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Abstract—The three dimensional, thermally unstable flow and heat transfer of a gas have been studied in
a horizontal channel with applications to chemical vapor deposition (CVD). The cases examined include
flows that exhibit a longitudinal roll instability and a combination of both transverse, traveling waves
and longitudinal rolls. Detailed results are presented for two values of the temperature ratio
&= (T}~ T,){T, = 0.01 and 2.33 (helium), Grashof number Gr = geH /v = 125000, Prand:l number
Pr=vy,ja, =2/3, aspect ratios L/H=10 and W/H=2 For &¢=008] and Reynolds snumber
Re = gH/v, = 250, longitudinal rolls result whereas for Re = 100 a combination of transverse waves and
longitudinal rofls occurs. For ¢ = 2.33 and Re = 100 the longitudinal roll instability is present.

INTRODUCTION

CHeMICAL vapor deposition (CVD) involves the
transport of reacting gases in a reactor with deposition
occurring on heated surfaces (Jensen [1], Coltrin et al.
[2], Giling [3], Moffat and Jensen [4], Fotiadis ef al.
[5}, Kleijn ez al. [6], Chiu and Rosenberger [7]). The
goals of increased rates of deposition {occurring gen-
erally at higher pressure) and increased uniformity of
films can be difficult to achieve due to unstable and
recirculating fluid flow which in many cases is due to
the effects of buoyancy. An understanding of these
phenomena in CVD reactors is necessary to optimize
reactor operating parameters.

Typically, horizontal channel flow CVD reactors
are operated in regimes where thermal instabilities
may be present. For example, Quazzani and Rosen-
berger [8] have studied horizontal MOCVD reactors
numerically and compared their results with the exper-
imental data of Van de Ven er ol [9]. In a steady
analysis they obtained thermal instabilities consisting
of longitudinal rolls even for subcritical Rayleigh
numbers. Recently, Nyce et al. [10] carried out an
experimental and numerical study of mixed con-
vection in a horizontal channel at Rayleigh numbers
typical of CVD operating conditions. Their results
show variations in both the axial and transverse direc-

+ This work was supported by the United States Depart-
ment of Energy.

tions which are consistent with the presence of both
longitudinal roll and transverse wave instabilities. In
a comprehensive review of flow phenomena in CVD,
Jensen et al. [11] discuss flow instabilities in horizontal
reactors. They point out the effects of these insta-
bilities on the magnitude and uniformity of the depo-
sition. Thermal instability in the form of longitudinal
rolls has also been predicted by Kleijn {12] for flow in
horizontal CVD reactors.

Instabilities that alter Poiseuille base flows in hori-
zontal channels heated from below are characterized
by longitudinal rolls provided the Rayleigh number is
above the critical value of 1708, regardless of the
Reynolds number (Gage and Reid [13]). As the Ray-
leigh number is increased the flow becomes unstable
to disturbances in the form of transverse waves
(Clever and Busse [14]) ; this is a function of the Reyn-
olds number and becomes more pronounced as the
Reynolds number is decreased. The flow also depends
on the thermal boundary conditions on the lateral
surfaces of the channel; for small Re, Platten and
Legros {15] have shown that the critical Ra is smaller
for traveling transverse waves than for longitudinal
rolls when the presence of lateral boundaries is con-
sidered. The present study has been carried out to
provide new results for unsteady, three dimensional
flows that include combinations of traveling trans-
verse wave and longitudinal roll instabilities.

Our previous three dimensional study [16} con-
sidered buoyancy dominated flows at small Reynolds
and moderate Grashof numbers. In that work the
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¢g  acceleration of gravity
Gr Grashof number, geH */v;,
H channel height
k  thermal conductivity
L. channel length
Nu,,, local Nusselt numbers on
lower and upper surfaces,
[t HIk (Ty—T)] = — (kik,)@O/En)],
average Nusselt numbers on
lower and upper surfaces,
WgtH Ik (T,—T)) = (H*/W- L)
x X, Nu AxAz
Pr Prandtl number, v, /o, = 2,3 for helium
Qf, total dimensional heat flow rate
from lower and upper surfaces,
R AYEACY
g, dimensional local heat flux
at lower and upper surfaces,
- —k(ETI8Y ) o
¢i, dimensional average heat flux at lower and
upper surfaces, Qf,/(W+ L)
Ra Rayleigh number, geH /(v ) = Gr* Pr
Reynolds number. 2H /v,
dimensionless time
temperature
lower surface temperature
upper surface temperature = 7, = 300 K
average dimensional axial velocity at inlet
of channel

Nu,,

SNNNT D

NOMENCLATURE

W channel width !

xv  dimensionless axial coordinate. y*'H

Ax dimensionless grid spacing in axial
direction. Ax*/H

» dimensionless vertical coordinate. y* H

Ay dimensionless grid spacing in vertical
direction. Ay*/H

- dimensionless spanwise coordinate, =¥/ H

A-  dimensionless grid spacing in spanwise
direction, Az*/H.

Greek symbols
% thermal diffusivity
s temperature ratio, (7,—T,)/T..
g density
v kinematic viscosity i
® dimensionless temperature,
(T—TIT—T,).

Subscripts and superscripts

i conditions at hot lower surface of channel
(r=0)

o dimensional quantities evaluated at
temperature T, = 300 K

u  conditions at cold upper surface of channel
(v=0.T,=T,

*  dimensional quantity.

instability consisted primarily of periodic traveling
transverse waves (essentially translating Benard
cells) ; the longitudinal roll component was small. The
present study, at larger values of the Reynolds and
Grashof numbers, is more typical of the operation of
horizontai CVD reactors; the results show sig-
nificantly more complex flow fields due to the stronger
interactions between buoyancy and forced flow. The
resulting unstable phenomena yield two structures;
one dominated by forced convection consisting of
longitudinal rolls whose axes are aligned with the
bulk flow and the other consisting of the interaction
between the longitudinal rolls and transverse traveling
waves. It is shown below that for small temperature
differences (¢ = 0.01) and Re = 250 the flow consists
primarily of longitudinal rolls (for Gr = 1.25x 10°)
and is less complex than that occurring for Re = 100
(Gr = 1.25 x 10%) where the relative effect of buoyancy
is greater. Longitudinal rolls are also the dominant
flow pattern for large temperature differences
(¢ = 2.33) and Re = 100.

MODEL AND SOLUTION METHOD

The unsteady, three dimensional, variable property
Navier-Stokes and energy equations are presented in

ref. [16] for a horizontal channel flow reactor and are
not repeated here. Dimensionless equations are solved
using the channel height H, buoyant velocity \/(geH ),
time /(H/(ge)), pressure p.geH, and temperature
difference (7,—T7,) as the characteristic quantities.
The fluid properties are made dimensionless with
the quantities evaluated at the temperature 7,. We
emphasize that the Boussinesq approximation is not
invoked. The higher Reynolds and Grashof numbers
studied here result in phenomena that differ markedly
from the previous work. It is also noted that the
boundary conditions differ from those of ref. [16] in
that the inlet gas temperature is now equal to the cold
upper surface temperature, resulting in a thermally
developing flow along the lower heated surface of the
channcl. This is a more realistic thermal boundary
condition for the operation of many horizontal CVD
reactors. The axial aspect ratio is now larger. 10
instead of 8. The flow has a fully developed inlet
velocity profile, adiabatic side walls, and a hot iso-
thermal lower surface (Fig. 1). Outflow boundary con-
ditions at x = L/H are obtained by setting the x (axial)
derivatives of the velocity components and tem-
perature 1o zero. To solve the governing equations.
the control volume formulation is used in conjunction
with a finite difference discretization (central differ-
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ences are used for all spatial derivatives, and back-
ward differences are applied to the time derivatives).
The method of solution utilizes a staggered grid with
velocities located on control volume faces and tem-
perature and pressure located at control volume
centers. The numerical algorithm is based on the
TEACH formulation (Gosman and Pun [17]); the
SIMPLER method is used to determine the pressure

field (Patankar [18]).
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FiG. 1. Horizontal channel reactor geometry and coordinate system.

RESULTS AND DISCUSSION

The flow and energy transfer are characterized by
a broad range of phenomena encompassing extremely
complex flow patterns and heat transfer variations.
These phenomena are discussed below.

Small temperature differences (¢ = 0.01)
Steady longitudinal rolls (Re = 250, Gr = 1.25 x 10°),
&= 0.01,

The case

Re =250, Gr=125x10°,
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F1G. 2. Temperature and velocity fields in a transverse cross-sectional (yz) plane (x = 6.01) for Re = 250,
Gr = 1.25x 1, &¢ = 0.01; (a) temperature contours (min 0.05, max 0.95, inc 0.05); (b} velocity arrows
(reference arrow length corresponds to average dimensionless velocity at channel inlet: Re/./G?).
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F1G. 3. Temperature and velocity fields in the vertical central (xy) plane (z = 1.0) of the channel for
Re =250, Gr = 1.25x 10°, ¢ = 0.01 ; (a) temperature contours (min 0.1, max 0.9, inc 0.1); (b) velocity
arrows (reference arrow length corresponds to average dimensionless velocity at channel inlet: Re/\/Gr).
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FiG. 4. Local Nusselt numbers on the lower hot surface

( ) and the upper cold surface (---) of the channel for

Re = 250, Gr = 1.25 x 10°, ¢ = 0.01; (a) for the vertical cen-

tral plane (z = 1.0); (b) for a transverse cross-sectional (yz)
plane (x = 6.01).

10x1%x2 (x, y, z) channel dimensions results
in steady conditions. Over a transverse cross-section
(yz plane), longitudinal roll structures are present
(Figs. 2(a) and (b) at x = 6.01). The symmetry
about z= 1.0 is a result of the symmetry of the
problem and the imposed boundary conditions on the
vertical side walls; it is not the result of imposing
symmetry conditions at z = 1.0 (i.e. the calculations
are carried out from z =0 to 2 and no condition is
imposed at z = 1.0). Over an axial plane (xy plane) the
high flow rate combined with an inlet gas temperature
that is equal to that of the cold upper surface results
in a thermally developing field near the lower surface ;
the instability develops in the downstream half of the
channel (Figs. 3(a) and (b) at z = 1.0).

The axial variation of the lower surface Nusseit
number Ny at z = 1.0 (Fig. 4(a)) shows a thermal
boundary layer variation corresponding to the tem-
perature difference at the inlet between the gas and
the lower heated surface as indicated above. There is
a minimum at x & 3 which is followed by a gradual
increase in the heat transfer associated with the onset
of the thermal instability ; this is accompanied by a
nonzero value of the upper surface Nusselt number
Nu,. The variation of the Nusselt number in a trans-
verse cross-section at the axial position x = 6.01 is
dramatically different on the upper and lower surfaces
(Fig. 4(b)). This variation corresponds to the longi-
tudinal roll instability with hot fluid from the lower
surface rising along the adiabatic side walls of the
channel and impinging on the cold upper surface ; this
results in the large value of Nu, near the side walls.
The downward moving fluid near z = 1.0 (Fig. 2(b))
gives rise to the large value of Nu, (Fig. 4(b)) in the
central region. Surface maps of Nu, and Nu, (Figs.
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Fi1G. 5. Surface maps of the local Nusselt numbers for Re = 250, Gr = 1.25x 10°, e = 0.01; (a) on the
lower hot surface; (b) on the upper cold surface.
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Fi1G. 6. Temperature and velocity fields in a transverse cross-sectional ( vz) plance (x = 6.18) for Re = 100,
Gr = 1.25% 10%, £ = 0.01, ¢ = 80; (a) temperature contours (min 0.05, max 0.95, inc 0.05); (b) velocity
arrows (reference arrow length corresponds to average dimensionless velocity at channel inlet: Re/\/Gr).

5(a) and (b)) show the effect of the instability on the
lower and upper surface heat transfer. The spatialty
averaged Nusselt numbers on the lower (Nu;) and
upper {Nu,) surfaces are approximately 5.1 and 1.7,
respectively.

Combination of longitudinal rolls and transverse
waves (Re = 100, Gr = 1.25x 10%). As the Reynolds
number is decreased from 250 for Gr = 1.25 x 10°, the
flow becomes unsteady and complex. For Re = 100,
the ratio of the characteristic buoyant to forced vel-
ocities, /(Gr)/Re, is 3.5, and the nondimensional time
for transport through the channel at the average
convective speed, &, is: 14, = (L/H)" \/(Gr)/Re = 35.
For the results presented here at Re= 100,
Gr = 1.25% 10°, the equations were integrated to
t = 81, corresponding to 2.3 average transit tiroes
through the channel. After ¢ & 50, the flow became
quasi-steady, with time dependencies confined pri-
marily to the downstream 40% of the channel; these
irregular time variations resulted in variations in the
average Nusselt numbers on the lower and upper sur-
faces of the channel (Nu,,,) of 5 and 10%, respectively.

Over a transverse cross-section, longitudinal roll
structures are again present (Figs. 6(a) and (b) at
x = 6.18, ¢ = 80). Over an axial plane there is now a
more complex flow pattern with recirculating flow
regions and also several transverse waves (Figs. 7(a)
and (b) at z = 1.0, r = 80). In comparing Figs. 3(a)
and (b) {Re = 250) with Figs. 7(a) and (b) {Re = 100).
note that at the lower Re the instability begins at'a
smaller streamwise position. Hence the complex flow
structure for Re = 100 in Figs. 7(a) and (b) is closely
related to the fact that the instability begins nearer to
the inlet and develops in the remainder of the channel
(from x = 2.7 to x = 10). Indeed, it is anticipated that
for large Re and small channel lengths, the instability
would not be present. The variations of the tem-
perature and velocity fields in horizontal (xz) planes
are shown in Figs. 8(a)-(f). In Figs. 8(a)—{(c), regions
of hot rising fluid are evident between the centerline
of the channel and the side walls. Figures 8(d)—(f)
show the severe depletion of streamwise motion near
the centerline and the regions of backflow in the upper
half (y > 0.5) of the channel.
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0.0 25 5.0 7.5 10.0
Fic. 7. Temperature and velocity fields in the vertical central (xy) plane (z = 1.0) of the channel for

Re = 100, Gr = 1.25x 10°, ¢ = 0.01, ¢ = 80; (a) temperature contours (min 0.1, max 0.9, inc 0.1); (b)
velocity arrows (reference arrow length corresponds to average dimensionless velocity at channel inlet :

Re/\/Gr).

The extreme complexity of the flow and heat trans-
fer is revealed in surface maps of the local heat trans-
fer, Nu,,, on the lower and upper surfaces of the
channel in Figs. 9(a)—(d). Large peaks and valleys in
Nu, (Fig. 9(2)) occur in both the streamwise (x) and
lateral (z) directions. Large peaks in Nu, near the side
walls occur periodically in the streamwise direction
(Figs. 9(b)—(d)) and correspond with undulations in
the deep trough in Nu, along the centerline (z = 1.0).

The axial variation of Nu,, along the centerline for
Re = 100 shown in Fig. 10(a) is in contrast with the
axial variation of the heat transfer for Re = 250 (Fig.
4(a)), which essentially exhibits a steady increase in
Nu, after the onset of the instability. For x < 5, this
leads to enhanced heat transfer for Re = 100 in com-
parison to Re = 250, whereas for x > 5, N, (along the
centerline, z = 1.0) for Re = 100 is reduced compared
with the values for Re = 250.

Figure 10(b) shows the variation of the Nusselt
numbers, Ny, , across the channel at x = 6.18. Earlier
we noted that the differences between Nu, and Ny,
over a transverse cross-section (Fig. 4(b)) for
Re = 250 are related primarily to the longitudinal roll
structure ; now, for Re = 100, Ny, has a distinct triple
peak pattern which contrasts with the broad
maximum that occurs for Re = 250; Nu, also has a
triple peak in contrast to the large peaks at the side
walls for Re = 250. The triple peaks in Nu,, are related
to the complex flow pattern (partially indicated in the
transverse cross-section shown in Fig. 6(b)).

The strong variations of Ny, , shown in Figs. 9 and
10 contrast sharply with the periodic traveling waves
that occur at lower Gr (and lower Re) [16]. Previously
[16], the amplitudes of the multiple maxima and
minima values of the heat transfer on both surfaces

were essentially of constant magnitude and occurred
at the same location (i.e. at one value of x, there is a
maximum on one surface and a minimum on the other
surface). For larger Gr (and larger Re) there is now
no longer a direct relationship between the maxima
and minima (Fig. 10(a)), and the heat transfer is due
to the complex interaction of the full three dimen-
sional flow structures. The spatially averaged Nusselt
numbers (over the lower and upper surfaces} vary
slightly with time in an irregular manner (not shown)
and have approximate values of Ay = 4.8 and
Nu, = 2.6, with much of the difference between the
values resulting from the thermally developing flow on
the lower surface. As noted above, this is in contrast to
the result for smaller values of both Re and Gr which
have variations with time that are regular [16]. In
terms of comparisons between the present study and
ref. [16], we note that the different thermal boundary
conditions at the inlet, as specified in the introduction,
are responsible for some of the differences.

The average Nusselt number on the upper surface
Nu, (for Re = 100) is significantly larger than the
steady value of 1.7 for Re = 250. The increased heat
transfer for Re = 100 is due to the earlier onset of the
instability and the subsequent downstream develop-
ment of the complex three dimensional, unsteady flow.
On the lower surface, although there is unsteadiness
for Re = 100, the value of approximately 4.8 for Ny,
is close to the steady value of 5.1 at Re = 250.

Other cases. Calculations were also carried out at
lower Reynolds numbers (still at Gr = 1.25 x 10° and
¢ = 0.01). For Re = 75, the flow pattern is even more
complex but it still consists of the longitudinal and
transverse roll structures discussed above. Indeed, in
the thermally developing region near the inlet the
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(a)

Nu, 4.

FiG. 10. Local Nusselt numbers on the lower hot surface

(——) and the apper coid surface (- --) of the channei for

Re = 100, Gr = 1.25x10°, ¢ = 0.01, t = 80: (a) for the ver-

tical central plane (- = 1.0): (b) for a transverse cross-sec-
tional () plane (x = 6.18).

instability is more pronounced and the transverse
wave structure downstream is more vigorous (not
shown). Calculations at lower values of Re for the
same Gr resulted in a loss of symmetry about = = 1.0
which could not be resolved with grid and time step
refinement. Results were also obtained for Re = 75
and a smaller Grashof number, Gr = 5.0 x 10*. For
this lower Grashof number the instability begins
further downstream and the flow pattern is not as
complex (not shown).

Other calculations were performed for Gr = 5.0 x 107,
Re =100, and ¢ =0.01. For this condition there
is no instability in the upstream portion of the chan-
nel; the transverse wave structure is intermediate
between the results shown in Figs. 3(a) and 7(a)
which are for Re = 250 and 100, respectively, with
Gr = 1.25x 10°.

Grid sensitivity. The spatial grid size and time
step sensitivities of the results were evaluated. The
results shown for Re = 250, Gr = 1.25x 10" used
101 x 21 x41 grids (Ax, Ay, Az) = (0.101. 0.0526.
0.0513) and a time step of 0.02. Grid sensitivity tests
showed results for Ny, that differed by less than 1%
from results obtained on grids of 101 x31 x4l
101 x 41 x 41, 101 x21x51, and 121 x31 x41; Nu,

G. Evans and R. GREIF

deviated by less than 3%. Local Nusselt numbers
showed a similar small grid dependence except for the
peak values that are near the side walls on the upper
surface at x = 6.01 (shown in Fig. 4(b)). These peak
values had differences of 28, 41. 14 und 32% for the
above cited grids when compared with the peak values
for the 101 x 21 x 41 grid. For Nu, diffcrences of 4. 4,
7, and 5% resulted at the minimum values for the
above four grids.

The results shown for Re = 100, Gr = 1.25x% 10’
used 171 x 31 x 41 (x, v, -) spatial grids and a time step
of 0.02. Comparisons of the local Nusselt numbers on
the transverse plane at x = 6.0 and + = 78, using a
201 x 31 x41 spatial grid and the same time step
showed excellent agreement (better than 1.0%) over
the lower surface ; maximum differences of 4 and 8%«
were obtained over the upper surface at the center.
= = 1.0, and near the side walls, - = 0.0 and = = 2.0,
respectively. The differences are restricted 1o the iso-
lated locations noted. For comparisons of the axial
variation of the local Nusselt number on the central
longitudinal plane, - = 1.0, there is excellent agree-
ment for v < 6. but significant disagreement results
for x> 9. i.c. near the exit where the unknown exit
boundary condition affects the flow (Bottaro {19]).
Calculations  were also carried out using «
171 x 41 x 51 grid and a time step of 0.02. Com-
parisons with the 171 x 31 x 41 grid for Ny, on the
transverse plane at x = 6.0 and 1= 74 show very
good agreement with a maximum difference of 2%
occurring at the three peaks (Fig. 10(b)). Com-
parisons of Nu, show good agrcement with a
maximum difference of 10% which occurs at the cen-
tral peak. The axial variation of N, for the two
axial grid spacings discussed above (171 x 31 ¥ 41 and
201 x 31 x 41) resulted in differences similar to the
1.0% difference noted above. The axial variation of
Nu,, for the two transverse grid spacings (41 x 51
and 31 x 41) again showed good agreement for x < 6;
maximum differences of approximately 10% appear
near x = 7.

The computing time required to advance a single
time step varied during the course of the simulation
depending on the state of the phenomena. During
the period of initial growth of the instability. a large
number of iterations were required ; e.g. 30. Once the
instability was established, the number was reduced
to approximately 10. These values depend on the con-
vergence criteria which are specified in ref. {16]. For
a 171 x41 x 51 grid the cpu time per iteration on a
Cray Y-MP was 35 s. The time step sensitivity of
the resuits was checked by making calculations with
various time steps; in particular, excellent agreement
between the results for At = 0.02 and Ar = 0.03 was
obtained.

Large temperature differences (¢ = 2.33)

In the variable property results for helium the par-
ameters Re, Gr. and Pr were evaluated at the inlet gas
temperature which was constant for both the high
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FiG. 11. Temperature and velocity fields in a transverse cross-sectional (yz) plane (x = 6) for Re = 100,
Gr=125%10°, ¢ = 2.33; (a) temperature contours {min 0.1, max 0.9, inc 0.1); (b) velocity arrows
(reference arrow length corresponds to average dimensionless velocity at channel inlet: Re/\/Gr).

and low temperature cases. The conditions, & = 2.33
(lower surface temperature of 1000 K), Re = 100, and
Gr = 1.25x 10°, result in steady flow with a longi-
tudinal roll instability (Figs. 11(a) and (b); x = 6).
The instability begins at x & 3.0 (Fig. 12(a)) which is
approximately equal to the x position for the initiation
of the instability for the constant property case
(¢ = 0.01, Fig. 7(a)). However, for the high tem-
perature case (Fig. 12(a)) the development of the
instability downstream of the initiation point is not
as pronounced as it is for the low temperature case
(Fig. 7(a)). Note that now there is little axial variation
of the temperature and velocity fields beyond the onset
of the instability (Figs. 12(a) and (b)), and the com-
plex variations in Nu, , along the central vertical plane
for constant properties (Fig. 10(a)) are no longer pre-
sent for variable properties (Fig. 13(a)). This i§ a
consequence of the larger values of the thermal con-
ductivity and viscosity for high temperatures. The
single maximum in My, and the corresponding mini-
mum in Nu, in the transverse cross-section (yz plane,
x = 6) of Fig. 13(b) are related to the two longitudinal
rolls shown in Fig. 11(b). This contrasts with the

triple peak in Ny, (Fig. 10(b)) previously noted for the
constant property case.

CONCLUSIONS

This work is a study of the three dimensional flow
patterns and the heat transfer in a horizontal channel
with applications to chemical vapor deposition. For
some reactor operating conditions, thermal insta-
bilities occur resulting in large gradients in all three
directions which can be time dependent. The results
include longitudinal roll structures in a steady flow as
well as traveling transverse waves and longitudinal
rolls that are present in an unsteady flow. For small
temperature differences (¢ = 0.01), moderate Reyn-
olds numbers (<100), and large Grashof numbers
(125000), the flow patterns are complex and time
dependent. For larger Reynolds numbers (2 250), the
flow pattern is simpler, consisting of steady longi-
tudinal rolls. For very large Reynolds numbers, the
thermal instability is convected far downstream and
may not bé present in the channel. For the large tem-
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Re = 100, Gr = 1.25x 10°, ¢ = 2.33; (a) temperature contours (min 0.1, max 0.9, inc 0.1); (b) velocity
arrows (reference arrow length corresponds to average dimensionless velocity at channel inlet: Re//Gr).
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FiG. 13. Local Nusselt numbers on the lower hot surface

( ) and the upper cold surface (---) of the channel

for Re = 100, Gr = 1.28 x 10°, ¢ = 2.33; (a) for the vertical

central plane (z = 1.0); (b) for a transverse cross-sectional
(yz) plane (x = 6).

perature difference case (¢ = 2.33, Re = 100, and
Gr = 125000), the effects of variable fluid properties
(helium) result in a less complex steady flow consisting
of longitudinal rolls. The results demonstrate the
occurrence of phenomena that can lead to con-
siderable variations in deposition rates and profiles in
chemical vapor deposition channel reactors.
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