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Abstract

Buoyancy-driven vortex flow resulting from a low speed round gas jet impinging vertically downwards onto a heated
horizontal circular disk confined in an adiabatic vertical cylindrical chamber can be strong and even unstable as the
buoyancy-to-inertia ratio exceeds certain critical level. An experiment combining flow visualization and temperature
measurement is conducted in the present study to explore the suppression of the above buoyancy-driven vortex gas flow
by inclining the top of the cylindrical chamber. The chamber top is chosen to incline linearly in the radial direction so
that the mean flow in the wall-jet region is accelerated and meanwhile the effective buoyancy signified by the local
Rayleigh number reduces in that direction. Specifically, in the present experiment the disk-to-chamber top separation
distance decreases from 20.0 mm at the jet axis to 10.0 mm at the chamber side. Tests are conducted for the jet flow rate
varied from 1.0 to 5.0 slpm (standard liter per minute) and the jet-to-disk temperature difference varied from 0 to 35.0
°C for two injection pipes with diameter 10.0 and 22.1 mm for the chambers with horizontal and inclined tops. The
results from the flow visualization indicate that the chamber top inclination can effectively suppress the unstable
buoyancy-induced vortex roll and the temporal flow oscillation at high buoyancy-to-inertia ratios. However, the effects
of the chamber top inclination on the inertia-driven rolls are much milder. The non-monotonic air temperature dis-
tribution in the radial direction is found to result from the unique vortex flow structure in the chamber. A universal
criterion based on the local flow and thermal conditions in the wall-jet region for the onset of the buoyancy-driven roll
is proposed. To quantify the characteristics of the vortex flow in the chamber with the inclined top, empirical corre-
lations have been proposed for the size and location of the vortex rolls.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction single wafer vertical CVD reactors, the chemical vapors

are brought into the reactors in the form of an axi-

Complex vortex flow and thermal characteristics
associated with a low speed gas jet impinging onto a
heated plate are the subject of recent intensive investi-
gation because of their relevance to the growth of
semiconductor thin crystal films on silicon wafers
through chemical vapor deposition (CVD) processes. In
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symmetric jet and then impinge onto the wafer [1].
Usually, the vapors move at relatively low speeds and
the wafers are at relatively high temperatures. Under
such situation strong thermal buoyancy-driven flow
recirculations can be induced. Meanwhile, flow recir-
culation resulting from jet entrainment can appear. At
sufficiently high buoyancy-to-inertia ratios the recircu-
lating flow becomes time dependent. In an attempt to
explore these complex recirculating flows, Lin and his
colleagues [2,3] recently visualized the vortex flows
resulting from a low speed round air jet impinging onto
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Nomenclature

D, diameter of the processing chamber (mm)

D; diameter of jet at the injection pipe exit
(mm)

Dy, diameter of disk (mm)

Gr local Grashof number, gBATH?/v?

Gre. local Grashof number at the disk edge

Gry Grashof number based on Hy, gfATH; /v?

g gravitational acceleration (m/s?)

H vertical distance between the chamber top

and heated disk in the cylinder with the in-
clined top (mm)

Hy vertical distance between the exit of injec-
tion pipe and heated plate (mm)

O jet flow rate (standard liter per minute,
slpm)

Te the radial location of the disk edge (mm)

7s the radial location of secondary inertia-dri-
ven roll (mm)

r,z dimensional radial and axial coordinates
(mm)

R, Z dimensionless radial and axial coordinates,
2r/D,. and z/H,

Ra local Rayleigh number, gBATH? /oy

Ray Rayleigh number based on Hy, gBATH? /oy

Re; jet Reynolds number, V;D;/v

Reye local Reynolds number in the wall-jet region
at the edge of heated disk, u - r./v

St size of primary inertia-driven roll (mm)

So size of buoyancy-driven roll (mm)

T; temperature of heated disk (°C)

T jet temperature at the injection pipe exit (°C)

t time instant (s)

t period of the flow oscillation (s)

u average radial velocity of the flow at wall-jet
region (m/s), (Re;Djv)/(8rH)

v average axial velocity of the gas jet at the

injection pipe exit (m/s)

Greek symbols

o thermal diffusivity (cm?/s)
p thermal expansion coefficient (K™')
AT temperature difference between the heated

disk and the air injected into the cylinder,

(Tt = T) (°O)

kinematic viscosity (cm?/s)

{73 non-dimensional temperature,
(Tt = T)

=

(T-1)/

a heated horizontal circular plate confined in a vertical
cylindrical chamber. They reported that the vortex flow
was characterized by multiple inertia and buoyancy-
driven circular rolls. At high buoyancy-to-inertia ratios
the buoyancy-driven rolls become unstable and de-
formed to a certain degree. In the mean time new
vortex rolls are generated [3]. These new rolls are highly
unstable. Note that the presence of the vortex roll
would result in the non-uniformities in thickness and
composition for the crystal films grown from CVD
processes and should be avoided in actual CVD oper-
ation. Some improvement in the reactor configuration
by tapering its top wall is normally employed. The top
wall inclination will accelerate the vapor flow over the
wafer and meanwhile will greatly reduce the local
Rayleigh number Ra of the flow in view of the fact
that Ra is proportional to the third power of the local
wafer-to-chamber top separation distance. Hence it is
expected to substantially delay the onset of the buoy-
ancy-driven vortex rolls. But the details on how the
vortex flow is affected by the top wall inclination re-
main poorly understood. To the best knowledge of the
present authors, relatively few results were reported in
the literature to explore the flow recirculation influ-
enced by the confinement plate inclination. In the
present study, we move further to investigate the effects
of the top wall inclination on the vortex flow charac-

teristics by conducting experiments for an impinging jet
confined in a cylindrical chamber with an inclined top
wall. The results will be compared with those without
the top wall inclination.

Considerable research has been carried out in the
past decades to study the flow and heat transfer in high
speed impinging jets in which the jet inertia dominated
the flow and the buoyancy exhibited negligible effects.
Comprehensive review on the topic up to 1992 was given
by Jambunathan et al. [4] and Viskanta [5]. Only the
literature directly relevant to the present study is re-
viewed in the following.

A numerical study of the flow induced in an iso-
thermal confined impinging jet from Deshpande and
Vaishnav [6] showed the presence of an inertia force
driven circular vortex roll resulting from the jet
entrainment and the region occupied by this roll
shifted radially outwards with a slight increase in the
jet Reynolds number Re;. But for a further increase in
Re;j the vortex roll can move slightly downwards or
upwards. Heat transfer characteristics associated with
a jet impinging onto a flat surface measured by Huang
and El-Genk [7] exhibited the dependence of the
Nusselt number not only on the jet Reynolds number,
but also on the jet-to-plate separation distance and the
radial distance from the stagnation point. Two major
differences between the confined and unconfined jets
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that affected the local heat transfer rates were con-
sidered to be the entrainment of the ambient air and
the pressure distribution. Ashforth-Frost and Jambu-
nathan [8] further indicated that the jet potential core
was influenced by the length of the confinement, which
in turn significantly affected the heat transfer rate at
the optimal nozzle-to-plate spacing. Recently, the re-
circulating flow resulting from a confined jet impinging
onto a heated surface has been extensively studied. A
rise in the gas flow rate was noted to cause the inner
vortex roll driven by the jet inertia to become sub-
stantially larger and the outer vortex roll driven by the
buoyancy became correspondingly smaller. Besides, the
higher buoyancy associated with the larger tempera-
ture difference between the plate and jet resulted in a
larger outer roll. At higher chamber pressure the
Rayleigh number of the flow is higher, resulting in a
slightly smaller inner roll and hence a larger outer roll
[2,3,9]. It has been noted that the flow of impinging jet
can become unstable as the Rayleigh number exceeds
certain critical level [3,10-12]. As the Rayleigh number
exceeds certain critical level, the buoyancy-driven sec-
ondary flow is so strong as to cause the flow transition
from a steady state to an unsteady state. Horton and
Peterson [13] used the Rayleigh light scattering (RLS)
technique to measure the unsteady gas temperature in
a simulated vertical CVD chamber and found that
the temperature fluctuation increased significantly dur-
ing the heating cycle due to the buoyancy opposing
momentum.

The importance of the buoyancy on the recirculating
flow in a vertical CVD reactor was illustrated by Wahl
[14]. Similar investigations have been carried out for
various types of CVD reactors including the metal or-
ganic CVD reactors. In these studies for semiconductor
thin film deposition [15-21] various vortex flow patterns
were reported in the impinging jet flow. The effects of the
chamber top inclination on the thermal and flow char-
acteristics were demonstrated to be rather strong by
Kusumoto et al. [15] and Fotiads and Kieda [16].
Buoyancy induced symmetry breaking of the jet flow
was noted [12].

In the present study we explore the possible sup-
pression of the buoyancy induced vortex rolls in a con-
fined impinging jet by a gradual downward inclination
of the top wall of a vertical cylindrical chamber so that
in the wall-jet region the flow is accelerated and mean-
while the local buoyancy is reduced. Experimental flow
visualization is conducted to observe the vortex flow in a
model processing chamber with an inclined top for
various jet flow rates and temperature differences be-
tween the wafer and gas jet for two injection nozzles of
different diameters. Attention is focused on the vortex
flow patterns affected by the inclination of the chamber
top. Meanwhile, steady temperature distributions and
transient temperature variations will be measured to

delineate the steady and unsteady thermal characteristics
of the flow.

2. Experimental apparatus and procedures

In order to conduct the experiment at reasonably low
cost, we use air as the working fluid to replace the inert
gases normally employed in real CVD processes. In view
of the similar thermodynamic and thermophysical
properties for various gases, the results obtained here are
still useful to the design of CVD systems. The two test
sections used in the experimental system to investigate
the vortex flow characteristics associated with a round air
jet impinging vertically downwards onto a circular he-
ated disk confined in a vertical cylindrical chamber with a
tapering or a horizontal top are schematically shown in
Fig. 1. For clarity, the diagrams in Fig. | are not plotted
in direct proportion to their actual dimensions. The de-
tailed arrangement of the entire experimental system is
already described in our previous study [3] and is not
repeated here. The system consists of four major parts—
the processing chamber, temperature measurement and
data acquisition unit, heating unit, and gas injection unit.
The major parts are briefly described in the following.

The processing chamber, which is made of 6.0-mm
thick quartz glass to allow for the observation of the
vortex flow in it, is cylindrical and has a diameter of
291.0 mm. The vertical distance between the jet inlet and
exhaust ports of the processing chamber is 200.0 mm.
The chamber can be installed with a horizontal top or an
inclined top. For the horizontal top the top-to-disk
separation distance is fixed at 20.0 mm (Fig. 1(a)). For
the case with the tapering top the top of the processing
chamber is inclined linearly downwards in the radial
direction. More specifically, the top-to-disk separation
distance is reduced from 20.0 mm at the exit of the
injection pipe to 10.0 mm at the chamber side (Fig. 1(b)).
To facilitate the flow visualization, the two chamber
tops are both made of acrylic plates. Air is injected
vertically downwards from a long straight circular pipe
into the cylindrical chamber along the axis of the
chamber and impinges directly onto the heated disk. The
air flows first over the heated disk, then moves through
the annular section of the chamber, and finally leaves the
chamber via twenty circular outlets of 12.7 mm in
diameter opened at the bottom of the chamber (Fig.
2(a)). The chamber is sealed to prevent any gas leakage.
The top, bottom and side walls of the chamber are
thermally well insulated to reduce the heat loss from the
processing chamber to the ambient by covering the en-
tire chamber with a superlon insulator of 100.0-mm
thick. The insulator can be opened during the flow
visualization.

The heating unit is designed to maintain the circular
disk at the preset uniform temperature during the
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Fig. 1. Schematic diagram of the test section with (a) horizontal and (b) inclined chamber tops. For clear illustration the diagrams are

not plotted in proportion to the actual geometrical dimensions.

experiment. It is composed of a 25.0-mm thick high
purity circular copper plate of eight-inch in diameter,
acting as the disk. The heater attached onto the back
side of the copper plate is divided into 3 concentric zones
(Fig. 2(b)). Each zone is independently heated by a DC
power supply with the DC current passing through the
nickel coil placed on a stainless steel base. To reduce the
heat loss from the sidewall of the copper plate and
stainless steel base, the lateral surface of the entire
heating unit is wrapped with a 16.0-mm thick thermal
insulation layer of superlon. Care is taken to insure that
the outside surface of the insulation layer is smooth and
cylindrical. The entire heating unit is then placed on a
Teflon plate. A proper control of the voltage from each
power supply allows us to maintain the copper plate at a
nearly uniform temperature. The measured data indicate
that the uncertainty in maintaining the copper plate

temperature is £0.1 °C. No bias in the plate temperature
is noted and the plate temperature non-uniformity is
spatially random.

The gas injection unit consists of a 2HP air com-
pressor, a flow meter, a smoke generator, filters, pressure
regulator, and connection and injection pipes. In the
experiments, air is drawn from the ambient by the
compressor and sent into a 300-1 and 100-psi high-
pressure air tank and is filtered to remove moisture and
tiny particles. The installation of the high-pressure air
tank intends to suppress the fluctuation of the air flow
and extends the life of the compressor. Then, the air is
mixed with smoke-tracers in the smoke generator and
regulated by the pressure regulator, and is later injected
into the processing chamber through the straight circu-
lar injection pipe which is coaxial with the processing
chamber. The downward vertical air jet issuing from the
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Fig. 2. Schematic of the test section from the top view (a) and 3-zone concentric heater (b).

pipe exit impinges directly onto the heated plate. In the
present study, two injection pipes with diameters 10.0
and 22.1 mm are tested and the straight portions of the
pipes are both 600.0 mm long. This length of the injec-
tion pipes is selected to ensure that they are long enough
for the flow to become fully developed in the pipes. The
air temperature at 600.0-mm upstream of the exit of the
injection pipe is measured by a corrected and calibrated
T-type thermocouple. The measured value is considered
as the temperature of the air injected into the processing
chamber since the whole injection pipe is thermally well
insulated by a 16.0-mm layer of superlon insulation.

A smoke-tracer flow visualization technique is em-
ployed to observe the flow patterns in the cylindrical
chamber. The gas flow pattern is illuminated by the
vertical and horizontal plane light sheets produced by
passing parallel light sheets from an overhead projector
through adjustable knife edges. The experimental system
is located in a darkroom to improve the contrast of the
flow photos. The time variations of the flow patterns
during the entire transient stage from the top and side

views are recorded by the Sony digital video camera
DCR-PC100. The recorded images are later examined
carefully in a personal computer. The air temperature in
the processing chamber is measured by inserting a small
thermocouple probe into the chamber through small
holes of 1.0-mm diameter opened at the top of the
chamber. The probe is an OMEGA (model HYPO) mini
hypodermic extremely small T-type thermocouple im-
planted in a 1-in. long stainless steel hypodermic needle.

In the flow visualization experiment the possible
distortion of the horizontal light sheet by the curvature
of the cylindrical chamber has been inspected by com-
paring the sizes of the vortex rolls observed from the side
and top view flow photos. The results from this com-
parison indicate that the light distortion associated with
the chamber curvature only causes a very slight effect on
the images of the vortex flow.

For each case the experiment starts with the air at the
room temperature compressed first into the smoke
generator through the connection pipe and then injected
into the processing chamber. The air moves over the
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heated disk and finally leaves the chamber through the
outlets at the bottom of the chamber. In the meantime
the temperature of the disk and the air flow rate are
controlled at the preset levels. As the mixed convective
air flow in the processing chamber reaches steady or
statistically stable state, we begin to visualize the vortex
flow patterns in the chamber.

Uncertainties in the Rayleigh number, jet Reynolds
number and other independent parameters are calcu-
lated according to the standard procedures established
by Kline and McClintock [22]. The uncertainties of the
thermophysical properties of the air are also included in
the analysis. The properties of the working fluid (air) are
o = 0.22 (cm?/s), f = 0.0034 (K"), v = 0.16 (cm?/s) and
Pr=10.72 at 30°C and 1.0 bar. In addition, the uncer-
tainties of the control unsteadiness and temperature
non-uniformity are accounted for in the evaluation of
the data uncertainty. The analysis shows that the
uncertainties of temperature, volume flow rate, dimen-
sions, jet Reynolds number and Rayleigh number mea-
surements are estimated to be less than 0.2 °C, 2%,
+0.05 mm, 2.3% and 8.6%, respectively.

To validate our experimental setup, the flow ob-
served in the processing chamber with the horizontal
top for the limiting case when the disk is unheated
(Ra = 0) is compared with the numerical results from
Law and Masliyah [23] for the impinging jet flow with a
parallel top plate confinement but without the sidewall
confinement. It is noted that in the region surrounding
the jet axis the resulting vortex flow from our flow
visualization is nearly the same as their numerical
prediction [3]. Thus, the experimental system estab-
lished here is considered to be suitable for the present
study.

3. Results and discussion

According to the physics of the low speed impinging
jet flow with the top plate inclination considered here,
several dimensionless governing parameters arise, in-
cluding the jet Reynolds number Rej, local Reynolds
number in the wall-jet region Re,, and local and stag-
nation Rayleigh numbers Ra and Ra,. They are,
respectively, defined as

Rej = V;D;/v = 4Q;/nvD; (1)
Rey = air/v )
Ra = gBATH? [y (3)
Ray = gBATH; [ 4)

Here Hy and H are, respectively, the vertical distances
between the disk surface and chamber top at the stag-
nation point of the impinging jet and at any location on

the disk, and u is the cross-sectional average of the radial
speed of the flow in the wall-jet region. Note that for the
chamber with the horizontal top H = H, = constant,
and Ra = Ray, but u still decreases in the radial direction
due to the gradual radial spread of the round impinging
jet. Based on global mass balance u can be expressed
as

u=Q;/2nrl (5)

Hence Re,, can be written as

Rey, = Q;/2nvH (6)

For the chamber with the inclined top, H decreases
linearly and Ra reduces cubically with the radial coor-
dinate, as evident from Eq. (3). It should be mentioned
that the Grashof number of the flow is defined as
Gr = Ra/Pr, here Pr is the Prandtl number of air. In the
present experiment the jet flow rate Q; is varied from 1.0
to 5.0 slpm (standard liter per minute) and temperature
difference between the heated disk and injected air AT is
changed form 0 to 35.0 °C for two injection pipes of
diameter D; =10.0 and 22.1 mm with the chamber
maintained at the atmospheric pressure. Thus, the jet
Reynolds number Re; ranges from 61 to 676 and the
Rayleigh number Ra varies from 0 to 26,300 for the case
with the horizontal top. But for the case with the in-
clined top Ra ranges from 0 to 26,300 at the jet axis and
from 0 to 3300 at the chamber side. In what follows
selected results from the present flow visualization and
temperature measurement are presented to illustrate the
effects of the chamber top inclination on the vortex flow
associated with the impinging jet in the processing
chamber for various jet Reynolds numbers, Rayleigh
numbers and injection pipe diameters. The top view flow
photos are taken at the horizontal plane 10.0 mm above
the heated disk and the side view flow photos are taken
at various cross-planes to procure the possible variation
of the vortex flow in the circumferential direction at high
buoyancy-to-inertia ratios.

3.1. Onset of vortex rolls

The effects of the chamber top inclination on the
critical condition for the onset of the inertia- and
buoyancy-driven vortex rolls are examined first. Here we
detect the onset of the primary and secondary inertia-
driven rolls by visualizing the vortex flow in the chamber
at increasing jet Reynolds number for an unheated disk
(Ra =0). The results for the chamber with the hori-
zontal top have been discussed in our previous study [3].
The side view flow photos were found to be very useful
in capturing the very small circular rolls as they just
appeared at the onset point. The present results indicate
that for the large injection pipe (Dj =22.1 mm) the
primary inertia-driven roll is first seen at Re; = 18.0
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Table 1
Critical condition for the onset of the buoyancy-driven vortex roll
Jet diameter Chamber AT (°C) 0 Gry Gre Re; Rey. Gry /Rej2 (Gr/Re2),
(D;, mm) top (SLPM)
10.0 Horizontal 32 6.5 3340 3340 879 55 0.0043 1.1
7 4200 4200 947 59 0.0047 1.2
5 8 5220 5220 1082 67 0.0045 1.1
Inclined 5 3 5220 1383 406 40 0.032 0.9
10 42 10,440 2766 568 55 0.036 0.9
22.1 Horizontal 32 6.5 3340 3340 398 55 0.021 1.1
4 7.5 4200 4200 459 59 0.020 1.2
5 8.5 5220 5220 520 72 0.019 1.0
Inclined 5 3 5220 1383 184 40 0.154 0.9
10 43 10,440 2766 263 57 0.15 0.9

Rej=135
(Q=1.0 slpm)

Sidewall ., T_I_I—I_I_I_\I—I_I_I_I_I_I_I_I_I—I_I_I_I_D\_)ﬂ i
9=0° " 1nsMation Heating plate 0=180

Corner roll Primary inertia-driven roll Secondary inertia-driven roll

Rej=270
(Q;=2.0 slpm)
Re=406
(Q=3.0 slpm)
Rej=541
(Q=4.0 slpm)
Rej=676

. (Q=5.0 slpm)

(a) Flow in the chamber with a horizontal top

Jet

&

. TRE——_—— Re=135
(Q=1.0 slpm)

Sidewall o_ E \ K
6=0° 1 Mation Heating plate 0=180°

Re=270
(Q=2.0 slpm)
Re=406
(Q;=3.0 slpm)
Rej=541
(Q=4.0 slpm)
Rej=676
(Q;=5.0 slpm)

(b) Flow in the chamber with an inclined top

Fig. 3. Steady side view flow photos taken from the chambers with the horizontal top (a) and inclined top (b) at the cross-plane 6 = 0°

and 180° for AT =0 °C (Ray = 0) and D; = 10.0 mm for various jet flow rates.
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when the chamber top is inclined, higher than 15.0 for
the chamber with the horizontal top. For the small
injection pipe (Dj = 10.0 mm) the corresponding onset
conditions for the chambers with the inclined and hor-
izontal tops are, respectively, Re; = 17 and 13.6. Further
data show that the onset of the secondary inertia-driven
roll, respectively, occurs at Re; = 240 and 220 for the
inclined and horizontal tops with D; =22.1 mm. While
for Dj =10.0 mm the secondary inertia-driven roll,
respectively, emerges at Rej = 190 and 180 for the in-
clined and horizontal tops. The above results clearly
indicate that the chamber top inclination does cause
some delay in the onset of both primary and secondary
inertia-driven rolls.

It is of interest to note that the present chamber top
inclination causes a substantial delay in the onset of the
buoyancy-driven roll, as evident from the data summa-
rized in Table 1. More specifically, the average critical
buoyancy-to-inertia ratio Gro/Rej2 is increased drasti-

&

cally from 0.0045 to 0.034 for D; = 10.0 mm and from
0.020 to 0.15 for Dj = 22.1 mm when the chamber top is
inclined. Thus the chosen chamber top inclination re-
sults in a 750% increase in the critical Gry/Rej for the
onset of the buoyancy-driven roll.

We further recognize that the initiation of the
buoyancy induced roll should depend mainly on the
local flow and thermal conditions where it is induced,
characterized, respectively, by the local Reynolds num-
ber in the wall-jet region Re,, and local Grashof number
Gr based on local disk-to-chamber top separation dis-
tance. Moreover, the buoyancy induced roll always
appears first at the edge of the disk. The data for the
local buoyancy-to-inertia ratio Gr/Re? at the edge of the
disk given in Table 1 indeed suggest that the critical
(Gr/Ré%), is all close to 1.0 for different 0;, AT, D; and
chamber top inclination. This can be considered as the
universal critical condition for the onset of the buoyancy
induced roll in the round impinging gas jet.
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Fig. 4. Steady side view flow photos taken from the chambers with the horizontal top (a) and inclined top (b) at the cross-plane 6 = 0°

and 180° for AT = 5.0 °C (Ray = 3760) and D; =

10.0 mm for various jet flow rates.
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3.2. Vortex flow suppression

To illustrate the effects of the chamber top inclina-
tion on the recirculating flow in the processing chamber,
selected vortex flow patterns at long time in the cham-
bers with the horizontal and inclined tops are compared
with each other for the cases with the same Q;, AT and
D;. This comparison is first shown in Fig. 3 for the
limiting cases when the disk is unheated (A7 = 0 °C) for
various jet flow rates at D;j = 10.0 mm. Since the vortex
flow can be more clearly seen from the side view, only
the side view flow photos are given here. The results in
Fig. 3(a) for the chamber with the horizontal top indi-
cate that in addition to the primary and secondary
inertia-driven vortex rolls, we have another circular
vortex roll in the corner region of the chamber. This

Jet

additional roll is not induced by the buoyancy because
the disk is unheated and no buoyancy is present in the
flow. In fact, this roll emerges from the deflection of the
flow from the wall-jet by the chamber side and it is
stronger at a higher jet flow rate, which is already dis-
cussed in the previous study [3]. It is also noted that the
inertia-driven rolls grow significantly in the size and
strength at increasing jet flow rate. Now as the chamber
top is inclined, no vortex roll appears in the corner re-
gion of the chamber for all jet flow rates. The disap-
pearance of the corner roll is conjectured to result from
the fact that the flow in the wall-jet region is guided by
the inclined top to move obliquely downward along the
inclined top and the deflection of the inclined wall-jet
flow by the chamber side is much milder. Hence no
corner roll is induced. But the inclination of the chamber

U
— = == Re=135
BRIV m (Q;:l.{) slpm)

Sidewall
6=0°

Instlation Heating plate

6=180°

 ? = Re[=406
=N =
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(a) Flow in the chamber with a horizontal top (Dj=10.0 mm)

Re=135
(Q=1.0 slpm)
Rej=406
(Q;=3.0 slpm)
Rej=676
(Q=5.0 slpm)

(b) Flow in the chamber with an inclined top (D;=10.0 mm)

Re=61
(Q=1.0 slpm)

Rej=183
(Q=3.0 slpm)

| Re=306
(Q;=5.0 slpm)

(¢) Flow in the chamber with a horizontal top (Di=22.1 mm)

(Qi=1.0 slpm)

(Q;=3.0 slpm)

(Q=5.0 slpm)

(d) Flow in the chamber with an inclined top (D;=22.1 mm)

Fig. 5. Side view flow photos at long time taken from the chambers at the cross-plane 6 = 0° and 180° for AT =20.0 °C
(Ray = 15,030) for various jet flow rates with (a) D; = 10.0 mm and horizontal top, (b) D; = 10.0 mm and inclined top, (c) Dj = 22.1

mm and horizontal top and (d) D; = 22.1 mm and inclined top.
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top only exerts relatively mild effects on the two inertia-
driven rolls. Specifically, for the inclined top the inertia-
driven rolls are weaker and smaller to some degree.
Similar trend is noted when the jet is injected into the
processing chamber through the large injection pipe
with Dj = 22.1 mm.

Next, the effects of the chamber top inclination on
the buoyancy-driven vortex flow are exemplified in Fig.
4 by showing the steady side view flow photos for
AT = 5.0 °C and Q; = 1.0-5.0 slpm for the chambers
with the horizontal and inclined tops for D; = 10.0 mm.
The results in Fig. 4(a) for the chamber with the hori-
zontal top indicate that at the low jet flow rate of 1.0
slpm, the buoyancy-driven vortex roll is big and strong.
In fact, the buoyancy-induced roll dominates in the
outer zone of the chamber. Now as the chamber top is
inclined, the buoyancy-driven roll is suppressed signifi-
cantly and becomes relatively small (Fig. 4(b)). At
higher Q; of 3.0-5.0 slpm the buoyancy-driven roll is
completely eliminated by the chamber top inclination.
This vortex roll elimination by the chamber top incli-
nation results apparently from the radial flow accelera-

tion and the reduction in the local buoyancy force
accompanied with the reducing chamber height in the
radial direction. Moreover, it is noted from Fig. 4 that
the primary inertia-driven roll is slightly weaker for the
inclined chamber top than that for the horizontal
chamber top at the same given Ray and Re;j. Even for the
much higher AT of 20 °C the buoyancy-driven roll is
suppressed significantly and the inertia-driven rolls are
weakened to some degree by the chamber top inclina-
tion, as evident from the results in Fig. 5. Note that at
the low Q; of 1.0 slpm the unstable buoyancy-driven
vortex rolls (Fig. 5(a) and (c)) in the chamber with the
horizontal top are completely stabilized to become
steady and they are significantly suppressed by the
chamber top inclination (Fig. 5(b) and (d)). The corre-
sponding top view flow photos indicate that the vortex
flow is axisymmetric in the chamber with the inclined
top.

We move further to illustrate the effects of the injec-
tion pipe diameter on the vortex flow in the chamber with
the inclined top. The results indicate that at the same jet
flow rate the inertia-driven rolls are somewhat smaller
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Fig. 6. Steady side view flow photos taken from the chamber with the inclined top at the cross-plane 6 = 0° and 180° for AT = 15.0 °C
(Rag = 11,270), D; = 10.0 and 22.1 mm and Q; = (a) 1.0 slpm, (b) 2.0 slpm, (c) 3.0 slpm, (d) 4.0 slpm, and (e) 5.0 slpm.
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and slightly weaker when the jet is issued from the large
injection pipe. However, the buoyancy-driven roll is al-
most unaffected by the injection pipe diameter, as evident
from the results in Fig. 6 for AT = 15.0 °C. This is con-
current with the previous observation for the onset of the
buoyancy induced vortex flow discussed in Section 3.1
that the buoyancy-driven roll is dominated by the local
flow and thermal conditions in wall-jet region in the
outer zone of the chamber.

Then, the measured air temperature distributions in
the chamber with the inclined top are examined. Fig. 7
shows the steady radial distributions of the dimen-
sionless air temperature defined as @ = (T —T,)/
(T; — T;) along the horizontal line at = 0° and z = 5.0
mm for selected AT and Q;. Note that at given Re; and
Ray the air temperature first increases with the radial
distance measured from the jet axis and reaches a

)
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maximum at certain »/D;. For a further increase in the
radial distance the air temperature drops gradually.
Farther away and near the chamber side at » > 100.0
mm the air temperature declines sharply. This large
temperature drop in the side wall region results from
the fact that some air in the annular section of the
chamber, which is at lower temperature than the air
near the heated disk, is driven into the space above
the heated disk by the buoyancy roll, as evident from
the flow photos given in Figs. 4-6. The above non-
monotonic radial air temperature distributions result
directly from the presence of the counter-rotating pri-
mary inertia-driven and buoyancy-driven vortex rolls
in the chamber and the deflection of the wall-jet flow
by the secondary inertia-driven roll. A close examina-
tion of these data further reveals that at increasing jet
Reynolds number the temperature peak moves away

Sidewall

Sidewall

Axis Sidewall

Fig. 7. Steady radial variations of non-dimensional air temperature in the chamber with the inclined top for various Re; at z = 5.0 mm
for Ray = (a) 11,270 and D; = 10.0 mm, (b) 11,270 and D; = 22.1 mm, (c) 15,030 and D; = 10.0 mm, (d) 15,030 and D; = 22.1 mm,

(e) 18,790 and D; = 10.0 mm, and (f) 18,790 and D; = 22.1 mm.
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from the jet axis and the temperature decay in the
region near the chamber side is smaller, reflecting from
the fact that we have a larger primary inertia-driven
roll and a weaker buoyancy-driven roll for a higher
Rej. To further demonstrate the close relationship be-
tween the recirculating flow and thermal characteristics
in the chamber, we examine the measured steady air
temperature distribution and side view flow photo to-
gether in Fig. 8 for a typical case with Rej =406 and
Ray = 15,030. The horizontal solid line in the photo
signifies the locations of temperature measurement.
For clear comparison, the corresponding schematical
sketch of the vortex flow pattern is also given in Fig.
8. The results in Fig. 8 clearly manifest that in the
inner zone of the chamber the air flow near the heated

Primary inertia-driven roll

Secondary inertia-driven roll

disk in the primary inertia-driven roll gets heated,
causing its temperature to increase in the radial
direction. But as the wall-jet flow is deflected by the
secondary inertia-driven roll to move away from the
disk, the air temperature starts to drop. Similar situ-
ation is noted for the chamber installed with the large
injection pipe.

Finally, the suppression of the temporal flow oscil-
lation driven at high buoyancy-to-inertia ratios by the
chamber top inclination is illustrated. Fig. 9(a) and (b),
respectively, show the steady and non-periodic cross-
plane flows in the chambers with the inclined and hori-
zontal tops for the case with the same O; and AT
(Q; = 1.0 slpm and AT =25.0 °C) for D; =10.0 mm.
Note that at this high buoyancy-to-inertia ratio the

Buoyancy-driven roll

Sidewall
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Fig. 8. Steady vortex flow pattern and air temperature distribution at z = 5.0 mm in the chamber with the inclined top installed with
the small injection pipe (D; = 10.0 mm) at Re; = 406 (Q; = 3.0 slpm) and Ray = 15,030 (AT = 20.0 °C): (a) steady side view flow photo
taken at the cross-plane 6 = 0° and 180°, (b) the corresponding schematically sketched cross-plane vortex flow, and (c) radial variation

of non-dimensional steady air temperature.
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Heating plate

Insulator

(a) steady flow

(b) unsteady flow

Fig. 9. Steady and unsteady side view flow photos taken at the cross-plane 0 = 0° and 180° for Q; = 1.0 slpm (Re; = 61), Dj = 10.0 mm
and AT = 25.0 °C (Ray = 18,790) with (a) the inclined top and (b) the horizontal top.

vortex flow in the chamber with the horizontal top is
characterized by the generation, growth, decay and
disappearance of the new rolls in a cyclic manner [3].
Thus in the chamber with the horizontal top there is
a significant change in the vortex flow pattern with
time and the transient temperature data given in Fig.
10(a) suggest that the vortex flow is in a large amplitude
time-periodic oscillation. But in the chamber with the
inclined top the vortex flow is steady. The above results
clearly indicate that the chamber top inclination is very
effective in stabilizing the temporal oscillation of the
flow. The same trend can be seen for the cases with
0O; = 1.0 slpm and an even higher AT. Note that at the
higher AT of 30.0 and 35.0 °C the vortex flow in the
chamber with the inclined top is still steady (Fig. 10(b)
and (¢)).

3.3. Correlations for size and location of vortex rolls
To quantify the effects of the governing parameters

on the vortex flow characteristics for the chamber with
the inclined top, the data for the maximum radial ex-

tent of the inner primary inertia-driven roll Sj, the
maximum height of the outer buoyancy-driven roll So,
and the radial location of the center of the middle
secondary inertia-driven roll r;, are measured from the
steady side view flow photos for various cases. The
results from this measurement indicate that for the jet
issued from the small injection pipe S; increases almost
linearly with the jet Reynolds number Re; for a given
Rag, so does the radial location of the middle roll.
However, So decreases due to an increase in Rej. We
also note that the increase in the size of the inner and
outer rolls with the Rayleigh number can be substantial
at low Ra, especially in the chamber with the jet issued
from the large injection pipe. To facilitate the gas flow
design in the practical application, empirical equations
are proposed to correlate the present data. They can be
expressed as

(a) for D; = 10 mm
Si

G}”o
— =21 .00165Re; + 0.2 —
5 38 +0.00165Re; + 0 (Rej2> (7)
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When compared with our experimental data, the
standard deviations of Egs. (7)-(11) are, respectively,
3.3%, 9.8%, 1.5%, 7.3% and 6.7%. The corresponding
correlations for the chamber with the horizontal top are
available from our previous study [3].

It is recognized that the above correlations are only
good for the specific chamber geometry studied here.

The results for some other chamber configurations will
be reported in the near future.

4. Concluding remarks

An experiment combining flow visualization and
transient and steady temperature measurement is con-
ducted in the present study to explore the suppression of
the buoyancy-driven vortex flow resulting from a verti-
cally downward air jet impinging onto a heated hori-
zontal circular disk confined in a vertical cylindrical
chamber by inclining the top of the chamber. Effects of
the inlet gas flow rate, temperature difference between the
heated disk and cold air jet, and diameter of the injection
pipe on the vortex flow patterns in the chambers with the
horizontal and inclined tops have been inspected in de-
tail. The major results obtained in the present study can
be briefly summarized in the following:

1. The critical conditions for the appearance of the iner-
tia-driven vortex rolls are delayed to a certain degree
by the chamber top inclination. A substantial delay in
the onset of the buoyancy-driven roll takes place
when the chamber top is inclined. A universal condi-
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tion is identified for the onset of the buoyancy-driven
vortex roll.

2. The flow acceleration and local buoyancy reduction
associated with the chamber top inclination can effec-
tively suppress the buoyancy-driven roll to become
smaller and weaker. At low and intermediate buoy-
ancy-to-inertia ratios the buoyancy-driven roll can
be completely wiped out. Moreover, at high buoy-
ancy-to-inertia ratios the unsteady vortex flow oscil-
lation can be completely stabilized and the flow
becomes steady.

3. The non-monotonic steady air temperature distribu-
tions in the radial direction are found to result from
the unique vortex flow structure in the chamber.

4. Empirical correlations are provided to quantify the
effects of various parameters on the characteristics
of the vortex rolls.

It should be mentioned that the experiments con-
ducted here are for the small temperature differences
between the jet and heated disk and therefore the vari-
ations of the air properties with temperature are small.
Hence the present results cannot be directly applicable
to the actual CVD system design. Further investigation
is needed to investigate the high temperature effects on
the flow dynamics in the chamber. During the course of
this investigation it is also realized that simple and
effective methods to suppress the inertia-driven rolls are
also important in practical engineering applications and
need to be explored in the future.
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