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Abstract—Coupled momentum and heat transfers have been numerically studied in a non-confined.
axisymmetrical, laminar, and initially cold jel impinging on a flal substrate heated at high temperature.
Variable physical properties were luken inlo account. The flow field as well as the local heal transfer rate
was studied as a lunclion of various paramecters such as Reynolds and Froude numbers. nozzle -substrale
distance, substrate lemperature, and jet directions (upwards, downwards). The calculated low ficld as well
as Lthe local Nusselt number are in good accordance with the experimental data from the literature at low
lemperalure difference between the gas and the substrate. The numerical solution describes satislfuctorily the
non-monotonous experimental radial variation of the Nussell number at small nozzle- substrale distance.

INTRODUCTION

CHEMICAL vapor deposition (CVD) is a versalile
melhod which allows the growth of a wide variety of
materials (pure elements, compounds, solid solutions
or composite malerials) as thin films on various sub-
strates. In this process, a mixture of gases flows
around a heated surface where the chemical reactions
occur. As a consequence, Lhe thickness or composition
homogeneity of the film is highly dependent on gas
transport phenomena. A large variety of reaclors with
various shapes and sizes is currently used in research
laboratories and for industrial applications. They can
be classified in two main groups: hot-wall and cold-
wall reactors. In the latter case, only the substrate is
healed and the main [eature of these reactors is the
large thermal gradient (up to 1000-C cm™ ') encoun-
tered in the vicinity of the hot substrate. The result-
ing buoyancy-driven flow recirculations, even under
reduced pressure, strongly affect the fluid flow, neces-
sitating an accurate description of the hydrodynamics.
Moreover, the heat transfer coupled with the fluid
flow may promote homogeneous reactions leading to
a modification of the molecules responsible [or growth
and must be characterized.

In the last seven years it has become clear that
the properties of the deposited film (thickness
and composition homogeneity, morphology, elc.)
strongly depend on gas-phase transporlation and
therefore on the geometry of the reactor. Exper-
imental systems such as the rotating disk, stagnation
point flow and impinging jet present simple and well-
defined (wo-dimensional flow fields which can be
made one dimensional in the vicinily of the axis by
suitable transformalions [1]. The high efficiency of the
heat and mass transfers in an impinging jet reactlor is
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a very altractive feature and the fluid flow and heat
transfer occurring in a non-confined geometry arc
numerically studied in this paper.

Many experiments have been carried out on fluid
dynamics and heat Ltransfer in a non-confined
impinging jet. Tuve [2] studied the velocity dis-
tribution from the exit of the nozzle. and Elrod {3]
established a diagram which allows the centre velocily
of the jet Lo be calculaled as a function of the source
velocity. The rate of entrainment of the environmental
fluid was studied by Donald and Singer [4]. The heat
transfer was also investigaled experimentally. by
Hrycak [5] between a circular jet and a flal plate or
by Gardon and Akrifat [6] between a flat plane and a
sel of jets. Sparrow e¢f al. [7] studied the heal transfer
for a circular jet impinging on a confined disk with
annular collection of spent air. A synthetical survey
dealing with the empirical correlations ol Nusselt
number in the fluid—solid interface resulting {rom
these experimental results has been given by Marlin
et al. [8] lor the uniform turbulent jet. ,

However, such correlations are only valid in restric-
ted domains of the parameter variation and account
for the transport phenomena only at the fluid—solid
interface though the knowledge of fluid and tem-
perature fields in the whole fluid phase is required Lo
simulate the gas-phase chemical reactions involved in
a CVD process. Furthermore, all these studies are
devoled to the turbulent case for large Reynolds num-
bers, though laminar flow is mostly encountered in
CVD.

Classically, analytical solutions are used to solve
the mechanical and thermal equalions assuming
important simplifications such as inviscid fluid [9. 10].
or the boundary layer theory [11-13]. More recenlly,
large scale computing models have been developed in
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length of the nozzle considered in the
calculation. H — H [m]

Hy height of the tolal calculation domain [m]
h distance [rom the surlace of the substrale,
H, —:[m]
0. hypothetical casc: when the gravity is
absent:
J - .
1. when the jel is upward facing;
— I. when the jel 1s downward lacing
ky  local heat transfer cocfficient

DK 'm s "
M molar mass ol gas [g mole ']

Nu local Nusselt number, &k, R,/ %,

Nu,, Nussell number at the centre of the
substrate

Nu,,, mean value of Nu in the zone ol the
substrate uniformly heated at Lhe
lemperalure 7T,

Nu,, mean value of Nu on the whole substrale

P thermodynamic pressure [Pa or atm]

fluid thermodynamic pressure al slatic

state [Pa or atm]

p differential motor pressure,
(P—P(»)‘*‘JPU.‘/_[; p-(2) d= [Pa]

p. 0, ambient motor pressure at the vertical
level - =0

pi. molor pressure at the nozzle entrance [Pa]

P non-perturbed motor pressure in the
interior of the nozzle [Pa]

Pr PrandU number, C,jiy/%q

g  local heat flux on the substrate [J m~* s ')

R universal ideal gas conslant, 8.3143435
Jmole 'K '

R, internal nozzle radius [m]
Re  Reynolds number, p, Ry Vaw/tto
Ry radius of the total calculation domain [m]

R, radius of the domain uniformly heated to
T..10R,

radius where the substrate temperalure
reaches the room temperature, Ry

radial direction space coordinale [m]

temperature [K]

lemperature at the nozzle entrance, here

fixed at 298.15 K

lemperature on the substrate surface in the

unilormly heated zone [K]

mean velocity at the nozzle entrance,

Wineo [ms 1]

maximal radial velocity defined in the

whole calculation domain [ms ']

radial velocily component [ms ']
maximal axial velocity at the nozzle

entrance [ms ']

axial velocily component [ms ']

axial dircction space coordinatc [m].

NOMENCLATURE
C, specific heal al constant pressure r
Pke "K Y T
C,, C, valuc at the nozzle entrance T,
Uke 'K 1
C. specific heat al constant volume T,
Dke 'K']
1. /-y paramelters for healing mode on Lhe U
substrate surlace
Fr Froude number. )/ ;. «/¢Ra U
¢ (N ErNT, =Ty T,
g universal acceleration. 9.80655ms “° u
H  nozzle—substrale distance [m] I o
H

Greek symbols

f
r

T

i

AT,

pressure loss coefficient

¢Q = Z.T,, boundary of the calculation
domain

boundary i ol the calculation domain.

G,/C.

charactenstic lemperalure difference,

T.— T, [K]

Lennard—Jones polential characteristic
energy [J]

non-dimensional temperature,

(T_ Tl)),/( T\ - Tu)

azimuthal coordinale [radian)

thermal conductlivity Jm 's 'K ']

7 value al the nozzle entrance

Pm's "K ']

dynamic viscosily [kgm 's ']

1t value al the nozzle entrance [kg m~'s™ ']
densily (kg m ‘]

p value at the nozzle entrance [kg m ™ *]
non-dimensional density on the boundary
s, =1

molecular hard-sphere diameter
(AdA=10""m)

non-dimensional stream function,

dy = r*p*v* dr¥ —r¥p*u* d-*

value of ¢ on the nozzle wall, 0.25.
maximal stream [unction value in the
whole plotted domain

minimal stream [unction value in the whole
plotted domain

calculation domain, Ry x Hy

study domain, 10R, x H

collision integral for the viscosity.
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the casc of confined jel reactor geometry. Wahl [14]
used the finite differecnce method of secondary vari-
ables (stream-line {uncuon (y)-vorticity (w) for-
mulalion) to solve (he two-dimensional mathematical
model in the case of a confined impinging jel con-
figuration. The same problem was treated by Hout-
man ¢t al. [15] by the finile elcments method. As a
result of their companson belween the one- and two-
dimensional formulations. the one-dimensional
model cannot account for the wall eflects, nor buoy-
ancy or Hnite susceptor radius.

In a non-confined configuration, Scholtz and Trass
[16] studied (heoretically and experimentally the
impingemenl ol an air jet on a flat plate for the non-
uniform jel, that is, the fully developed parabolic vel-
ocity distribution at the nozzle entrance. For numeri-
cal purposes. the jet is divided into two regions: the
bulk Aow where the fluid is assumed to be inviscid but
rotational, and the boundary laycr near the wall. Butl
the boundary layer theory [ailed to predict the non-
monotonous radial vanation ol Sherwood number
for cases of small nozzle-substrate distances. which is
however experimentally measured, and justified later
by our numerical results.

In a similar geometrical case. the flow field was
studied numerically by Deshpandc and Vaishnav [17]
by the formulation of secondary variables (f—w). The
formulation of the boundary conditions is the main
difficulty encountered with these variables, and par-
ticularly the vorticity on the solid walls or in the
vicinity of the axis. At high Reynolds number their
flow field is realistic. and our resulls are quite similar,
bul at low Reynolds number these authors have
oblained a non-zero velocity on the nozzle exit wall
which is inconsistent with the no-slip condition of a
real Auid. The use of primary variables is not only
much more straightforward. bul also physically more
meaninglul.

More recently, Yuan et al. [18] modelled a two-
dimensional laminar flow of a hot gas flowing on a
cold surface from a slot exit. They used the finile-
volume integration method developed by Patankar
[19] assuming the Boussinesq approximation. Many
authors [20-22] have discussed the application con-
ditions of this approximation. They delermined that
it can only account for small temperalure differences
(<30 C). During the CVD process in a cold-wall
reaclor, the large temperature gradient is responsible
for large variations of the physical properties, and
that approximation is no longer valid. Then we have
Lo take into account the dependence of physical prop-
erlies on temperature, and possibly on pressure.

In the present study, a two-dimensional model with
variable physical properties has been developed in the
case of an axisymmetrical non-confined impinging jet
under steady stale conditions. Our attention was first
focused on the determination of the flow profile under
isothermal conditions. In the non-isothermal case,
heat transfer rale was characterized for hydrogen gas
as a function of the Reynolds and Froude numbers,

substrate lemperalure. and nozzle—substrate distance.
The gravily-induced buoyancy effects were inves-
tigated for different jet directions. In the last part.
we compared Lhe Nusselt number obtained {rom our
numerical solution with the cxperimental data in Lhe
case of a small differcnce belween the initial gas lem-
perature and the substrate temperature.

MODEL DESCRIPTION

In our axisymmetrical vertical configuration. a jet
emitted rom a nozzle of radius R, impinges on a
healed substrate al a distance H, in a semi-infinite
medium (Fig. 1).

The continuity equation. the momenlum equations
in the r. - dircctions, and the cnergy balance equation
are [23]:

-
(
4

l o] Y
i+ ¢ (o) =0 (1)
r or 'z

1 ¢ ¢ cp
L (rpwy+ | (pru) = — -
rér s cr

. p=p2)
W o

l o
; ;{.;_ [(rpm)C, 01+ (;_’[(Pl‘)Cp(’]

(ru) + T (5)
a-

Non-dimensional variables are used, but, for a mat-
ter of simplicity, the conventional non-dimensional
symbol *** is nol mentioned. The relerence values for
the non-dimensional variables are: Ry, Viuvor Pon Cpos
. ~oand AT, (difference between room and substrate
temperature). Nevertheless, discussion of the results
will refer Lo dimensional variables in order Lo improve
our understanding of the physical phenomena.

The classical following hypotheses have been
assumed. The axisymmetrical reactor is (two-dimen-
sional. so that the azimuthal velocity component is
zero. The steady state flow is laminar. and the gas has
a Newlonian behaviour. Due to the very low Mach
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(u =0
& V=0
T r T p =?
‘H Q ' Ts S N 1 0<r <fy
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F1G. 1. Schemalic diagram of the reaclor, including calculation domains, boundary conditions, and the
lemperalure distribution along the substrale surface.

number the gas is supposed Lo be incompressible. Heat
variations resulling from compression. viscous
dissipation, or radiation arc neglected in the heat
balance.

Figure 1 presents the boundary conditions. Because
of the non-confined geometry. lwo kinds ol boundary
conditions are expected: classical boundary con-
dilions are defined on surfaces I'y, I'.. Iy, [, and
;. though the true behaviour corresponding to zero
velocity is only known al infinity for the free bound-
aries [, and I'..

OnTI'|, the gas is assumed Lo be at room lemperalure
T,. and the Hagen-Poiseuille flow conditions are
assumed, that is to say the fully developed flow with
parabolic axial velocity distribution and zero radial
velocity 1s settled.

On I, and I', which are the internal and external
walls of the nozzle, a no slip condition is assumed lor
the velocily field. Moreover, due to the perfect heat
conduction through the infinitely thin walls of the
nozzle, the temperature of the neighbouring gas is the
same on both sides.

On I', which is the surface of the substrate, the
temperature 7, is constant in a disk domain of radius
R,, and decreases linearly until the radius R, where
it reaches the room temperature (Fig. 1).

On I',, which is the axis, the boundary conditions
are imposed on grounds of symmelry.

The pressure level in the whole domain is deter-
mined by the zero driving pressure on the free bound-
aries [, and I's.

Wilh a finite calculation domain as shown in Fig.
1, the boundary conditions on I'y and I"5 are the most
debalable. Yuan et al. as well as Mikhail et al. [24]
used Lhe zero variation condition for both velocity
components, Lhat is, du/dn = dv/dn = 0. These con-
ditions do not meet the local continuity equation
requirements, and an imbalance of the mass Aow rate
is generated. In our case, the zero langential velocity
and the zero variation of the normal velocity are
imposed on I',. On I', the tangential velocity is zero,
and the normal velocity component is deduced from
the continuity equation, therefore the global mass
balance complies with Lhese conditions.

For a non-compressible Newtonian fluid, the physi-
cal properties p, C,. u, 4 are only dependent on
temperature. Their temperature dependence was
calculated according to references [25-27] from the
following equations

(6)
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C,=A+BT+CT + DT’ (N
. S MT
i=26.69 %10 50 (8)
. 1473 x 10" 1.32
s=1- o + C, (9)

The ideal gas state equation is used (o obtain the
density: the specific heat C, 1s modelhized by a 3-

4

degree polynomial expression : the Chapman-Enskog
trcatment based on the Lennard-Jones potential par-
amelers i1s used lor the viscosily., and the thermal
conduclivily is obtained [rom the modified Eucken
equation.

NUMERICAL METHOD

Numerical integration of the partial differential
equations on an elementary volume formed by mesh

Re=1.0
: Yman= 3.249E—01, Ymin= 0.000E+00 :

z/Ro

. Re=100.0
: Wmax= 7.775E~01, Ypmin= 0.000E+00

—101 —5I0.5 o] S(IJ.S . 101 —1;3'1 ' —5IO_'| [o] 565 101
7Ro 7Ro
(@ (&)
. Re=200.0 : Re=1000.0
{ Wmax= 1.MBE+00, Ymin= 0.000E+00 : | Wnax= 3136E+00, Wpmn= 0.000E+00 |

-101

z/Ro

()

()

F1G. 2. Streamlines for different Reynolds numbers, in isothermal case (H/R, = 8).
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Table [. Maximal radial velocity and its localion in the whole calculation domain for Re = 100 and H: R, = §
Calculation Boundary conditions Location of U,
No. domain sizes Mesh grids
calculation Q, M r, I Ui Vo 1Ry HIRy Yy,
u=70 (CUicry = —(ujr) 5
| 21R, x 28R, 31 x 31 feie 0 =0 0.2565 1.442 03112 0.8195
2 3R, x 38R, Idem 0 No. 1 Idem Lo No. | Idem to No. | 0.2564 1.453 0.3012 0.8093
3 41R, x 48R, Idem to No. | ldem to No. | [dem to No. 1 0.2563 1.461 03112 0.8007
4 I01R, x [30R, Idem o No. 1 ldem to No. | Idem (o No. | 0.2561 1.486 0.3112 0.7930
5 21 R, x 28R, 41 x 41 Idem Lo No. | Idem 10 No. | 0.2565 1.422 03112 0.8318
6 21R, % 28R,  Idem (o No. | no 8 Idem to No. | 0.2565  1.442 03112 08175
7 J1R,x 28R,  Idemlo No. | Idem to No. 1 “’[,‘L; 0 0.2565  1.442 03112 0.8192

grids was perlormed by the finile-volume technique
developed by Patankar [19]. The scalar variables such
as lemperalure or pressure were solved alt the centre of
the volume, whereas the components of the veclorial
variables (velocily). were solved al the centre of the
face of the volume. Evolulive steps were adopled for
the mesh grid in both radial and axial directions with
the finer mesh near Lthe boundaries I', and T'5.

This discretization method led to a linear algebraic
equation syslem which was then solved by the algo-
rithm SIMPLER (Semi-Implicit Mcthod [or Pressure-
Linked Equation Revised) [19]. This iterative method
consists in solving the lincar algebraic equation system
for ecach variable separately. The pressure was
deduced [rom the velocily field according Lo the con-
Linuity equation so Lhat the velocily complies with the
mass continuily.

The set ol linear cquations was solved by Lhe
TDMA (Tri-Diagonal Matrix Algorithm) line by line

/\[ ] Ao
Po V.2

max0
103 | —

P R
Hp

method, or by a sparse matrix technique. The iteration
ended when the relative error ol two conseculive
values lor each variable at each node was less than
0.1% and when the balance of the flow ratle in any
finite-volume did not exceed 0.1%. As a consequence
the total low rate balance was satisfied with a relative
error of less than 10~ *% of the flow rate at the nozzle
entrance. The program was performed on a micro
DEC VAC 3600 machine (ratio = 30, or 30 times
slower than CRAY-1S) in Fortran language. For a
mesh grid of 31 x 31 points, an isothermal calculation
lasted aboul 15 min CPU time. and a non-isothermal
problem required 1 h or more.

RESULTS

We first looked al the influence of the boundary
conditions on I'; and I, al the influecnce of the size
of the calculation domain Q.. and at the influence of

it 1955

102

8 Calculated values

— Hagen-Poiseuille flow

101§

100 bt

101

102}

it

103

103 102 107" 100

10!
Re

FiG. 3. Viscous pressure loss belween the nozzle entrance and exit along the O:- axis, H/R, = 8.
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(— 1— Numerical solution for Re=100
— 2 — Numerical solution for Re=808

p —3 — Inviscid theory solution ( Re—)
100
: V Experimental data from M.T. Scholtz et al. for Re=750
1 < A Experimental data from M.T. Scholtz et al. for Re=808
T \O Experimental data from M.T. Scholtz et al. f =1960 /1
ol \K p o zg gl .or Re=1960
1 :
0-1 'ﬁ:"‘\ T —
X 2 8 Na— i
b T : :
] )4 ;
U ;
\%
0.01 i :
5
0.001 . — —
0.06 0.1 HIR, 10 20

F1G. 4. Pressure loss coefficients.

the mesh grids, on the results of the calculation for
the following conditions: Re = 100, H/R, = 8. The
selected criteria were the maximum radial velocily
U.... and its location, the maximum non-dimensional
stream function ., Wwhich characterizes the
entrained flow rate, as well as the flow pattern in the
domain €. This domain 1s a cylindrical zone
(10R, x H) near the substrate (Fig. 1) which is the
most important domain from a CVD point of view.
According to these criteria and the absence of sig-
nificant difference in the flow fields calculated in
domain Q,, the various calculation conditions were
equivalent (Table 1). As a consequence, further cal-
culations were performed in the smallest calculation
domain (21R, x28R,) with a 31 x31 points mesh
grid, and for the boundary conditions on I'y, ',
shown in Fig. 1.

Isothermal flow

The calculation was first undertaken for isothermal
conditions and the results compared with exper-
imental measurements from the literature.

For a nozzle-substrate distance H/R, =8, the
influence of the Reynolds number was investigated in

the range 0.01-2000. Typical velocity fields char-
acterized by the stream lines are shown in Fig. 2 for
Re =1, 100, 200 and 1000. A toroidal recirculation
cell is observed at low Reynolds number around the
nozzle exit. Its diameter increases with Re in accord-
ance with Scholtz’s observations.

A more quantitative result is the viscous pressure
loss occurring between entrance and exit of the nozzle.
Figure 3 shows the good agreement between our
numerical solution and that calculated with the
Hagen—Poiseuille theory for a fully developed laminar
flow in a cylindrical tube. A slight deviation which
increases with Re, reaches a maximum departure of
8% for Re = 2000. This results from the evolution
along the nozzle of the initially zero radial velocity,
which modifies the fully developed flow.

The pressure loss coefficient f§, which represents the
pressure variation due to constriction of the flow in
terms of the kinetic energy in the nozzle as defined by
Scholtz, was also calculated :

Po—Pu
poU?

p= (10)
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: calculated values for Re=808,H/Ry=0.5

a : experimental data from M.T. Scholtz et al.for H/Rp=0.5

: calculated values for Re=808,H/Rp=1.0

O : experimental data from M.T. Scholtz et al.for H/Rp=1.0

5 s
% 1 0/9—’/@
E o84 P o : o
>
> ] L= |
- 0.6 ) Nozzle exit for
= T 2 -
8 o4 ° HﬁROJ-O,
0 . 4 Nozzlle exit for //
5 02-—>———H/Rg=0.5 i -
4 ]
< T | ‘Ig T T F‘l T T T T F——
0 0.2 04 06 08 1 12 14 16 1.8 2
Distance from the substrate : h/Rg

FiG. 5. Variation of axial velocily with distance from the substrale on axis Oz, comparison belween
experimental dala and calculated values.

In order Lo compare our numerical results with
Scholtz’s measurements, the p, values were calculated
in Lthe nozzle at the same dislance {rom Lhe nozzle exil
(4R,). For Re = 808, Lthe data measured by Scholtz
(triangles pointed upwards) are compared in Fig. 4
with our numerical solution for the same conditions
(curve 2) and reveal a very satisfactory agrecment.
The slight discrepancy between the inviscid solution
calculaled by the same author (curve 3) and (he
measuremenls obviously resulls from the omitled
viscous dissipation. The calculated f# are greater for
Re = 100 (curve 1) than for Re = 808 (curve 2) on
account of the more important viscous dissipation.
The experimental data for Re = 750 (triangles pointed
downwards) and lor Re = 1960 (circles) [urthermore
reveal the independence of the pressure loss coefficient
on the Reynolds number.

The axial velocity measured out of the nozzle by
Scholtz is also compared with our calculation for two
nozzle-surface distance in Fig. 5 and reveals once more
a quile good agreemenl.

The vahdily of our numerical model is confirmed
in the isolhermal case, and we will now consider the
non-isothermal flow for the conditions that prevail in
the CVD process.

Non-isothermal flow

As the dependence of the physical properties on
temperature is specific lo the gas used, this has o
be specified in the non-isothermal case. Hydrogen is
frequently used as a carrier gas, and reducing agent

for CVD applications and will be considered in all
further calculations.

We have undertaken a systematic investigation ol
the influence of various paramelers on heat (ransfer.
Relerence conditions with the following values, have
been defined as a comparison: P, =1 atm,
T,=298.15 K, T,=1333.15 K, V,,.u=! ms ',
R, = 0.0l m. H = 0.08 m, and the corresponding non-
dimensional parameters: Re =93.13, Fr =10.20,
Pr=0.6904.

The heal transler rale has been characlerized by the
local Nusselt number:

_kuR,

20

Nu (1)

with the heat flux :

q = kuATy = ky(T,—Ty). (12)

As already mentioned, the use of the Boussinesq
approximation is not correct in the case of large tem-
perature gradients. This is illustrated in Fig. 6 [or
various dependence models of the physical properties
of the fluid on temperature. This figure compares the
variation ol the local Nusselt number, which is cal-
culated according to the variable physical properties
model, with that assuming the Boussinesq approxi-
mation in both cases of mean physical properties in
all the calculation domain and physical properties
calculated at the mean temperature. The domain of
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I — —
=21 14 21
/Ro
(0): To=318.15 K
T T T
—21 -4 -7

(b): T,=1333.15 K

FiG. 6. Variation of local Nussell number according to the model used. J =1, Re = 93.13, Fr = 10.20,
Pr=0.694.T, = 298.15 K, H/R, = 8.0. | : variable properties model ; 2 : Boussinesq approximation with
mean properly values; 3: Boussinesq approximation with property values al mean temperature.

uniform 7, temperature is limited by two bold ticks
on the radial axis at —10R, and 10R,,.

Al high temperature (7, at 1333.15 K, AT, = 1035
K), it is obvious from curves 1, 2 and 3 of Fig. 6(b)
thal the Boussinesq approximation underestimates
the Nusselt number ir Lhe central zone in front of the
nozzle exil, whereas the Lransler rate is over-estimated
beyond that domain.

At low temperature (T, at 318.15 K, AT, = 20 K),
in Fig. 6(a), the three methods of evaluation of physi-
cal properties give almost the same Nusselt number
value over the whole calculated domain. The relative
error on Nu, values, lower than 1% vindicales the
Boussinesq approximation in the case of a small tem-
perature gradient.

All further calculations will be carried out with the
variable properties model. Let us now look at the
variation of the Nusselt number according to various
parameters. Only one parameter is modified at a time,
all other parameters are in their reference state.

Reynolds number and Nusselt number. As expected
the heat transfer is enhanced at high flow rate (Fig.
7). For the same conditions, the mean Nusselt number

on the central zone uniformly heated al 7, (Nu.,).
and the mean Nusselt number on the whole surface
(Nu,,) are also plotted.

The normalized Nusselt number (Nu/Nu,) plotted
against r/R, in Fig. 7(b) reveals that heat transfer is
maximum on the axis of the impinging jet only for
Reynolds numbers higher than 10. At very low flow-
rales, an annular maximum is observed at the bound-
ary of the isothermal domain. In this latter case the
natural convection is preponderant and its influence
is more important at the periphery.

At high flow rates the fluid flow is maximum in
front of the nozzle where it involves the highest heat
transfler. It is worth noting thal the Nusselt number
is almost constant in the isothermal zone of the sub-
strate for Re values close to 10.

Froude number and Nusselt number. The Froude
number is the ratio of the inertial force to the gravi-
tational force. The relative importance of the natural
convection compared with the forced convection is
classically estimated by G = Gr/Re® (Gr is the
Grashof number), which 1s a function of the Froude
number (Fr):
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Nusselt number

O 1: Nug, at the centre of the subsirate

ral zone heated at T4

0.1

Normalized local Nusselt number on the substrate

 Re=0.1225 4 Re=4657
2: Re=9.313 5: Re=5_5.88 )
3: Re=27.25 6: Rs=7_4.51 7: Re=93.13

FiG. 7. Evolution of Nusselt number as a [unction of Re. (a) Nug, Nu.,. Nug,: (b) Nu/Nu,: normalized
local Nusselt number: J = I, Fr = 10.20, Pr = 0.6904, T, = 298.15 K, T, = 1333.15K, H/R, = 8.0.

1 T-T,
TF T,

(13)

The maximum observed for the variation of Nu,
plotted against G in Fig. 8(a) may be explained in the
following way. As the jet is flowing upwards, both
natural and forced convection act in the same direc-
tion. For the low G values, which correspond to the
predominant forced convection, the relative increase
of the natural convection reinforces the flow rate
along the nozzle axis and enhances Nu,. When the
natural convection is predominant (see Fig. 12(b)) for
pure natural convection fluid flow) its influence is very
strong at the periphery of the jet and prevents the fluid
leaving the nozzle from expanding freely. In this case

natural convection reduces the flow rate along the
nozzle axis and Nu, decreases with G. Far from the
nozzle axis no maximum is observed and Nu increases
continuously with G (Fig. 8(b)) because of the increas-
ing entrainment of the cold gases with natural con-
vection.

In a confined configuration the critical value (G,)
determined by Wahl [l14] was unity, though
Go = 2x 107 % is found in our case.

Nozzle—substrate distance and Nusselt number. As
expected, when the nozzle is moved away from the
surface, the heat transfer al the stagnation point
decreases regularly because of the spreading effect of
the jet (Fig. 9(a)).

The shape of the normalized Nusselt number along
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FiG. 8. Evolution of Nussell number as a lunction of Fr. (a) Nu,: Nussell number al the centre of the
substrale ; (b) Nu/Nu,: normalized local Nusselt number:J = 1, Re = 93.13, Pr = 0.6904, T, = 298.15K,
T, =1333.15K, H/R, = 8.0.

the substrate is slightly dependent on the nozzle-sub-
strate distance when H/R, is greater than unity (Fig.
9(b)). On the contrary, a strong influence is observed
when Lhe nozzle is very close Lo the surface. Then, the
crushing of the jet through the narrow space between
nozzle and substrate is locally responsible for a great
radial velocity, thus providing a maximal heat transfer
located at the radius of the nozzle R, (curve 1, Fig.
9(b)).

Substrate temperature and Nusselt number. The
combined influence of the temperature dependence of
the physical properties and natural convection tends
to reduce the Nusselt number at the stagnation point
at high temperature (Fig. 10(2)). At the same time,
the relative influence of heal transfer off the axis is

enhanced (Fig. 10(b)). The annular maximum already
observed at the boundary of the isothermal domain
when looking at the influence of the Reynolds
number, is also induced in that case by natural
convection.

Jet direction and Nusselt number. Upward and
downward vertical jels have been respectively inves-
tigated to determine the effects of the gravitationally-
induced fluid Aow modifications.

The various behaviours of the local Nusselt number
presented in Fig. 11 correspond to different values of
the J parameter which indicates the jet direction:
J =1 for the upward jet, J = —1 for the downward
jetand J = 0 for a hypothetical case with no terrestrial
gravity. In addition, the fluid flow driven by pure
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F1G. 9. Evolulion of Nussell number as a funclion of H/R,,. (a) Nu,: Nusselt number al the centre of Lhe
substrate; (b) Nu/Nu,: normalized local Nusselt number; J =1, Re = 93.13, Fr = 10.20, Pr = 0.6904,
To=298.15K. T, = 1333.15K.

natural convection (zero velocily at the entrance of
the nozzle) is also considered [or the upward situation.
This allows us to distinguish between the influence of
the impinging flow and that of natural convection.
The zone where curves 2 and 3 are superposed in
the peripheral part of the jet defines the domain of
preponderant natural convection. In the central zone,
the impinging flow accounts for the large variation
observed for Nu, in the two cases: 0.85 vs 3.0. The
heat transfer is only reinforced in the impinging zone
by the jet, no influence is observed in the remote zone
(r/R, > 3), where heat transfer is almost completely
controlled by natural convection.

From the comparison of curves 3 and 1, or 4 and
1, the maximum heat transfer in the vicinity of the

slagnation point is obviously reached in the absence
of gravily influence. The negative effect ol gravity on
Nussell number for the downward jet 1s conspicuous,
since the induced natural convection is in the opposite
direction of the jet, but the upward situation is not so
straightforward and two cases are observed. As already
discussed, natural convection improves the heat trans-
fer al the stagnation point only for G < G,,. For the cal-
culated conditions mentioned in Fig. 11 the AT, value
corresponding to the transition (G, = 107%) is 30 K.
According to this very small difference, the gravity
field reduces the heat transfer at the stagnation point
in almost all cases and an accurate representation of
the curve shown in Fig. 10(a) should display a small
domain at T, < 328 K where Nu, increases with 7.
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FiG. 10. Evolution of Nusselt number as a function of T.. (a) Nu,: Nussell number at the centre of the
substrate: (b) Nu/Nu,: normalized local Nussell number: J = 1. Re =93.13, Fr = 10.20, Pr = 0.6904,

Tll

Stream lines (right hand side) and isotherms (lefl
hand side) are shown in Fig. 12 for the four cases
discussed above. The two basic cases corresponding
to pure (orced convection and pure natural convection
are presented respectively in Figs. 12(a) and (b). In
case (a) the tluid leaving the nozzle Aows tirst towards
the stagnation point and then along the substrate.
In the latter case, Lhe vanation of the momentum
thickness is that expected from a Row past a flat plate
at zero incidence. On the other hand, in pure natural
convection situation shown in Fig. 12(b), a very
strong buoyancy-driven fow is observed. This
phenomena is maximum at the boundary ol the cal-
culation domain. The high number of close stream-
lines in the buoyancy-driven flow shows that it is much

298.15 K. H/R, = $.0.

more important than the forced flow and limits the
expansion of the thermal boundary layer.

As a consequence of these two conveclion sources,
the behaviour ol the upward jel in the gravity field
(Fig. 12(c)) looks like the superposition of the two sets
of stream lines. As already mentioned, the buoyancy
driven flow is very strong at the periphery of the
jet and prevents the fluid leaving the nozzle from
expanding freely.

The last case in Fig. 12(d) illustrates a completely
different shape of the velocity field related to the
downward jet. On the right hand side of the figure,
one observes that the downward movement of the
fluid is annihilated so rapidly by the upward buoy-
ancy-driven flow [acing upwards, that the Auid pro-
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2: J= 1, Vax0=0, zero velocity at the nozzle entrance

i Local Nusselt number én the substrate

1:J= 0, in the absence of the gravity field

3: J= 1, case of the upward faced jet

4: J=—1, case of the downward faced [et

o
—-21

F1G. 11. Evolution of Nusselt number as function of J. Calculation conditions: lor the cases [. 3. 4-
Re =93.13, Fr = 10.20: for the cases 1, 2,3,4: Pr=0.6904, T, = 298.15K, T, = 1333.15 K. H/R, = 8.0.

Jected does not effectively reach the surface of the sub-
strate. This explains a posteriori why the heat transfer
is disfavoured in the impinging zone in the case of the
downward jet when compared with the upward jet.

Though obtained under different conditions. these
results are quite comparable with that of Yuan et al.
[18].

Experimental validation. Due (o0 the lack of heat
transfer measurements available in the literature for
the laminar jet, we used an indirect method which
consists in converting the mass transfer data (Sher-
wood number) into Nusselt number by the Chilton—
Colburn analogy [23]. In addition to the standard
correlation Nu/Sh = (Pr/Sc)'® a modification is
often encountered in the literature: Nu/Sh =
(Pr/Sc)®*. As they both provided similar results in
our case, the last one was arbitrarily chosen. The
numerical solution was calculated for hydrogen gas
at 25-C under | atm (Pr = 0.6904). The experimental
mass transfer data came (rom Scholtz and Trass [16],
who measured the local sublimation rates of a naph-
thalene coating exposed lo an air jet at room tem-
perature. For a small difference between the initial
gas temperature and the substrate temperature, the
physical properties of the gas are assumed to be con-
stant and the Nusselt number is independent of the
chemical nature of the gas.

A critical dimensionless nozzle-substrate distance
of 0.25 was determined both from our calculation
and from Scholtz’s experiments. Two types of Nusselt
number profiles were then observed. When the nozzle~
substrate distance is greater than the critical value,
the Nusselt number decreases monotonously with the
radial distance from the maximum value located at
the centre of the substrate surface (Fig. 13).

On the other hand. when a very small nozzle—sub-
strate distance is used (H/R, < 0.25), the Nusselt
number variation is no longer monotonous. and the
maximum value is found al a distance corresponding
to the nozzle radius (Fig. 14).

The calculated and experimental Nusselt number
profiles are compared in Fig. 13 for 2 nozzle—substrate
distance H/R, = 1. The agreement between the exper-
imental data for Re = 375 and the calculated values
in the same conditions (curve 2) is quite good up o
large dimensionless radial distance.

In order to show the influence of the Reynolds
number, the Nusselt number profile was calculated
for Re = 100 (curve 1) and Re = 2000 (curve 3). The
superposition of curves 2 and 3 observed for radial
distance /R, ranging from 0 to | confirms the depend-
ence: Nu = f(Re®’) obtained by the analytical solu-
tion when neglecting both the natural convection, and
the viscous contribution for the bulk flow. This depend-
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F1G. 12. Streamlines (right hand side) and isotherms (lefl hand side). R, = 0.01 m, H/R, = 8.0, T, = 298.15

K, T,=1333.15K. P, = 1.0 atm. and V,,, = .0 m s ' for the cases a, c and d. (a) J = 0, in the absence

of the gravity field; (b) J =0 and V,_,, = 0. null velocity at the nozzle entrance; (c) J = |. case of the
upward facing jet; (d) J = 0, case of the downward facing jet.

ence accounts only for small differences of (empera-
ture, high Reynolds number, pure forced convection,
and inviscid fluids. When the lemperature difference
is large and the Reynolds number is low, a more
complicated variation of the Nusselt number as a
function of the Reynolds number is observed because
of the large influence of natlural convection (Fig. 7(a)).

A large departure from the high Reynolds number
case (curves 2, 3) is Lhen observed even with a small
lemperature difference (curve 1).

When the dimensionless nozzle-substrate distance
is greater than 1, its influence on the Nusselt number
1s small (curve 4: H/R, = 8, Re = 800).

Due to the similarity of the Nu/(Re"™* Pr"7) profile
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.. Re=100, H/Ro=1,
.. Re=375, H/Rg=1,

.. Re=2000, H/Ro=1.

o exp. from ref.[16], Re=375, H/Rp=1.

‘u/(ReO'S F’ro'4)

Y o 20
Radial distance : r/Rg

FiG. 13. Local Nussell number prolile on the substrate

surface, comparison ol the caleulated values with exper-

imental data, Pr=0.6904 and H:R, = 1.0 except lor the
curve 4.

observed for various Reynolds and Prandtl numbers,
the local Nusselt number can be described as a [unc-
tion of the dimensionless radial distance by the lol-
lowing polynomial equation:

1: cal.,, Re=800, o
2: cal, Re=940, o

3: cal.,, Re=1700, o

NuA (R‘eo'5 Pr0'4)

exp. from ref.[16], Re=800,
exp. from rel.[16], Re=940,
exp. from ref [16), Re=1700.

2
1.8
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F1G. 14. Local Nussell number profile on the substrale

surface, comparison ol the calculated values with exper-
imental data, Pr = 0.6904.
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valid for Re=375. 05<Pr<S. HIR, 2 1.
r/R, < 10, and for small temperature difference.
When a small nozzle-substrate distance is used (Fig.
14) the Nusselt number profile presents large varia-
tlions with the dimensionless distance H/R,,. and no
simple correlation is available. Nevertheless, its
maximum value is always reached at r/R, = 1. The
agreement between calculated and experimental Nus-
selt number profiles for a nozzle-substrate distance
HiR, = 0.11s very satisfactory [or the three Reynolds
numbers Re = 800, 940, 1700 (curves 1. 2, 3)
considered. These curves almost superpose [or r/R,
ranging from 0 to 2, which is an additional con-
firmation of the Nu = f(Re™") dependence.

= 0.8958—6.982 x 10 1< ' >
RU

{(i4)

CONCLUSION

A model has becn decveloped for Lhe calculation off
fluid flow and heat transfer occurring in a non-con-
fined jet impinging on a heated surlace. The good
agreement between our calculation and the exper-
imental data of Scholtz is an indicalion ol its pre-
dictive capabilily in 1sothermal conditions.

The variation of the heat transfer has been numeric-
ally investigaled as a function of various parameters
such as Reynolds and Froude numbers, distance
between nozzle exit and substrate, and direction ol
the jet with respect to the gravity field. A similar
dependence of the local Nusselt number on the Rey-
nolds number and the temperature of the substrate
is observed. Both high Recynolds number and low
temperatures increase the Nusselt number at the stag-
nation point. though an annular maximum is
developed with detrimental effect at the centre in
opposile conditions. Whatever the direction of the jel,
the natural convection has detrimental effects on the
heal transfer at the stagnation point [or substrate
lemperatures cxceeding 328 K when Fr = 10.2. How-
ever, the local Nusselt number at Lhe periphery of the
jet 1s enhanced.

For a small difference between the initial gas tem-
perature and the substrate lemperature, the calculated
Nusselt number is in good agreement with that
obtained from extrapolation of experimental mass
transler data by the use of the Chilton—Colburn ana-
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logy. Morcover. the numerical solution describes very
well the non-monotonous radial varation ol the local
Nusselt number experimentally determined for small
nozzle-substrate distances. We confirmed that the
Nussell number is essentially dependent on the square
root of the Reynolds number, as deduced {rom an
analytical solution neglecting natural convection.
For a large difference belween the initial gas lem-
perature and the substrate temperature, and at low
Reynolds number, the Nussell number 1s considerably
influenced by natural convection and the Re"* depend-
ence does nol hold any more. As no experimental
results were available [or comparison in the large
temperature diflerence case, an experimental con-
firmation of the model has still Lo be carried out.
This model will be completed by the mass transfer
cquations in order Lo lake into account both homo-
geneous and helerogeneous chemical reactions.
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