 
Detailed calculations of impinging jets have been attempted for single jet flows with or with- 
out cross flow by Huang et al. [6], Amano and Brandt [7], Chuang and Wei [8], and Chuang 
et al. [9]. In practice more than one nozzle is used when a larger part of the surface is to be 
heated or cooled. The two most frequently encountered jet configurations are circular jets and 
slot jets. The study to be reported in this paper is concerned with the latter. The basic diffe- 
rence of single and multiple jets precludes the use of single jet heat transfer results for the 
design of multiple jet heating or cooling systems. In 1992, Ichimiya [10] analyzed the characte- 
ristics of heat transfer and flow situation by confined three laminar slot jets. His calculations 
were constrained to a laminar jet. From a literature search it appears that there is very little 
information available on three turbulent slot jets. For three turbulent slot jets, the individual 
jets which comprise a multi-jet system may be influenced by two types of interactions which 
do not occur in the case of single jets. In this application, the lift jets interact strongly with the 
ground plane for a ground vortex that wraps around the impingement regions and an upwash 
fountain resulting from the collision of the wall jets. The flow pattern of three turbulent slot 
jets can be divided into six characteristics regions: i) free jet region ii) impinging region iii) 
wall jet region iv) fountain-formulation region v) fountain up-wash region vi) entrainment, as 
shown in Fig. 1. The present work is to extend the calculation to turbulent jets. The study of 
impinging three slot turbulent jets provides a basis for understanding the essential dynamics 
of multiple jets. 
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I. Free jet region 4. Fountain-formation region 
2. Impinging region 5. Fountain up-wash region 
3. Wall jet flow 6. Entrainment 

Fig. 1. The flow field characteristics of three turbulent slot jets 
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2 M a t h e m a t i c a l  f o r m u l a t i o n  

In the present study, the flow is assumed to be steady, turbulent,  and incompressible,  and the 

propert ies  of  the fluid are assumed to be constant.  The geometry and coordinate  system are 

shown in Fig. 2. The steady conservation equations for incompressible two-dimensional  Car- 

tesian coordinates  mean flow and thermal  characteristics of  turbulent  flow can be written as 

0~ (QUq~) + (QV@ = Oxx Fr + ~ F<~ + Sr  (1) 

where {b stands for the dependent  variables U, V, K ,  s, and T; U and V are local t ime-averaged 

velocity in z and y directions, respectively; 1"r and Sr are the corresponding turbulent  diffu- 

sion coefficient and source term 1"r respectively for general variable qS. The equations are 

summarized in Table 1. The turbulent  viscosity #T and #~ are expressed as follows: 

K 2 
~ = ~ c ~ - - ,  (2) 

s 

K 2 
~ = ~e + ~T : ~ + ~ C - -  (3) 
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Fig. 2. Coordinate system 

Table 1. Conservation equations 

Equation 4) f'r S~ 

Mass 1 0 0 

X-momentum U #~ OX + Oig #e ~ + cgY #~ 

Y-momentum V #e - O~ + ~ #~ ~ + O-Y #~ 

Energy T #e + #r  0 
O-g O" T 

t i t  
Turbulent kinetic energy K #e + - -  G - Qe 

(7 k 

s C Turbulent energy s #e +/sT ~ ( I G - C2 ~os) 
dissipation rate crc 

where 

(2[/ou'~2 /ov'~ 2 /ou ov',2]} 
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The present study uses the following set of turbulence constants: 

C, : 0.09, C I = 1.44, C2 = 1.92, 

crk=l.O0, Gc=1.30, GT=0.8 .  
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(4) 

Boundary conditions 

The computational domain boundaries without and with surface motion are shown in Fig. 3a 
and Fig. 3b. The boundary conditions for the above set of governing equations are: 

(i) inlet boundary (A-  B), (C -  D), ( K  L) 
At the inlet boundary, uniform flow conditions are imposed as follows: 

Ki n/  5) 
T = T~n, s =-  Ein -- /~W 

where i is the turbulence intensity, A is the length scale constant, and W is the nozzle width. 
(ii) wall boundary (B C), (D-E) ,  (F-G),  (I-K) and (L A) 

In this study, the upper walls (B-C),  (D-E) ,  (I K), and (L -A )  are assumed adiabatic 
and the bottom wall ( F - G )  is assumed isothermal. The near-wall region was simulated by a 
two zone model, i.e., viscous sublayer and fully turbulent zone, and the wall function method 
was used to bridge the viscous sublayer. The wall function approach consists of the assump- 
tion that the grid points nearest to the solid wall, that is, at a distance yp from the nearest 
wall, components parallel to the wall (Up) obey the following equations: 

r,w -- #gUp when 
Yp 

Up when /r 1/2 (.'?~,. ~" In (~Ty § ~w 

where y+ = U~y; 
b' 

[ 

A I B  C D E 
[ 

I 

~/+ < 11.63, 

y+ > 11.63, 
(6) 
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Fig. 3 b. Boundary conditions with surface motion 
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K and e were handled by the wall function proposed by Launder and Spalding [11], 

~w/e k ~e ' 

U~2 and ep = U9/4 Kpa/2 
Kv - &~/2 ~cVp 

(% - ~) C~C.~ ~ 

qw" 
= O- T 

In addition, the temperature distribution T~ at point p is obtained from 

T + = o r  y+ when y+<11 .63 ,  

T + �88 +) + P ]  when y+ > 11.63, 

(7) 

(8) 

(9) 

(so) 

where 

T + _ T ~ - T  and T * - a q ~ "  
T* tcU~ 

Jayetilleke [12J defined the experimental P function as 

{ I ( - ~ ' ] ~  • [ l + 0 . 2 8 •  (11) P = 9.24 L VrT/ 

The thermal boundary at wall (F-G):  

Tw~j1 = constant (12) 

wall ( B -  C), ( D -  E), ( I -  K) and ( L -  A): OT = 0.  (13) 

(iii) outlet boundary (E-G) ,  ( I -  F) 

The flow field can be regarded as fully developed when the outlet is located far away from the 
recirculation region. Thus, all the quantity gradients were zero except the velocity component 
V, which was zero: 

OU OK Oe OT 
Ox Ox Ox Ox 0, V = 0. (14) 

(iv) symmetric boundary (A-F) 

The symmetric boundary was applied to the case without surface motion, 

OV OT 
u = o ,  o x  o, o x  o. (15) 

3 Numerical procedure 

The numericaI method used in the present study is based on the SIMPLE algorithm of 
Patankar [13]. The conservation equations are discretized by a control volume based finite 
difference method with power-law scheme. The set of difference equations is solved iteratively 
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using a line by line solution method in conjunction with a tridiagonal matrix form. Based on 
the grid independent study, the grid (33 x 97) is used. The solution is considered to be con- 

verged when the normalized residual of the algebraic equation is less than a prescribed value 
of 0.000 1. 

4 D i s c u s s i o n  

A nonuniform grid arrangement was used in the present computations. The grid system was 

suggested with the velocity nodes displaced from scalar nodes. Grid independence test was 
performed with three different grid sizes, namely 22 x 69, 33 x 97, and 40 x 116. The parame- 

ter used to check the grid independence of  the computational results was the skin friction 
coefficient as shown in Fig. 4. The calculation solutions appear to be independent for a grid 

distribution of  33 x 97. 
All computations reported here were performed with a mesh consisting of  33 x 97 non- 

uniformly distributed grid lines based on grid independent test. The velocity vector plots of  

Fig. 5 provide an overall view of  the flow without surface motion. The flow field indicates 
the presence of  two low-pressure recirculation zones being induced by the interaction 

between the nozzle mainstream and fountain upwash flow. To investigate the effects of  

Reynolds number on Cf, it was varied from 11 000 to 44000 while keeping the other 
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Fig. 4. Effect of grid refinement on skin friction coefficient 
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Fig. 6. Reyno lds  n u m b e r  effects on  skin friction coefficient ( H / W  = 8 and  P / W  = 5) 
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Fig. 7. Pi tch effects on  skin friction coefficient (Re = 22 000 and  H / W  = 6) 
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parameters  constant ,  i.e., H/W = 8 and P / W -  5. The shear stress on the impingement 

surface is expressed dimensionless as the skin friction coefficient, C / ~  ~,,/0.5 ~V 9. The 

predicted Cf was found to have a peak value between the nozzles as shown in Fig. 6. Simi- 

larly, to investigate the effects of  the pitch, the Reynolds number  was fixed at 22 000 and 

H/W = 6. The predictions indicate that  the locat ion of  the first peak value was indepen- 

dent of  P/W as shown in Fig. 7. 

In Fig. 8, the local Nusselt  number  dis tr ibut ion is plot ted for various values of  Re, 

H/W = 8 and P/W -- 5. The predicted local Nusselt  number  distr ibution shows a peak in 

the stagnation region and a local minimum between the nozzles. Figure 9 shows the effect of  

nozzle pitch to the local Nusselt  number  at Re = 22 000 and H/W = 6. As expected, the 

maximum value of  the local Nusselt  number  Nu  is seen to shift downst ream with increasing 

the nozzle pitch. Downst ream of  the second jet,  the local Nusselt  number  distr ibution is 

nearly the same as that  with two different nozzle pitches. The augmentat ion of  heat  transfer 

was divided into two parts,  namely, the increase resulting from the increasing flow rate and 

the impingement of  fluid. The effects of  surface mot ion  on C/  along the moving surface for 

three different Reynolds numbers  are shown in Fig. 10 a, Fig. 10 b, and Fig. 10 c, respectively. 

These results show the same conclusion that  the shear stress increases with increasing surface 

motion.  Increasing the surface velocity steepens the velocity gradient  of  the flow near the wall 

resulting in an increasing shear stress. Fo r  the region downstream of  the recirculation zone, 

the direction of  the flow is the same as the direction of  the surface velocity. In this region, the 

absolute shear stress decreases. This is due to the fact that  the relative mot ion  between the 

impingement surface and the flow is reduced. However,  if the sign convection for shear stress 

is used, the shear stress also increases. Figure 11 shows the effect of  Re for U~/Vj = 0.05, 

P/W = 5, and H/W = 6. The increase of Re affects the level of  wall shear stress. The posi- 

t ion of  maximum value of  Cf by the second nozzle does not  change with Re. Figure 12 shows 

the effect of  surface mot ion  on the local Nusselt  number  dustr ibut ion for Re = 44000, 

P/W = 5, and H/W - 6. The predictions show that  the heat  transfer characteristics are not  

significant in the cases of  Us/Vj = 0.25 and 0.0. The effect of  the Reynolds number  on the 

local Nusselt  number  distr ibution for Us/Vj -- 0.05, P/W ~ 5, and H/W = 6 is shown in 

Fig. 13. As expected, an increase of  the jet  Reynolds number  (Re) enhances the heat transfer 

coefficient over the entire impingement surface. 
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5 Conclusion 

The fluid flow and heat transfer characteristics for three turbulent slot jets are presented. The 

interference effects are enhanced when the jets are closely spaced, the separation distance 
between the jet orifices is small, and when the impingement surface is relatively large. The 

other interaction is the collision of  the surface flows (i.e., the wall jets) associated with 
adjacent impinged jets. These collisions are expected to be of  increasing importance when the 

jets are closely spaced, the jet orifice-impingement surface separation is small, and the jet 

velocity is large. 
In the design of  multiple jet impingement systems, the geometrical and the flow parame- 

ters have to be selected to attain both a sufficiently high average heat transfer coefficient and 

a degree of  uniformity in the surface distribution that is adequate to avoid local hot (or cold) 
spots. This paper provides a basic study to design multiple impingement jets. 
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