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Abstract-Results of numerical simulation of two-dimensjonaj fl+v field and heat transfer due to laminar 
heated multiple slot jets discharging normally into a conveiging cynfined channel are presented. A control 
volume-based finite difference method was employed to solve the governing mass, momentum and energy 
equations. To handle the complexity ofthe geometry a program was developed using a non-orthogonal 
body-fitted coordinate system. A fully staggered grid system was generated using the solution to a set of 
elliptic grid generation equations. The parameters studied were: the jet Reynolds number 
(600 < Re < lOOO), and the angle of inclination of the upper surface (0” < 0 < 20”). Inclination of the 
confined surface so as to accelerate the exhaust flow was found to level the Nusselt number distribution on 

the impingement surface. 

1. INTRODUCTION 

SINGLE and multiple impinging jets find numerous 
industrial applications because of their highly attract- 
ive local heat and mass transfer characteristics. They 
range from annealing of non-ferrous metal sheets and 
glass, drying of paper, textiles, veneer, coated webs, 
etc. to cooling of microelectronic components. While 
many applications involve turbulent jets, laminar jets 
are also encountered when the fluid is very viscous 
(e.g. liquid), the gas temperature is high or the 
geometry is miniature (e.g. microelectronics). Numer- 
ous studies have been reported in the literature on the 
flow, heat and mass transfer distributions under single 
and multiple laminar impinging jets which are con- 
fined between two parallel plates, viz. the nozzle plate 
through which the jets issue and the impingement 
plate which is parallel to it. Effects of oblique impinge- 
ment, transpiration through the wall, mass transfer at 
the target surface, cross-flow as well as motion of the 
target surface have been studied numerically. Polat et 
al. [l] have reviewed most of the relevant com- 
putational studies reported prior to 1989. 

One of the limitations of impinging jets is the fact 
that they necessarily yield a highly non-uniform heat 
transfe- rate distribution over the impingement 
surface. The highest Nusselt number occurs under the 
jet with much lower values in the wall jet region ; this 
drop may be up to tenfold. Further, the spent flow 
from upstream jets deteriorates the thermal per- 
formance of the downstream jets-this is the so-c&d 
cross-flow effect. 

Since Polat et a/. [ 1] reviewed critically the relevant 
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literature on the simulation of laminar confined 
impinging jets of various configurations subject to a 
wide variety of boundary conditions, no attempt will 
be made to repeat them here. Suffice it to say that 
almost all the prior work on laminar impinging jets 
deals with impingement on planar surfaces with either 
no confinement of the flow or with a confinement 
surface that is parallel to the impinged surface. The 
experimental studies of Schuh and Pattersson [2] and 
Marple et al. [3] indicate that the impingement flow is 
laminar in the whole domain of interest if the jet 
Reynolds number is under 1000. The effect of cross- 
flow which arises in the multiple impingement jet con- 
figurations was recently considered in the numerical 
work carried out by Al-Sanea [4]. As expected, he 
found that the presence of a cross-flow degrades the 
favourable heat transfer characteristics of impinging 
jets, and can reduce the nominal Nusselt number by as 
much as 60%. The studies closest to the configuration 
examined here are those due to Ichimiya and Hosaka 
[5] and Ichimiya [6]. They studied the impingement 
heat transfer characteristics of three confined slot jets 
experimentally (for laminar and turbulent jets) and 
numerically (for laminar case only). The laminar 
simulations were carried out for Re = 500. Both exper- 
imental and numerical results show the highly non- 
uniform Nusselt number distribution over the target 
surface with the peaks occurring just under or just 
downstream of the nozzle: the undesirable effect of 
spent flow from upstream jets was also shown clearly. 

The objective of this work was to determine the 
feasibility of reducing the degree of non-uniformity in 
multi-jet impingement by simply inclining the con- 
finement surface (Fig. 1) so as to accelerate the flow 
in the downstream direction. Of course, this can have 

1867 



1868 S. H. SEYEDEIN el al. 

NOMENCLATURE 

up, anhr b coefficients in the discretized 
governing equations 

(‘P specific heat 
KY, F, external force in u and v momentum 

equations 
h convective heat transfer coefficient 
J Jacobian of the transformation 
K thermal conductivity 
n normal direction 
NUX local Nusselt number over the 

impingement surface 
P pressure 
AP pressure relative to the ambient 

pressure 
AP,, stagnation pressure relative to the 

ambient pressure 
4:’ heat flux to impingement surface 

4 jet Reynolds number 
s centerline-to-centerline distance 

between two adjacent nozzles 

& source term associated with B 
T temperature 
T i”,rnp Cmlf? temperature at the confinement 

and impingement surfaces 
T,, T, inlet temperature 
u, I’ velocity components in the x and J 

directions 
U, V contravariant velocity components in 

~ 5 and n directions 

0,” inlet velocity 
W nozzle width for slot jet 
x, y corresponding to x and y directions in 

a Cartesian coordinate system. 

Greek symbols 
CI, b, ‘/ geometric relations between 

coordinate systems 
up, a,, a,, aT under-relaxation factor for AP. 

u, v and T equations 

I-0 diffusion coefficient associated with @ 
value 

G 
viscosity 
transported scalar 

P mass density 
0 inclination angle of confinement 

surface 
5. rl axes of non-orthogonal curvilinear 

coordinate system 
A[, Au length of the sides of control volume. 

Subscripts 
e, w, n, s four surfaces of control volume 

centered at P 
I?, W, N, S, NE,NW, SE, SW eight adjacent 

nodes to P 
i, .i indices for Cartesian components 
P nodal point to be solved in difference 

equation 
5, v, .~,y partial derivatives with respect to 

5, n, X,Y 
@ refers to dependent variables. 

Superscripts 
corrected values according to 
corrected pressure field. 

a deleterious effect in increasing the cross-flow vel- 
ocity seen by the downstream jets but a positive one 
in enhancing the heat transfer rate between adjacent 
jets. Also, since the downstream jets are closer to 
target surface this counteracts the effect of increased 
crossflow velocities. To handle the non-Cartesian 
boundary due to inclined confinement surface, the 
finite volume method due to Patankar (71 was modi- 

Nozzle jet 

Impingement surface 

FIG. I. The configuration of multiple impinging jets with 
inclined confinement surface. 

tied and extended to a non-orthogonal boundary- 
fitted coordinate system. The equations and solution 
procedure are described briefly in the next section. 

2. MATHEMATICAL FORMULATION 

In the present study a two-dimensional, steady-state 
laminar multiple jet impinging is considered as shown 
schematically in Fig. 1. The solid wall is considered as 
the boundary at the left side of the domain. * 

The two-dimensional conservation equations of 
mass, momentum and energy for a Newtonian fluid 
in steady laminar flow are : 
Continuity : 

d(pu,)=). 
ax, ’ 

Momentum : 

(2) 



Energy equation : 

Multiple impinging slot jets 1869 

where the Jacobian of transformation J, and con- 
travariant velocity components U and V are : 

(3) 
J = xEy,, -E’<.x, , (12) 

I/= llyq-vx~’ (13) 

and 

Here F, is any external force which acts directly on 
the mass of the fluid ; S, is the rate of generation or 
dissipation of energy. 

A combination of the control volume-based finite 
difference method with body-fitted coordinate system 
was used to solve the governing equations. With a 
boundary-fitted coordinate (BFC) system the domain 
boundaries coincide with coordinate lines and allow 
boundary conditions to be applied directly without 
interpolation, resulting in enhanced accuracy. 

The first step in using the BFC technique is to find 
the nodal points which are influenced by the bound- 
aries ; these can be obtained from a suitable grid gen- 
eration technique. In a grid generation technique 
every nodal point in the physical domain coincides 
with a corresponding node in the computational 
domain. In the present study, this mapping of physical 
domain to computational domain is provided by a set 
of elliptic PDEs in the form of the Laplace equations 
as follows, Thompson [8] : 

L+t,.,. = 0, (4) 

rlX.\ + vl,,l = 0 1 (5) 

where 5 and 4 represent the coordinates in the com- 
putational domain. The inverse transformation of the 
Laplace equations yields : 

c%t< - 2/KX,, + ‘i-u,,, = 0, (6) 

ry;: -2&q + yy,, = 0 , (7) 

where 

and 

7 = &+$ (10) 

Depending on the orthogonality of the faces of the 
control volume cells, a boundary fitted coordinate 
system can be either orthogonal or non-orthogonal. 
In this work, the coordinate system was chosen to be 
non-orthogonal and the problem was solved in the 
transformed domain using the physical Cartesian.@- 
ocity components. 

2.1. Transfbrmation c$governing equations 
The general form of transformed governing equa- 

tions becomes : 

v= vx~-Ll~c. (14) 

The value of @ and the associated definitions of Ta, 
and S, for the governing equations are : 

Continuity : 

@= 1, I-,=0, s,=o, 

x-Momenfum : 

Y-Momentum : 

8P i3P 
@=v, r*=p, s, = -xtrl +xvag, 

Energy : 

Q=T. r,=k, s,=o. c P 

2.2. Discretization qf’gocerning equations 
The governing transport equations, equation (1 l), 

along with the boundary conditions were discretized 
according to the staggered-grid control volume finite- 
difference approach. In this approach all the scalar 
variables are computed at the geometric centers of the 
control volumes while the Cartesian and con- 
travariant velocity components are calculated at the 
centers of the faces of the control volumes in the 
(5, q) plane. In the discretization of the momentum 
equations the method due to Shyy et al. [9] was used. 

Applying a staggered-grid system to discretize the 
governing momentum equations we obtain : 

aa, = Chbhb +& 
nb 

- 
[i i 

P,-P, v;- PN+pNt-ps-pst 
4 

---.-,“i , 
I 

(19 

a,v, = Canhv,b +& 
nb 

- 
i 

PN+PNE-PS-PSE 
4 

x:-(P,-P,)x:]. (16) 

The coefficients a, and anb are the same in both 
equations while &’ and b: are the cross-derivative 
source terms given by : 
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UN+%V-US-USE 

4 e 

uE+UNE-UW-UNW 

4 

(17) 

vN+uW--us-VsW 
4 

The metric derivatives, i.e. xg, x?, yc and y,, are cal- 
culated directly at the control volume surfaces which 
conforms with the physical conservation laws more 
accurately, Shyy et al. [9]. 

2.3. Derivation qfpressure correction equation 
In the SIMPLE algorithm the pressure correction 

equation is specified indirectly via the discretized con- 
tinuity e+ation. The general form of the pressure 
correction in the body-fitted coordinates system 
includes eight neighbour points as follows : 

P a,w~w+aSEFsSE+aSW$W+B. (19) 

Since the successive line-by-line method was used 
to solve the system OE algebraic equations, the terms 
involving pNNe, psr, pW and psw in the pressure cor- 
rection equation was dropped for the sake of sim- 
plicity and computational flexibility. For a detailed 
description of the discretization of the governing 
transport equations along with the expressions for the 
‘a’ coefficients the reader is referred to Seyedein [IO]. 

2.4. Boundary conditions 
Solid wall boundary conditions.Along the solid walls, 

the no-slip boundary condition for velocities and 
known values for temperature were used as follows : 

4va,l = 4wdI = ~Iwa,, = Ka,, = 0 

fonf = T,, = ’ 50 C T,mp = 25°C T, = 50°C. 

The temperatures chosen have applications in 
impingement drying. 

The discretized form of the u-momentum equation 
in the non-orthogonal body-fitted coordinate system 
includes pressure gradient at location ‘e’. The pressure 

Control volume for u-velocity at the boundary m the 
physical domain. 

gradient at this location for the north or south bound- 
aries can be found from a backward or a forward 
difference scheme, respectively. For the boundary pos- 
ition along with the grid points shown in Fig. 2 it 
becomes : 

ap 
- = PE--Pp, at e 

dP (PE-PSE)+(PP-PS) 
arl e 2 

(using backward difference). 

Outlet boundary conditions. The flow and tem- 
perature at the outlet surface in the physical domain 
were assumed to be fully developed. The trans- 
formation of this boundary condition from the physi- 
cal domain to the computational domain results in 

a@ a@ 
a,,-a-=0, i’rl 

where @ represents u, v or T. 

Nozzle exit boundary conditions. The uniform vel- 
ocity and temperature profiles were assumed at the 
nozzle exit : 

u = 0 v = v,, T= T,, = 50°C. 

2.5. Numerical solution 
The numerical solution procedure is based on Pat- 

ankar’s SIMPLE algorithm [7]. The velocity com- 
ponent u is calculated at the east and west fac%of the 
main control volumes from the solution of the u- 
momentum equation. Then, the same velocity com- 
ponent at other faces is obtained by interpolation. 
Similarly, velocity component v at the control volume 
faces is obtained. In each iteration the contravariant 
velocity components U and V are calculated just after 
any changes in the physical velocity field. The con- 
travariant velocity components as well as pressure are 
corrected based on the recently obtained AP from 
solution of the prewre correction equation. For the 
new iteration the physical velocity components are 
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calculated using the corrected contravariant velocity 
components. This iteration loop is terminated if the 
maximum absolute residual (normalized by the cor- 
responding fluxes at the nozzle exit) of the discretized 
equations approaches a small value, the so-called con- 
vergence criterion. 

The convergence criterion for most runs was chosen 
to be 0.005 but to estimate the degree of accuracy runs 
with convergence criteria as low as 0.001 were also 
carried out. The difference between the predicted Nus- 
selt number profiles obtained using these criteria were 
found to be under 0.1%. Thus, most runs were per- 
formed with CC = 0.005 to save computational 
time. 

To obtain grid independent results two different 
grid distributions i.e. 42 x 42 and 54 x 54, were tested. 
The maximum difference in the results of local Nu was 
3.5%. Again. for the sake of computational economy 
most runs were performed with the42 x 42 grid layout. 

Effect of under-relaxation and stability. In the pre- 
sent study much effort was devoted to find the appro- 
priate under-relaxation factors. Various combinations 
of under-relaxation factors were examined and after 
numerous runs the following set was selected for the 
production runs : 

x,, = 0.6 CX, = 0.6 

X1, = 0.02 XT = 0.7. 

The stability of the computation depends on the 

type of interpolation scheme used for the approxi- 
mation of @ at the control volume surfaces. To con- 
sider the effect of the interpolation scheme used, two 
different schemes, i.e. hybrid and upwind schemes, 
were tested. For the case with the inclination angle of 
the confinement surface equal to 20”, the simulation 
using the hybrid scheme was found to be unstable 
while a similar run was successfully performed using 
the upwind scheme. For confinement surface incli- 
nation angles of less than 20’ stable runs were 
obtained using both schemes. No explanation can be 
offered for this observation due to the limited effort 
devoted to this aspect. 

The program was coded in MS-DOS FORTRAN 
77 and executed on a 33 MHz PC386 with an Intel 
80387 co-processor. An NDP20 compiler was used to 
compile’ the program. The computer time required 
was about 3.03 CPU seconds per iteration. 

3. RESULTS AND DISCUSSION 

Since experimental data on flow and heat transfer 
for laminar impinging jets with inclined confinement 
surface have not been documented in the literature, 
the code developed in the present work was validated 
on the basis of validated programs written in the Car- 
tesian system for the standard non-inclined con- 
finement case. Also good agreement with the exper- 
imental data reported in the literature was observed 

h8Mt VdOCitJ’ V&Or x-Wale 1:1.2 
- = 1.16 y-scale ld.2 

09 

FIG. 3. Vector plots (a), and streamline contours (b), for multiple laminar impinging jets with inclined 
confinement surface, Re = 800, 0 = 0”. 
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LaqeJ8t velocity vector x-male ld.75 
- = 1.48 y-aade lA.75 

(b) 
09 

FIG. 4. Vector plots (a), and streamline contours (b), for multiple laminar impinging jets with inclined 
confinement surface, Re = 800, 0 = IO 

for the case of single jets and parallel confinement 
surface. 

3.1. Flow patterns 
The calculated velocity vector plots and streamline 

contours for Re = 800, H/W at exit equal to 4, 
S/W = 3.334 and different angles of inclination are 
shown in Figs. 3-5. Since a solid wall boundary has 
been used on the left boundary, the flow turns towards 
the outlet at the right-hand boundary. This arrange- 
ment of jets results in a deflection of individual jets in 
the downstream direction and a shift of the corres- 
ponding stagnation lines. The recirculation zone 
behin&he first jet from the left is due to the space 
between the first jet and left solid wall. In this region, 
the lateral velocity along the impingement surface is 
negative and, at the corner, the x-direction velocity 
changes to the y-direction velocity and behaves as a 

weak impinging jet for the left solid wall. Downstream 
of each of the three successive jets, a recirculation zone 
develops. The size of each one of these recirculation 
zones diminishes with increase of the axial distance 
from the left wall to the outlet. This behavior is due 
to the combined effect of the reduction in the cross- 
sectional area between the confinement and impinge- 
ment surfaces and the increase in the cumulative flow 
due to the upstream jets. 

Although inflow from the outlet boundary inllu- 
ences the computation of the recirculation zones, 
according to van Heiningen [l 11, its effect on the local 
heat transfer distribution over the impingement sur- 
face is small. In the present study, in which heat trans- 
fer is of major concern, the length of the domain was 
chosen to be 13 times the width nozzle, although this 
allowed a certain amount of inflow at the downstream 
boundary. 

D Larpst velocity vector xacale k1.75 
- =1.26 y-scale 1:1.75 

(a) 
FIG. 5. Vector plots (a), and streamline contours (b), for multiple laminaampinging jets with inclined 

confinement surface, Re = 800, .9 = 20’. 
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Frc;. 6. Effect of Reynolds number on the recirculation zones for multiple laminar impinging jets with 
inclined confinement surface, 0 = IO’, (a) Re = 600; (b) Re = 1000. 

It is noted that the jet Reynolds number has little 
effect on the size of the recirculation region (Fig. 6) 
while increasing H enlarges the size of these regions 
(Fig. 4). 

6 8 10 12 14 
Dimensionless Distance (x/w) 

FIG. 7. Effect of the inclination angle on the static pressure 
distribution along the impingement surface. 

3.2. Static pressure distribution along impingement sur- 
,fhce 

Static pressure along the impingement surface was 
normalized as AP/AP,,, where AP is pressure along 

FIG. 8. Effect of the inclination angle of the upper con- 
finement surface on the local Nu distribution along the 

impingement surface, for Re = 800 and H/W = 4. 



1874 S. H. SEYEDEIN et al. 

0 8. I . I. I. I. I . 
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4 

4 

FIG. 9. Effect of Reynolds number and inclination angle of upper confinement surface on Nu distribution 
along the impingement surface, for H/W = 4, (a) 0 = 10” ; (b) 0 = 20’. 

the impingement surface relative to the ambient pres- 
sure and APO is the stagnation pressure relative to the 
ambient pressure. 

Figure 7 shows the variation of the normalized 
static pressure along the impingement surface at a 
Reynolds number of 800 and at different inclination 
angles. There are two maxima in these profiles which 
are attributed to the existence of two stagnation 
points, viz. one at the corner (x = 0) and the second 
at&l ocation where the first jet impinges the surface. 
The second peak in static pressure, which represents a 
stagnation point over the impingement surface, moves 
towards the outlet as the inclination angle is increased. 
This movement is due to the acceleration of the 
exhaust flow caused by the reduction in the channel 
cross section in the downstream direction. 

3.3. Heat transfer results 
The local Nusselt number, Nu,, is defined as : 

Nu = kW 4w, 
i k ’ 

whereh, = ___ 
T,mp - T, * 

Figure 8 shows the variation of Nu, along the impinge- 
ment surface for Re = 800 and three different incli- 
nation angles of the confinement surface. For 0 = O”, 
Nu, first increases to its highest value at the stagnation 
point and then decreases rapidly downstream. The 
rate of Nusselt number reduction changes around 
X = 5 and X = 8, viz. under the second and the third 
jets, respectively. By increasing the inclination angle 
the variation of the&u distribution between the first 
and the two downstream jets decreases. The maximum 
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in the Nu, profile is seen to shift downstream with 
increase of 8. A comparison of the predicted Nu,~ pro- 
files for 0 = O’, 10” and 20” shown in Fig. 8 shows 
that the maximum in Nu, decreases with increasing 
0. Further, the most uniform profile is obtained at 
0 = 10”. Comparing these results with those for par- 
allel confinement and impingement surfaces (0 = 0”), 
the inclined confinement surface case has a higher 
value of Nu, in the vicinity of the outlet. This once 
again is a result of the acceleration of the flow due to 
the reduction in cross-section in this region. 

Figure 9 shows the effect of the jet Reynolds number 
on the predicted Nu, distribution for 0 = 10” and 20’. 
As expected, increasing the Reynolds number causes 
the entire Nusselt number profile to shift to a higher 
value. The Nu, distribution remains nearly uniform 
(if one neglects the region between the upstream wall 
and the first jet) while the ‘imprints’ of the second and 
third jets are hardly discernible. The non-uniformity 
in Nu, distribution due to the presence of the upstream 
wall, however, cannot be adjusted by changing the 
angle of inclination or individual jet Reynolds 
number. The first jet will have to be directed towards 
the corner to raise the local heat transfer in this region. 
It should be noted that uniformity of the heat transfer 
distribution could also be controlled by changing the 
Reynolds numbers of successive jets. This case was 
not examined in the present study. 

4. CONCLUDING REMARKS 

The main conclusions obtained from the present 
study can be summarized as follows : 

(1) A body-fitted transformation technique is a 
viable approach for the simulation of impinging jets 
in complex geometries. The transformed governing 
equations can be discretized over the computational 
domain in the same way as that for Cartesian coor- 
dinates. The resulting algebraic equations can be 
solved using the well-known tri-diagonal matrix algo- 
rithm (TDMA). 

(2) Comparison of the predicted local Nusselt 
number profiles for a set of laminar impinging jets 
with an inclined confinement surface for different 
inclination angles (0) showed that the inclination has 
a levelling effect on the Nu, distribution over the 
impingement surface. By increasing the inclination 

angle (so as to accelerate the cross-flow) the maximum 
in the NM, profile decreases while the value of NM, 
downstream increases. The maximum in the Nu, pro- 
file decreases with increase of 0 ; a high degree of 
uniformity in Nu, profile is obtained with 6 = 10”. 
The levelling influence of inclination of the confining 
surface is also dependent on the jet Reynolds number, 
spacing between the two walls as well as inter-jet 
spacing. 
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