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Abstract-A numerical model, based on the finite-volume procedure, is constructed and applied for 
calculating the steady flow and heat-transfer characteristics of a laminar slot-jet impinging on an isothermal 
flat surface. Three cases are studied; namely, free-jet impingement, semi-confined-jet impingement and 
semi-confined-jet impingement through a crossflow. The model is validated by comparing results with 
available experimental data for the case of a free-jet impingc~nent ; the agreement is found to be very good. 
A parametric investigation is carried out by varying the foifowing parameters : the jet Reynolds number, 
the fluid Prandtl number, the length of the heat-transfer surface, the jet-exit to impingement-surface 
distance and, in the case of a crossflow, the crossflow-to-jet mass-flow-rate ratio. The average Nusselt 
number is correlated for the range of parameters studied and show that the crossflow can degrade the 

nominal heat-transfer rate by as much as 60%. 

1. INTRODUCTION 

THIS paper describes the construction and application 
of a numerical model for simulating the hydro- 
dynamic and thermal characteristics of a laminar, slot- 
jet impinging on a heated plate. The study is con- 
ducted under the effects of varying both geometrical 
configurations and flow conditions. 

Figure 1 gives a schematic representation of the 
physical situations studied. The free-jet impingei~ent 
case is depicted in Fig, 1 (a). A free, laminar and plane 
jet discharges vertically downwards onto a flat heated 
surface of uniform temperature. A fluid can be freely 
entrained into the issuing jet from the ambient sur- 
roundings, the temperature of which is equal to that 
of the jet. Figure l(b) presents the case of a jet 
impingement in a semi-confined environment. A wall, 
parallel to the impingement surface, is now located 
at the level of the jet exit plane. This wall prevents 
entrainment from the ambient and would, ultimately, 
confine the fluid to flow between two parallel plates. 
In the third case, as seen in Fig. l(c), a crossflow is 
imposed on the left boundary of the physical domain. 
This crossflow, whose temperature is equal to that of 
the jet, combines with the jet flow and alters the flow 
pattern. This would give rise to different heat-transfer 
characteristics on the impingement surface. 

The three configurations, (a), (b) and (c), presented 
in Fig. 1 describe three distinguished cases of 
impinging jets. Experimental data are available only 
for case (a) with which model predictions will be com- 
pared. While case (b) studies the effects of semi con- 
finement on the slot-jet impingement behaviour, case 
(c) studies the resulting effects of a crossflow. With 

symmetric flow and temperature conditions imposed 
at the slot-jet exit plane, symmetric behaviour across 
the geometrical centre-plane arises and is taken advan- 
tage of in the calculations for the first two cases. Due 
to the crossflow, the third case lacks symmetry and 
the whole physical domain must be solved for. The 
geometrical parameters (I, z and b), the flow velocity 
and fluid properties, as well as the shape of the inlet 

:__--_- -_______-_ -___-____-_______, 

L tI 
6) Free-jet impingement 

(b) Semi-confined-jet impingement 

L-------I 
(cl Semi-confined-jet impingement with crossflow 

FIG. 1. Schematic representation of the physical situations 
studied (not to scale). 
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NOMENCLATURE 

A a general coefficient in the finite- 1‘ velocity component in St-direction 
difference equations if’ dimensionless velocity component in Y- 

h width of the slot-jet direction, ric- 

C, local skin-friction co&icient, T,/&o~’ I coordinate along the plate from the jet 
h local heat-transfer coefEcient axis 

&V average heat-transfer coefficient over L X dimensionless coordinate along the plate, 
IX, IY finite-difference grid lines in the X- .uih 

and Y-directions, respectively 4’ coordinate normal to the plate 
k thermal conductivity Y dimensionless coordinate normal to the 
i length of the heat-transfer surface plate, _Vi’b 
I, dimensionless length, iih : distance between jet-exit and 
III mass Row rate ~mpjugement-sur~~cc 
M crossflow-to-jet mass-flow-rate ratio, z dimensionless distance, z/h. 

/ m./ “I 
n, s, c. w locations midway between grid 

nodes Greek symbols 
N. S, E, W, P finite-difference-grid nodes r dimensionless diffusion coefficient 
Nu lo& Nusselt number, hhjk 0 dimensionless temperature. 
NM,, average Nusselt number, &,IS!k ir- QV,- Tj) 
*XX’, NY number of~n~~e-difference-grid Y dynamic viscosity 

nodes in ihe X- and Y-directions, 3 kinematic viscosity 
respectively 0 density 

P pressure !ocal shear stress 
P dimensionless pressure, (p-p,)/p$; ; a general dependent variable. 

also a finite-difference-grid node 
PU Prandtl number 
f length of top-wall recirculation region Subscripts 
R dimensionless length. rib c 4XOSSik?W 

RC)i Reynolds number at jet exit, qh/v j slot-jet exit 
s source term N, S, E, W, P finite-difference-grid 
T temperature nodes 
u velocity component in .v-direction impingement wall 
U dimensionless velocity component in I’- IZI a general dependent variable 

direction, U/Z; x! free stream. 

profiles are the key parameters that affect the flow and 
heat-transfer characteristics of the cases considered. 

Impinging jets are of great practical interest in many 
industrial areas. They are applied in turbine blade 
cooling, electronic components cooling, annealing of 
non-ferrous sheet metals, tempering of glass and dry- 
ing of textiles. wood and paper. Compared to other 
conventional methods, impinging jets are generally 
used to increase the rate of heat transfer between a 
fluid and a solid, and are quite often employed to 
produce enhanced and controlled Iocalized cooling 
or heating effects on surfaces. Impinging jets have, 
therefore, been studied extensively. The studies have, 
in the main, been concerned with circular jets or with 
relatively high velocities so that the flow is turbulent 
at the jet exit. The case of impingement heat transfer 
with a plane jet that is laminar has received less 
attention. Practically no attention has been given to 

the latter case with a crossflow effect. This is reflected 
quite clearly in the literature as is reviewed next. The 
present study is, therefore, concerned with laminar 
impinging slot-jets and, also, investigates the effects 
of a crossffow. Impingements in the presence of a 
crossflow are encountered quite frequently in practice 
as the resuft of, for example, the exhausting flow of 
upstream ~rnp~ng~ng jets. 

1.3. Review qf preuious work 
An early and detailed measurement of the heat- 

transfer coefficients between a flat plate and impinging 
2-D slot-jets was carried out by Gardon and Akfirat 
[il. Single and arrays of free air jets in faminar and 
turbulent flow conditions were studied. However, 
shapes of the inlet velocity profiles were not given. 

Korger and Krizek 1.21 used the naphthalene sub- 
limation technique to measure the mass-transfer 
coefhcients for flow from a slotted nozzle and a system 
of three nozzles impinging on a flat plate. The frcc- 
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air jets were, however, mainly turbulent at the exit. 
Sparrow and Wong {3] used a similar measuring tech- 
nique but for jets that were laminar and fully 
developed at exit. The heat-mass transfer analogy was 
used to convert the mass-transfer results into the heat- 
transfer counterparts. They found that the shape of 
the velocity profile at the jet exit had a significant 
effect on the transfer characteristics of the impinge- 
ment surface. 

On a Aat surface covered with a swollen polymer 
coating, Masliyah and Nguyen [4] utilized a holo- 
graphic interferometry technique to measure the 
mass-transfer coefficients for an impinging slot lami- 
nar air jet. The local Sherwood number was correlated 
to jet Reynolds number and distance along the sur- 
face. 

Elbanna and Sabbagh [S] carried out measure- 
ment and flow visualization of the flow field resulting 
from the interaction of two slot-jets impinging on the 
ground. The jets, as applied to VTOL aircraft, were 
turbulent and the measurements have shown that the 
presence of an unequal-strength jet could highly affect 
the hydrodynamic characteristics at the impingement 
region. 

On the theoretical side, one of the early numerical 
solutions to the problem of plane jet impinging on a 
heated wall was produced by Gosman et al. [6]. They 
used the vorticity and stream function method and 
solved the laminar and turbulent flow cases for differ- 
ent Prandtl numbers. Using the same computational 
procedure, van Heiningen et al. [7] studied the effects 
of suction and nozzle exit velocity profile on the ilow 
and heat-transfer characteristics of a semi-confined 
laminar impinging slot-jet. Uniform suction at the 
impingement surface was shown to enhance the heat- 
transfer rates by a constant amount. The stagnation 
heat-transfer rate for a parabolic inlet velocity profile 
was calculated to be 1.5-2.0 times the value produced 
by a flat velocity profile. 

Miyazaki and Siiberman IS] used the potential flow 
solution coupled with a numerical solution of the 
boundary-layer equations to evaluate the local fric- 
tion factor and Nusselt number of an impinging lami- 
nar jet with a uniform velocity profile at exit. Using a 
similar approach, Sparrow and Lee [9] investigated 
the effects of a non-uniform velocity profile at the jet 
exit on the impingement characteristics. 

Mikhail et al. [lo] performed finite-difference 
numerical calculations of the flow and heat-transfer 
characteristics of laminar jets issuing from a row of 
slots and impinging normally on a flat plate. The 
results showed that the average Nusselt number 
increases with the decrease in the nozzle spacing. By 
using a similar approach, Yuan et al. [l I] presented 
numerical predictions of the effects of buoyancy on a 
iaminar slot-jet impinging on a flat surface. For high 
Richardson numbers, both buoyancy assisted and 
retarded flows were shown to have significant effects 
on the enhancement and degradation, respectively, of 
the local Nusselt number. By employing a numerical 

marching finite-difference procedure, Garg and Jay- 
araj [12] solved the laminar boundary-layer flow for 
a slot-jet impinging on an inclined flat plate. They 
found that the local Nusselt number and skin friction 
coefficient could attain large values close to the stag- 
nation point at small angles of impingement. 

Cooper [ 131 studied the problem of heat transfer 
to walls from fire plume-driven ceiling jets during 
compartment fires. An analogy was drawn between 
a plane free-jet impingement on a surface and the 
ceiling-jet flow impingement on a compartment 
wall. Using the analogy, he estimated that the heat 
transfer rate to walls could be enhanced by a factor 
of 2.3 over that to ceilings. 

In a literature survey on the heat-transfer charac- 
teristics of impinging jets, Downs and James [14] sum- 
marized the findings of a large number of studies. The 
number of studies surveyed on laminar and slot-jet 
impingements were much fewer than those surveyed 
on the turbulent and round jets. With regard to the 
former studies with a crossflow effect, none has 
appeared in the survey. 

To summarize the present review, one may conclude 
that the studies on the laminar slot-jet impingement 
with a crossflow effect are very scarce despite a plen- 
tiful number of practical applications of the problem. 

1.4. ObjPctiues of the study 
(i) To construct a mathematical model for simu- 

lating the behaviour of an impinging laminar slot-jet 
on a heated surface. 

(ii) To apply the model to simulate three cases : (a) 
free-jet impingement ; (b) semi-confined-jet impinge- 
ment; and (c) semi-confined-jet impingement with a 
crossflow effect. 

(iii) To validate the model by comparing pre- 
dictions with available experimental meas~ements. 

(iv) To carry out a parametric study to investigate 
the effects of geometry, flow conditions and fluid 
properties on the heat-transfer characteristics. 

2. MATHEMATICAL FORMULATIONS 

The flow and heat-transfer processes are considered 
to be laminar, two-dimensional and steady. The fluid 
properties are assumed constant and the viscous dis- 
sipation is neglected. 

2.2. The governing difSerentia1 equations solved 
Subject to the above assumptions and for Cartesian 

coordinates, the governing equations in dimensionless 
form are : 

Conservation of,mass 

l?lI i?v 
$+ yy= 0. (1) 
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Conservation of Z/-momentum 

Conservation of V-momentum 

a2u 

> 

ap 
fp =-ax’ 

69 

d2V ) ap 
t;y-5 =-$7’ 

(3) 

Conservation of energy 

&@)+ &V@)- &(~+;;)=O. (4) 

The dimensionless quantities used in the above equa- 
tions are defined as : 

X = x/b, Y = y/b, W = u/y, V = L&, 

0 = (T- T,)/(T, - T,), Re, = ~~j~~~, and 

p = (P-P,)lP$. 

The general form of transport equation. 

The above set of equations can be represented by a 
single equation of the form : 

where, @ is the general variable and stands for 1, U, 
Y and 0 in equations (l)-(4), respectively ; Ts is 
the dimensionless exchange (diffusion) coefficient and 
stands for 0, 1, 1 and 1 /I+ in equations (l)-(4), respec- 
tively; and S, is the source term and represents the 
RHS in the equalion set for @. 

This general form of transport equation facilitates 
the use of the same solution procedure to be applied 
to all equarions. 

2.3. Boundary conditions 

Inlet(s). The required distributions of both velocity 
components and temperature are prescribed at the 
slot-jet exit plane. In the present study : U = 0, V = 1 
(either uniforrn or parabolic with a mean value of I), 
and 0 = 0. In the presence of a crossflow, a fully 
developed parabolic velocity profile is imposed at the 
crossflow inlet plane which is located at 20 slot widths 
upstream of the slot-jet axis. ?‘his is to ensure a natural 
interaction of a fully developed crossflow with the jet 
flow. The crossflow temperature is set to 8 = 0. 

Outlet. ‘I’he outlet boundary is located far enough 
downstream for conditions to be substantially 
developed. Accordingly. the following conditions are 
imposed : V = ;iUjaX = ~@j&X = 0. 

Wall(s). All walls are stationary and impervious 
and, hence, U = V = 0. Normal gradients of tem- 
perature are set to zero at the adiabatic walls ; for the 
isothermal part of the impinging surface (over the 

length of the heat-transfer region, I), the temperature 
issettoO= 1. 

Plane of symmetry. Symmetric conditions arc 
imposed on the plane over the slot-jet axis; namely, 
U = aV/M = &3/&X’ = 0. This symmet~ is destroyed 
in the presence of a crossflow and the whole physical 
domain must be solved for. 

Free stream. This condition is pertinent only to the 
case of a free-jet impingement. Here, the top boundary 
is located far enough above the slot-jet exit plane for 
the flow to assume quiescent free-stream conditions. 
The free-stream temperature is set to 0 = 0. 

The proper locations of the outlet and free-stream 
boundaries depend on the flow situation and are deter- 
mined by numerical experiments. It is found that the 
jet Reynolds number and the jet-exit to impingement- 
surface distance play a significant role in determining 
the size of the calculation domain. This will be elab- 
orated along with other computational details in the 
Appendix. 

2.4. Closure 
There are four dependent variables that charac- 

terize the modelling of the aforementioned jet- 
impingement situations. These are the two velocity 
components U and V, the pressure P and the tem- 
perature 0. The elliptic differential equations (l)- 
(4) are used to solve for these variables using the 
appropriate boundary conditions. A suitable numeri- 
cal solution procedure is employed to perform this 
task as is described next. 

With regard to the initial conditions, the velocities 
are assigned initial uniform values that satisfy the 
overall continuity requirement. The initial tempera- 
ture field is set at the rnean value of the isothermal- 
wall and jet-inlet temperatures. 

3. THE NU~EHICAL SOLUTION ~~~CE~U~E 

3.1. lntroductiun 

The mathematical model uses a couuol-volume 
finite-diflerence method for djscretizing the governing 
conservation equations and employs an upwind- 
difl’erence scheme. The numerical solution is based on 
the well-known SIMPLE pressure-correction algo- 
rithm of Patankar and Spalding [ 151, but differs from 
SlMPLE in the way the finite-di~eren~ equations 
are solved. In SIMPLE, the dependent variables are 
solved one at a time for the whole flow field; in the 
present method, this is done on a line-by-line manner 
as will be outlined in Section 3.4. The computer pro- 
gram used and modified to suit the current jet- 
impingement problems is the 2/E/HX code of Pun 
and Spalding [16]. Al-Sanea et al. [I 73 have briefly 
described and applied the line-by-line procedure in 
computing recirculating flows with heat transfer. The 
scheme was found particularly beneficial for flows 

where relatively large parabolic or nearly parabolic 
regions exist alongside the elliptic flow regions. Due 
to space limitations, only the essential features of the 



numerical solution procedure are given. The above 

cited references [15-171 and, for example, Patankar 

[ 181 may be referred to for more details. 

3.2. Thefinite-difference grid 
The grid consists of a set of orthogonally inter- 

secting straight lines. The points of intersection (grid 
nodes) provide reference locations for identifying the 
variables. Figure 2 shows a portion of such a grid and 
a typical cell enclosing node P. Point P, the central 

node, has four neighbouring nodes N, S, E, and W at 
which the pressure and temperature values are stored. 

The velocities are calculated and stored, as indicated 
by the arrows, at points midway between these grid 

nodes, i.e. at the cell faces identified by n, s, e and w. 
This grid arrangement is known as a staggered-grid 

system. The grid spacings need not necessarily be uni- 
form but can vary so that it is possible to locate more 
grid nodes in regions with steep variation of flow 

properties ; namely, near the impingement surface and 
jet axis. 

Grid independent results are achieved by obtaining 

solutions with an increasing number of grid nodes 
until a stage is reached where the solution exhibits 
negligible change with further increase in the number 

of nodes. A typical study of such a finite-difference- 
grid independence check will be presented in Section 

4.5.2. More details on the grid size and distribution 

are given in the Appendix. 

3.3. Thejinite-dzrerence equations 

The general finite-difference equation (f.d.e.), link- 
ing the value of the variable @ at node P to those at 

nodes N, S, E and W, is obtained by integrating the 
differential equation (5) over the volume of the finite- 
difference cell to yield : 

Location m 
(v) Compute values of pressure correction on the 

P and 0 
line. The line arrangement necessitates that the pres- 

. sure corrections on both sides of the line are taken to 
- U 

t 

be zero. 
V 
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where, 

A; = A;+A;+A;+A;-SF’. (6’) 

The details of this transformation can be found in 
refs. [15-l 81 as, indeed, the setting up of the f.d.e.s for 
the pressure correction needed in SIMPLE. 

The source term S, in equation (5) has been line- 

arized as follows : 

s, = $+spDp. (7) 

The coefficients A& AZ, AZ and A$, are the finite- 
difference coefficients and contain the effects of con- 

vection and diffusion. 
The total number of f.d.e.s solved is equal to the 

number of the dependent variables multiplied by the 
number of the finite-difference cells in the flow 

domain. There is one such f.d.e. as equation (6) for 

every variable at each cell. 

3.4. Solution of thejinite-difference equations 

The above f.d.e.s are coupled and non-linear due 

to the fact that the coefficients are functions of the 

dependent variables themselves. The solution is usu- 
ally obtained after a number of iterations of the field 

and by re-evaluating the values of the coefficients 
every iteration. In the present program, the f.d.e.s are 

solved simultaneously on a line-by-line basis by the 
Tri-Diagonal Matrix Algorithm (TDMA). While @ 

values on a line are being solved, Q values on both 
sides of the line are kept unchanged. This is repeated 
for ail variables before the next line is visited. The 
main solution steps can be summarized as follows : 

(i) Guess values of the variables in the field. 

(ii) Compute values of U by solving the f.d.e.s for 

the U-momentum on a line. 
(iii) Compute values of V as in (ii) above. 

(iv) Compute values of 0 on the line. 

(vi) Correct pressures and velocities on the line. 
(vii) Move to the next line and repeat steps (ii)- 

(vi) for the whole field. 
(viii) Repeat iterating the field until convergence. 

The above basic cycle of operations is often modi- 

fied to incorporate devices such as multiple traverse 
of lines and block adjustments of variables in order 
to enhance the convergence rate. 

4. PRESENTATION AND DISCUSSION OF THE 

RESULTS 

4.1. Introduction 

FIG. 2. A typical portion of the finite-difference grid showing 
location of variables and a tvuical node P. 

The mathematical model presented in the previous 

sections is implemented in the computer code and 

_. applied to simulate the jet-impingement problems of 
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Fig. I. The model is validated by comparing pre- 
dictions with available experimental measurements. A 
parametric study is carried out by varying one par- 
ameter at a time, while keeping the rest of parameters 
at pre-determined default values. 

4.2. Pmrunzeters studied 

The following parameters are varied and, hence, 

their effects on the flow and heat-transfer charac- 
teristics are determined : 

(i) The slot-jet Reynolds number (Re,) in the range : 
50 < He, < 450. 

(ii) The Prandtl number of the fluid (Pr) in the 

range: 0.1 d Pr < 100. 
(iii) The length of the heat-transfer surface (I) in 

the range: 6.5 ,< L = I/b < 20. 
(iv) The separation distance between the slot-jet 

exit plane and impingement surface (z) in the range : 

I <Z=z,:b< 16. 
(v) The crossflow-to-jet mass-flow-rate ratio 

(~/WI,) in the range: 0.25 < M = m,/m, 6 6. This 

parameter is applicable only to the case ofjet impinge- 
ment through a crossflow. 

The flow properties also depend on the inlet profile 

shapes of velocity and temperature for both jet and 
crossflow. For a specified geometrical configuration, 
inlet velocity profiles and for identical crossflow and 

jet temperatures, the average Nusselt number (Nu,,) 
will have a functional dependence with the following 

dimensionless parameters : 

NM,, =,f’(Re,. Pr, L, Z, M). (8) 

Based on the characteristics of impinging jets and 
geometric similarity, Metzger and Korstad [19] pre- 

sented a similar functional dependence in their exper- 
imental study of a single line of circular air jets 
impingement through a crossflow. 

4.3. Dqfitult culues of purmwters 

The results are presented and correlated in terms of 

the independent effects of Rc,, Pr, L. Z and M on 
Nu,,,,. Unless otherwise specified, the rest of the par- 
ameters will assume the following default values : 

Re, = 200, Pr = 0.7 I, L = 20. 

%=4 and M- 1.0 or 0. 

The velocity profile is uniform at the jet exit and that 
for the crossflow at inlet is always fully developed 
parabolic. 

4.4. Form of’presentution 

The results are presented in Figs. 3-12. Emphasis 
is given on both the local Nusselt number (/Vu) vari- 
ations over the impingement surface and on the aver- 
age Nussclt number (Nu:,,) for the whole heat-transfer 
surface. Section 4.5.1 is devoted to the free-jet 
impingement results which are presented in Fig. 3. 
Section 4.5.2 is concerned with the results of the semi- 

20 I I I- 

- Calculations (paraiaolic profile) 
__--_ * (uniform protile) 

Rejz450, Pr zo.71, LZZO. i 

. Experiments (Sparrow B WongX3 

2.2 a M.0 

1 

L- 

i 

OO--1 5 
X 

FIG. 3. Nusselt number variation along the plate; free-jet 
impingement showing effects of inlet velocity profile and 

comparisons with experimental data. 

10 , , , , I , , , , 

- ~ Semi- confined let 

a- 
-----Free jet 

Rej Z200, PrZ0.71, 

L-20. 2.4. t&O, 

Uniform inlet velocity profile. 

0 1 1 0 ’ ’ ’ ’ 1 1 
0 2 4 6 6 10 

X 

FIG. 4. Nusselt number variation along the plate; semi- 
confined-jet impingement showing comparisons with free-jet 

impingement. 

Grid (NX * NV) 

2f , ,>_I 
0 
0 2 4 6 8 10 

X 

FIG. 5. Nusselt number variation along the plate; semi- 
conlined-jet impingement showing effects of finite-dilference- 

grid size. 

confined-jet impingement without a crossflow effect. 
Figures 4 and 5 study the influence of semi-confine- 
ment and the effects of using a different size of finite- 
difference grids on the impingement-surface heat- 
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transfer characteristics. Other results are displayed in 
subsequent figures for comparison with those with a 
crossflow eKect. Section 4.5.3 concentrates on the 
results of the semi-confined-jet impingement through 
a crossflow. The results are presented in Figs. 612 
and study the influence of the various parameter 
concerned. 

4.5. Discussion of' the results 

4.5.1. Freeyet impingement. This problem is speci- 
fied in Fig. 1 (a) and is presently studied for Rej = 450, 

Pr = 0.71, L = 20, 2 = 2 and M = 0. The departure 
from the default values for Re, and Z was necessitated 
by the available experimental measurements. The 
results are presented in Fig. 3 which depicts the vari- 
ations of Nu with X. The continuous and dashed lines 
represent calculations with fully developed parabolic 
and uniform jet-inlet velocity profiles, respectively. 
The symbols correspond to the experimental measure- 
ments of Sparrow and Wong [3] who used a developed 
slot-jet flow impinging on a naphthalene plate. They 
employed the heat-mass transfer analogy to convert 
the results. 

With the parabolic inlet velocity profile, Nu exhibits 
a maximum value at the stagnation point; sharp 
decrease follows where, at X = 1, Nu reaches less 
than half of its value at the stagnation point. Gradual 
reduction in MA then continues along the heat-transfer 
surface. This arises from a decrease in wall tem- 
perature gradients as a consequence of thermal 
boundary layer development and thickening with X. 
It is clear that impinging jets do have the advantage 
of producing, at the stagnation region, a high heat 
flux between a fluid and a surface at different tem- 
peratures. 

It is interesting to note the substantial drop in Nu 
at the stagnation point, which amounts here to about 
45%, when an ideal uniform inlet velocity profile is 
used. Previous resuhs by others had shown the same 
effect [7, 9, lo]. This is attributed to the fact that the 
velocity and momentum of the issuing jet are higher 
at the jet centre for the parabolic profile, However, 
the results of the two profiles nearly coincide with 
each other for X > I. This suggests that after a short 
distance downstream of the impingement region, the 
flow behaves like a wall jet and is not affected sub- 
stantially by its initial velocity profile. 

As to the comparisons with the available measure- 
ments using a developed slot-jet flow, the agreement 
is in general very good. This is, of course, bearing 
in mind the inexact nature of the heat-mass transfer 
analogy involved, and also the likely ditrerences in the 
theoretical and experimental jet-inlet velocity profiles. 

4.5.2. Se~ni-~~ln~n~~~~e~ irnp~ngern~~l~ ~vit~l~ut a 
ero.s~~u~~. This problem is specified in Fig. I(b) and 
is studied for M = 0 to provide benchmark results for 
comparisons with identical corresponding cases but 
with a crossflow effect. However, this will be post- 
poned to the next section; the aim of the present 
section is to investigate the effects of semi-confinement 

and computational grid refinements. These results are 
displayed in Figs. 4 and 5, respectively. 

For the default parameters employed, it is inter- 
esting to note from Fig. 4 that NU values over the 
impingement surface and for X < 5 are identical 
for the two cases of free-jet and semi-con~ned-jet 
impingement. This suggests that the impingement 
region is being fully dominated by the characteristics 
of the issuing jet, and that the conditions prevailing 
at the top boundary of the domain have very little 
effects. Gosman et al. [6] have also found that, for 
Rei = 450, Pr = I and Z = 1, the influence of the con- 
ditions imposed at the free boundary on the impinge- 
ment cha~cteristics was very small. Downstream of 
the impingement region and for X > 5, the model 
predicts, for the free-jet impingement case, values of 
Nu that are slightly higher than those calculated for 
the semi-confined-jet impingement. This is attributed 
to the ambient fluid entrained into the body of the 
issuing free jet. 

Figure 5 studies the effects of using four different 
sizes of unite-di~erence grids on Nu variation along 
the plate. An optimum grid is determined with 
Rei = 300 which represents an average value in the 
range studied. It is clear that the two coarsest grids 
used show results that have substantial grid effects 
and, hence, lack accuracy. The two finest grids 
employed produce results that are very close to each 
other and it is expected thdt further grid refinements 
would not increase the accuracy much further. It is 
regarded, therefore, that the grid of NX = 40 by 
NY = 20 gives the best compromise as far as both 
accuracy and computer cost are concerned. It is to be 
emphasized that more grid points are packed near the 
impingement surface and jet axis. The distribution of 
grid lines is tabulated in the Appendix which also 
contains other relevant details. 

4.5.3. Semi-c~n~ne~~et ~mpinge~rent wifh a cross- 

fEow. This problem is specified in Fig. l(c) and is 
studied to assess the crossflow effects on the impinge- 
ment heat-transfer characteristics. The parameters 
varied and default values are given in Sections 4.2 
and 4.3. The results are presented in Figs. 612 and 
are compared with the corresponding cases for M = 0. 

Figure 6 shows the effects of imposing different 
crossflow-to-jet mass-flow-rate ratios (M) on Nu vari- 
ations along the plate. Due to crossflow effects, the 
results show asymmetry on either side of the jet geo- 
metrical centre-line (X = 0). For the parameters stud- 
ied, the impingement point is moved downstream by 
about one to two slot widths. As a result of the 
crossflow, iliu is substantialIy degraded at the impinge- 
ment region ; elsewhere, Nu increases with the increase 
in the crossflow velocity. It is clear that the heat- 
transfer characteristics shown arise from combined 
effects of jet impingement and crossflow. Starting 
from the beginning of the heated region (X = - IO), 
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FIG. h. Nusseh number variation along the plate; semi- 
confined-jet impingement with crossflow showing effects of 

crossflow-to-jet mass-flow-rate ratio. 

Nu decreases with X as the thermal boundary layer 
develops; due to the effects of the impinging jet, Nu 

increases and then decreases with X as the combined 
streams start to develop further downstream into a 
parallel-to-plate flow. 

Figure 7 illustrates the variations of the skin-fric- 

tion coefficient (C,) along the plate. For M = 0 and 
X = 0, C,- = 0 since this corresponds to the stagnation 
point; the negative values of C,. correspond to vel- 
ocitics opposite to the X-direction. The maximum 
skin-friction coefficient occurs at X = I. The drop in 
C,. down to about zero at X = 10 indicates that the 

flow at the bottom wall is on the verge of separation. 
A minute separation bubble, the height of which is 

not much greater than I”! of the slot-jet width, is 
calculated at X = I I (not shown). Had a coarser finite- 
difference grid been used, this tiny separation region 

on the bottom wall would have not been captured. 

10, , , , , , , ( , 

-- m=2.0 

-8 - 
/ 

-10. ’ ’ ’ ’ ’ ’ ’ f 3 
-10 -8 -6 -4 -2 0 2 4 6 6 10 

X 

FIG. 7. Skin-friction coefficient variation along the plate; 
semi-confined-jet impingement with crossflow showing 

effects ~)f crossbow-to-jet mass-flow-rate ratio. 

Very shortly afterwards the flow re-attaches on the 
wdll as it continues its development between the two 

parallel plates. This localized behaviour is attributed 
to the flow conditions prevailing outside the wall-jet 
region. As will be discussed in more detail in the 
Appendix, a big recirculation region adjacent to the 
top wdil and above the wall-jet region is crentcd as the 

jet issues from the slot, and it is after scvcral slot 
widths downstream that the flow begins to reattach 

on the top wall. The present wall-jet behaviour is 

being emphasized on since it differs from the wall-jet 
development under ideal conditions. 

The presence of the crossflow has the tcndcncy ol 
suppressing small recirculation zones. The c’, values 

for M > 0 and the paranlcters shown in Fig. 7 indicate 
no flow separation on the bottom plate. It is also 

interesting to note that c’,- remains constant until 
about four slot widths upstream of the jet centrc-lint 

(X = -4). This is due to the fully developed ffow 
imposed at the crossflow inlet (X = -20). The 
increase in C,- from about X = -4 to X = 2 is caused 

by the jet flow which joins the crossflow and increases 

the velocity parallel to the surfdcc. The subsequent 
decrease in Cr. for X > 2, is due to the flow devel- 
opment that follows over the flat surface. 

The total heat-transfer rate between the flow and 
the plate is related to the average heat-tl-ansfcr 
coefficient (II,,,) which is best represented by the avcr- 

age Nusselt number (Nu,,). Figure 8 depicts the vari- 
ation of Nu.,, with Re, for the two cases of without 
and with crossflow. All the other parameters arc set 

at the default values. The average Nusselt number 
ML,, increases with increasing Rq but, as the cal- 
culations show, at a slower rate in the prescncc of a 

crossflow. The crossflow with M = I reduces Nu,,,. 

by about 20% at Re, = tO0; and at Rc, = 450. the 
reduction is about 40% of the nominal values. For 

Oi.! 
0 100 x)0 300 400 500 

Rej 

FIG. 8. Average Nusselt number variation with jet-Reynolds- 
number; semi-confined-jet impingement without and with 

crossflow. 
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Table 1. Heat-transfer correlations for laminar slot-jet impingement 
on a fiat surface; unchanged parameters assume the default values: 

Rej = 200, Pr = 0.71, L = 20, Z = 4 and M = 0 and I 

No. Correlation Remarks Range Figure 
--. 

1 Nu = 0.08Re0~65 M=O 50 < Rq $450 8 
2 Nut: = O.l3R:;;; M=l 50 < Re, ;r;- 450 8 
3 Nu,, = 2.45Pr M=O 0.1 S Pr d 100 9 
4 Nu,,, = 1.82Pr’ 37 M=l 0.1 <PrC 100 9 
5 NM,, = 12.3L-’ 53 M=O 6.5 < L G 20 10 
6 .Nuau, = 6.2OL-” J4 M=l 6.5 < L < 20 10 
7 Nu = 7.84Z-O.‘” 
8 Ntr:: = ;.3OZ’ ” 

M=O 1.0 < z < 2.5 II 
M=O 2.5 < Z < 5.0 11 

9 NZf,, = 2.88z--0 (I9 M=O 5.0 < z < 16 1 I 
10 Nu,, = 3.252-“+’ M=I 1.0~:<16 I1 
I1 Nu,, = 1.43M ‘.” Default 0.25 < M < 0.5 12 

parameters 
1’ 1 Nu. .I” = 1.70M’“’ Default 0.5GMG.6 12 

parameters 
13 Nzr,, = 1.96M-0’” Re, = 450 0.25 < M < 0.5 12 
14 Nu,, = 2.52M” ” Re, = 450 0.5 < M<6 12 
1s Nu,, = 1.83M-i)‘-‘5 L= 10 0.25 < M < 0.5 12 
16 Vu. L = 2.32M0” 
17 Ng;: = 1.16M-0’5 

L= IO OS<M<6 12 
Z=8 0.25 < M < 0.75 12 

18 Nu.., = 1.25M”‘s Z=8 0.75 < M Q 6 12 

the present parameters, Nu,, are correlated to Rej to 
the powers 0.65 and 0.48 for M = 0 and 1, respec- 
tively. These results are given in Table 1 by cor- 
relations (I) and (2). 

(c) EfSects of Prandtl number on average Nusselt 
number 

Figure 9 presents the variation of Nu,, with Pr and, 
also, shows the crossflow effects. It is interesting to 
note the sharp increase in Nu,, with increasing Pr at 
small vaiues of the latter. The reduction in Nu,, due 
to crossflow is about 33% of the nominal values and 
is about constant over the entire range of Pr inves- 
tigated. This is reflected in the proximity of exponents 
in Pr which correlate Nu,, (0.40 and 0.37 for M = 0 
and 1, respectively). These are given by correlations 
(3) and (4) in Table 1. 

Pr.0.71 & 2.4 

O ll’l’l’l’l’. 1 I I I I 
0 20 40 60 60 IO0 120 0 5 10 15 20 25 

Pr L 

FIG. 9. Average Nusselt number variation with Prandtl num- 
her ; semi-confined-jet impingement without and with 

crossbow. 

FIG. 10. Average Nusselt number variation with heat-transfer 
surface length ; semi-confined-jet impingement without and 

with crossflow. 

(d) E&cts of heat-tran&r surface length on average 
NMsselt number 

Figure 10 illustrates the variation of Nz~~, with L 
for the two cases of without and with crossflow. The 
Nu,, decreases with increasing L since the favourable 
jet-impingement characteristics are localized on the 
plate area close and under the slot-jet exit. as was 
shown in Fig. 6. The reduction in Nu,, due to 
crossflow is about 37% of the nominal values. Cor- 
relations (5) and (6) in Table 1 relate Nuay to L for 
M = 0 and I. It follows that when the heat-transfer 
surface is relatively long with respect to the slot width, 
it would probably be advantageous to locate more 
than one slot-jet, say a row of slot-jets, at appropriate 
spacings above the heat-transfer surface. A com- 
plicated crossflow interaction would arise but it is 
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expected that the heat-transfer rate per unit mass of 
issuing jets would increase. 

Figure 1 1 depicts the effects of the separation dis- 

tance between the slot-jet exit plane and impingement 
surface (Z) on the surface average Nusselt number. 

For small separation distances, Z c: 2, the cal- 

culations show relatively large Nu,,. This is attributed 
mainly to the resulting high parallel-to-plate velocity 

as a consequence of the mass continuity requirement 
and the small area available to flow in between the 

two p~~r~~l~J plates. In such a situatj~)n, thejet impinge- 
ment bchaviour is being overwhelmed by a dominant 

parallel-to-plate flow over the heated region. 
In the absence of a crossflow and for the parameters 

studied. Nu,, is not being much affected by Z for 

Z > 2.5; an optimum MI,, is calculated at about 
Z = 5. A very gradual decrease in Nzc,,, then follows 
with increasing Z. In the presence of a crossflow, on 

the other hand. a subs~anti~ll decrease in ivu,, results 
with increasing Z. At Z = 4, the reduction in NM,, is 

about 30% ; and at Z = 16. the reduction incrcascs to 

about 60% or the nominal values. Accordingly, in 
the presence of a crossflow and as is dictated by the 

physical situation, Z should not be increased 
unnecessarily. Correlations (7)-(10) in Table 1 sum- 

marize these relations; the weak dependence of NLC,, 
on Z for M = 0 and 2 > 1.5 is reflected by the small 

exponents of Z. 

(f) lZ&ts of’ cros@w-to-jet mass~jhv-rate rutio on 
averagr Nusselt number 

Figure 12 displays the variation of Nu,, with h4. 
The solid curve is constructed with the default values 
of parameters and is used as a datum for comparing 
other results with different Rr,, Land Z. The smallest 

non-zero M investigated is equal to 0.25; the curves 

FG. 1 I. Average Nusselt number variation with separation 
distance between slot-jet exit plane and impingement sur- 
face ; semi-confined-jet impingement without and with 

crossflow. 
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FIG. 12. Average Nusselt number variation with crosstiow- 
to--jet mass-flow-rate ratio; semi-confined-jet impingement 
showing effects of Re,. L and %, other parameters are set at 

default values. 

are extended by dotted straight lines to Nu,, values 
obtained without a crossflow (M = 0). 

All the results share the same general trend of vari- 
ation in the sense that Nu,, exhibits a maximum value 
at M = 0 and a minimum at M x 0.5. The minimum 

Nu,, is about 60% of its maximum nominal value 
obtained without a crossflow. At M greater than 
about 0.5, Nu,, increases with increasing A4 and con- 
tinues so as long as the crossflow velocity keeps 
increasing. It follows that a crossflow-to-jet mass- 

flow-rate ratio of about 0.5 marks a turning point 
between two distinguished flow and heat-transfer situ- 

ations. The first situation (or zone), where M is less 
than about 0.5, is dominated by jet-impingement flow 
characteristics and in which the heat-transfer rate 
deteriorates with increasing M. The second situation 
(or zone), where A4 is greater than about 0.5, is domi- 

nated by parallel-to-plate crossfIow characteristics 
and in which the heat-transfer rate increases with 
increasing M. The start of this gradual ‘hand over’ in 
behaviour from jet impingement dominated flow to 
crossflow dominated flow, as h4 increases, can clearly 

be seen in Fig. 6. An overlapping or transition zone 
is roughly estimated at 0.5 < M ,< 2. 

As to the comparisons between the various curves 
on Fig. 12, it is interesting to note that increasing R~J~ 
has practically the same effect on Nu,, as decreasing 
L (the top two curves). It is also worth noting the 

insensitivity of Nu,,, to Z for M values below about 

0.5 (the bottom two curves), as was remarked earlier 
and seen in Fig. 1 I for M = 0. Increasing Z, on the 
other hand. increases the value of M for the minimum 

W,, ; for Z = 8, the minimum Nu,, is calculated at 
M z 0.75. Correlations (I I)---( 18) in Table 1 give the 
relations between NuI,, and ‘M for the ydrdt%V2krS 

studied. 

4.6. hut-trzm.sfer correlutions 
For the range of parameters investigated in the 

present study, Table 1 contains a summary of the 
power-fit relations that correlate the average Nusselt 
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number with the various parameters. Each correlation A crossflow-to-jet mass-flow-rate ratio of more 

relates Nu,, to only one individual parameter ; the rest than about two alters the nature of the problem from 

of the parameters are set at the default values. The being dominated by a jet-impingement behaviour to 

results have already been presented in Figs. 8-12. In a parallel-to-plate crossflow dominated. 

general and for M= 0, Rej is correlated with a 0.6% 
power dependence ; Pr is correlated with a 0.4-power 
dependence ; L is correlated with -0.53-power depen- 
dence and. for Z > 5, Z is correlated with a -0.09- 
power dependence. For M = 1, Re, is correlated with 
a 0.48-power dependence ; Pr is correlated with a 0.37- 

power dependence; L is correlated with a -0.44- 
power dependence and Z is correlated with a -0.46- 
power dependence. 

5. CONCLUSIONS 

A mathematical model for evaluating the behaviour 

of steady, laminar and two-dimensional jets impinging 
on hot flat surfaces was constructed. The model uses 

a control-volume finite-difference iterative method. 
The model was applied for the evaluation of the 

flow and thermal characteristics of jet impingements 

for three cases ; namely, free-jet impingement, semi- 
confined-jet impingement and semi-confined-jet im- 

pingement with crossflow effects. 
The computed results werecompared with available 

experimental measurements, for the case of a free-jet 
impingement, and the agreement was found to be very 

good. This demonstrated the accuracy and validity of 

the model. 
A parametric study was conducted to investigate 

the effects of varying the influential parameters and 
of imposing a crossflow on the impingement charac- 
teristics The average Nusselt number was correlated 

with the various parameters. 
For the range of parameters investigated, the 

following major findings may be summarized. 
The Nusselt number variation along the heat- 

transfer surface shows an enhanced heat-transfer 
rate at the impingement region. 

The heat-transfer characteristics along the impinge- 
ment region are found to be very sensitive to the 
velocity distribution at the slot-jet exit. A fully 
developed parabolic velocity distribution produces 
Nusselt number values, at the impingement region, 
that are much higher tlian those produced by a 
uniform velocity profile. 

The free and semi-confined jet impingements show 
practically identical results at and near the impinge- 
ment region. Slight differences are calculated away 
from this region due to entrainment effects. 

The average Nusselt number increases with the 

increase in the jet-Reynolds-number and the fluid 
Prandtl number; it decreases with the increase in the 
length of the heat-transfer surface and the separation 
distance between the jet-exit and the impingement 
surface. 

The presence of a crossflow degrades the favourable 
characteristics of impinging jets, and can reduce the 
nominal Nusselt number by as much as 60%. 
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APPENDIX: DOMAIN SIZE AND OTHER 
COMPUTATIONAL DETAILS 

It is important that the conditions imposed at the outlet 
and free-stream boundaries do sufficiently match the 
assumed developed conditions of the flow (see Section 2.3). 
Relocating such boundaries further away should not affect 
the solution in the jet-impingement region. Of particular 
importance is the accommodation of the top-wall recir- 
culation region, created by the issuing jet, to well inside the 
calculation domain. The length of the top-wall recirculation 
region (I), measured from the jet axis, depends on Re,, Z and 
M. Figure Al depicts the variation of R (= r/b) with Re, for 
the case of a semi-confined-jet impingement with Z = 4 and 
M=C and I. For M=O, R is about 6 at Re,=50; at 
Re, = 450, R is increased to about 30. With a crossflow, the 
length of the recirculation region is shortened and becomes 
a weak function of Rr, ; at Re, = 450, R is about 10 for 
M = I. Figure A2 presents the variation of R with Z for the 
case of a semi-confined-jet impingement with Re, = 200 and 
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I I I I 
loo zoo 300 400 

Flej 

FIG. Al. Length of top-wall recirculation region versus jet- 
Reynolds-number ; semi-confined-jet impingement without 

and with crossflow. 
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FIG. A2. Length of top-wall recirculation region versus sep- 
aration distance between slot-jet exit plane and impingement 
surface ; semi-confined-jet impingement without and with 

crossflow. 

M=OandI.ForM=O,R1sabout14atZ=4;atZ- 16. 
R is increased to about 100. For M = I, R is decreased by 
about 30% of its value with A4 = 0. 

It is found by numerical experiments that a substantially 
developed flow is attained at about twice the length of the 
recirculation zone, measured from the jet axis, for the case 
ofa semi-confined-jet impingement without a crossflow. This 
dictates, with reference to Figs. AI and A2, where the outlet 
boundary should be located. In the present study. two sizes 
of the calculation domain are used ; a smaller size (NX = 40) 
with an outlet boundary located at 40 slot widths down- 
stream of the jet axis, and an extended and larger domain 
(NX = 50) withan outlet boundary located at 150 slot widths 
downstream of the jet axis. The latter domain is constructed 
by adding 10 more expanding grid lines to the smallcr- 
domain grid and is used for calculations with large RP, and 
Z. Table Al gives the distribution of grid lines for the 
NX = 40 by NY = 20 typical grid used for the short domain. 
In the presence of a crossflow, 20 mom grid lines in the .\- 
direction are added to the upstream side of the jet axis to 
accommodate the crossflow region. The crossflow inlet is 
situated at 20 slot widths upstream of the jet axis. It 1s 
interesting to note that since the crossflow shortens the length 
of the recirculation region, a shorter domain in the down- 
stream direction could have been used and as is dictated by 
the results displayed in Figs. A I and A2. 

For the case of a free-jet impingement, the fret-stream 
boundary is located far above the slotjct exit plant for the 
flow to assume quiescent free-stream conditions. Numerical 
experiments, in the range of parameters studied. are con- 
ducted to investigate the sensitivity of the results near the 
impingement surface to the location of the upper free-bound- 
ary of the calculation domain. Two locations are employed ; 
the first is situated at twice the distance between the jet-exit- 
plane and the impingement surface, i.c. at Y = 22. and the 
second is situated at Y = 32. For the two heights considered, 
the Nu,, over L = 20 is found to differ by no more than 
0.3%, and the maximum difference in Nu is about 1.5% and 
is calculated at the edge of the heated surface. Therefore, the 
top boundary is located at an optimum height of Y = 22. 
The previous semi-confined-jet impingement grid is, accord- 
ingly, enlarged in the J.-direction by adding IO more grid 
lines above the slot-jet exit plane. In the cases studied with 
Z = 4, fully developed flow conditions are attained at 30 and 

Table A I. Typical grid-line distribution ; semi- 
confined-jet impingement without crossflow 

IX x IX x IY Y 

I 0.00 21 7.50 I 0.00 
2 0.05 22 8.50 2 0.01 
3 0.15 23 9.50 3 0.03 
4 0.25 24 10.50 4 0.05 
5 0.40 25 11.50 5 0.07 
6 0.60 26 13.00 6 0.09 
7 0.80 27 15.00 7 0.12 
8 1.00 28 17.00 8 0.16 
9 1.30 29 19.00 9 0.23 

10 1.60 30 21.00 10 0.35 
II 1.90 31 23.00 11 0.50 
12 2.20 32 25.00 12 0.70 
13 2.50 33 27.00 13 I .oo 
14 3.00 34 29.00 14 1.40 
15 3.50 35 31.00 15 I.80 
16 4.10 36 33.00 16 2.40 
17 4.70 37 35.00 I7 3.00 
18 5.30 38 37.00 I8 3.40 
19 5.90 39 39.00 19 3.80 
20 6.50 40 40.00 20 4.00 
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95 slot widths downstream of the jet axis for Re, = 50 and grid node x line traverse) on the IBM 3083 machine. Typical 
200, respectively. converged results are obtained after about 50-150 field iter- 

The calculations require about 100 kI3ytes of memory ations; a m~imum of three line traverses are used with a 
and about 6 x lo- ’ s of CPU time per (iteration x variable x typical relaxation factor of 0.5 for a11 dependent variables. 

ETUDE NUMERIQUE DES CARACTERISTIQUES D’ECOULEMENT ET DE 
TRANSFERT THERMIQUE D’UN JET PLAT LAMINAIRE IMPACTANT 

AVEC EFFETS DE COIJRANT CROISE 

R&un&-Un mod& numerique base sur une procedure de volumes finis, est construit et applique au calcul 
des ~ra~~ristiques ~~coulern~nt et de transfert thermique permanents pour un jet plat impactant une 
surface plane isotherme. On etudie les cas suivants : impaction du jet libre, impaction du jet semi-confine 
et impaction du jet semi-confine a travers un courant croise. Le modile est valide par comparaison des 
resultats avec des don&es experimentales dans le cas de l’impaction du jet libre; l’accord est trot& 
satisfaisant. Une etude parametrique est conduite en faisant varier les parametres suivants : nombre de 
Reynolds du jet, nombre de Prandtl du fluide, longueur de la surface de transfert thermique, distance entre 
sortie du jet et surface-cible, et dans le cas du courant croise, rapport des debits de masse du courant croise 
et du jet. Le nombre de Nusselt moyen est don& pour les domaines ttudies des parametres et il est montre 

que le courant croise peut degrader de 60% environ le flux nominal de chaleur transfere. 

NUMERlSCHE UNTERSUCHUNC VON S’I’R6MUNG UND WARMEUBERGANG IN 
EINEM AUFTREFFENDEN LAMlNAREN SCHLITZFBRMIGEN STRAHL UNTER 

BERiiCKSICHTUNG VON QUERSTROMUNGSEFFEKTEN 

Zasammenfassung--Mit Hilfe eines numerischen Modells, das auf einem Finite-Volumen-Verfahren beruht, 
wird die stationire Striimung und der Wlrmeiibergang in einem laminaren schlitzfiirmigen Strahl berech- 
net, der auf eine isotherme ebene Oberflache auftrifft. Drei Falle werden unterschieden : as Auftreffen eines 
Freistrahls, das Auftreffen eines halbseitig begrenzten Strahls und das Auftreffen eines halbseitig begrenzten 
Strahles mit Querstr6mung. Durch Vergleich der Ergebnisse mit verfiigbaren Versuchsdaten fur den Fall 
eines Freistrahls wird das Model1 validiert, die fjbereinstimmung ist sehr gut. Die Einfliisse der folgenden 
Parameter werden systematisch unrersucht : Reynolds-Zahl des Strahls, Prandtl-Zahl des Fluids, Lange 
der warmeiibertragenden Oberflache, Abstand zwischen Strahlaustritt und Oberfllche, sowie filr den Fall 
mit Querstromung das Verhlltnis der Massenstrome der Querstromung und des Strahls insgesamt. Die 
mittlere Nusselt-Zahl wird fur den untersuchten Parameterbereich korreliert, wobie sich zeigt, daI3 die 

Querstrijmung den Wlrmeiibergang urn bis zu 60% vermindern kann. 

HHCJIEHHOE ~C~E~~BAH~E XAPAKTEPHCTHK ‘I’EHEHkDI If TEHJIOHEPEHOCA 
HPH HAEEI’AHHM JIAMHHAF’HQH IIIEJIEBOfi CTPYM C YHETOM 30@EKTOB 

HOI’IEPEYHOFO TEHEHMII 

hmoTarmPHa OCHOle MeTOna KOHeSribrx 06ae~oa nocrpoeHa w%ewias Monenb, KoTopar npHMeH- 

II~TCKLVIK pacntnaxapaKTep~crHgcrasHoHapHoroTe~eHHa~Te~fflouepeHocanp~Ha6er;uurHnaMHHap- 

~oii~eneBoiicrpy~~a~30~~~~~~~1111~~yfOnoBep~~b.kl~~~e~~~n~p~~~~a~~e~o, 

Ha6erame cno6oniioi4 crpy~ ua6eramie nonyorpamivemioii crpyu II ria6eramie uonyorpami~emioti 
CTpyW CKBO3b nOIIe~~bI% EOTOK. ~I&&ZTHBHOCTb MOneJIES lIpOBepXe'R.2 CpaBIieHHeM ps?3yJIl,TaTOB C 

~e~~~e~ 3~c~e~~e~~b~~ jwiiibihsi luIII cnywi ziafhuim c~060moii crpysi,~ noJryreH0 

oqeiib xopou~ee comacue. lIapan4eTpwfecme iic2ne~oiiamie ~~OBOWTCS Iiocpencf~0~ BapbHposanwii 

cnenymuix napamqm: wsna Pe&romRca arm crpya, wcna I&WJITSJI arm )I(HAE~CTH, mirli 

FIONpXHOCTu TeWIonqHw, paCCTOSHHs MCrsUry BUXOAOM CTpyEI E lIOlKpXHOCTbKl COyJ,a&,eHan H, B 

CJIYgae nOIle~'IHOrO TWeHkUI,OTHOlUeHHIl MaCCOBbIX PaCXOAOB IlOIlepeWiOrO UOTOKa &i~yH.CpeAHee 

mcno HyuxnbTa o606uraeTcannn wxnenyeMoro naazuoaanapawrpos.lloIta3aHo,wo noneoe~~& 


