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ABSTRACT

The flow and heat transfer in a vertical high-speed rotating disk/stagnation flow
chemical vapor deposition (CVD) reactor is studied with particular emphasis on the
effects of the spacing, H, between the stationary gas inlet and the rotating disk. A
one-dimensional analysis is used to determine the effects of H, flow rate, and disk
spin rate on the gas flow patterns and the heat transfer from the disk; the effects of
buoyancy, reactor side walls, and finite disk geometry (reactor radius 7,, rotating
disk radius 7;) on these quantities are determined in a two-dimensional analysis.
‘The Navier-Stokes and energy equations are solved for hydrogen over a range of
gas flow rates, disk spin rates, axial and radial aspect ratios, for a pressure of 250
Torr, inlet gas temperature of 50 C, and disk temperature of 800 C (dimensionless
parameters are the disk Reynolds number, Re, =7,%w0/7;,, the mixed convection
parameter Gr/Re,*? where Gr= g (7, — 7,)7s%/(P.Vi2), the dimensionless inlet
velocity SP=[%,|/\/@ Vi, the Prandtl number Pr=v;, /@, and variable property
ratios). The 1D similarity solution results show that the dimensionless heat transfer
from the rotating disk, Nu;p, depends on SP and Re,to a much greater extent
at smaller spacings (A=H/7; =0.54) than at larger spacings (A=2.16). For SP
values of 0.92 and 4.5 and for both spacings studied (A=0.54 and 2.16), Nuip
approaches the value for an infinite rotating disk for Re,, =450, except for the case
at SP=4.5 and A=0.54 where Nu;p is significantly larger. The 1D results also
show that for small SP (0.23) there is a significant flow toward r= 0 (the radial
component of velocity is negative) which is larger for the smaller value of A. The
2D results show that the effect of inlet velocity (SP) on the radial variation of the
disk heat transfer (Nugp ) is greater for larger values of A; for both values of A
there is greater radial variation of Nugp at the larger value of SP. At the larger
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A, the radial uniformity of Nuyp is improved significantly when the inlet velocity
matches the asymptotic value for an infinte rotating disk. For both values of A there
is gas recirculation above the rotating disk when the disk is “starved” (SP=0.23,
Re,, =456); for A=0.54 the thermal boundary layer extends to the gas inlet and
Nupp is uniform. The uniformity of Nugp and the recirculation of the gas above
the disk were only slightly affected when 7,/7; was varied by approximately 30%
(from 1.1 to 1.4) for the conditions SP=0.23, A=0.54, and Re,, =456.

t currently at Novellus, San Jose, CA.




1 Nomenclature

A axial aspect ratio, H/4

Gr Grashof number, §(p,— 2,)74%/(PinVin’)
Gr/Re,*? mixed convection parameter (MCP), §(Bin— 74)/ (B, 7w %)

H disk to inlet distance

L disk to outlet distance

Nu Nusselt number, — (k%—?) a0

Pr Prandtl number, Ty,/@,

Re, disk Reynolds number, 7;%w/vi,

Rej, inlet Reynolds number, |[@,] H/Zin

SP flow parameter, |Ti|/\/@ Vin

T temperature

Cp specific heat at constant pressure

f ratio w/r

k thermal conductivity

Pm pressure in momentum equations

T radial coordinate

Tq disk radius

T reactor radius

U axial velocity component

v radial velocity component

w circumferential velocity component

z axial coordinate

1.1 Greek symbols
a thermal diffusivity, k/(pcp)

[

temperature ratio, (Tg— Ti)/Tin

density ‘

kinematic viscosity, u/p

dimensionless temperature, (T —Ti,)/(Tg — Tin)

dynamic viscosity

E = @O %

disk spin rate




1.2 Subscripts and superscripts
¢ disk quantity

~ dimensional quantity

ref Teference quantity

ip one-dimensional solution quantity

op two-dimensional solution quantity

in evaluated at reactor inlet



2 Introduction

Uniform growth of materials on substrates is one of the primary reactor design ob-
jectives in microelectronics materials manufacturing. The uniformity depends in a
complex way on the gas flow (forced and buoyancy-driven convection), the heat and
mass transfer, and the chemical reactions. For example, large thermal gradients
can generate buoyancy-driven secondary flows and/or thermal diffusion effects that
lead to spatial and/or temporal variations in film deposition rates and composi-
tion. Typically, metal organic chemical vapor deposition (MOCVD) processes are
operated in a pressure range from 20 to 760 Torr, where transport processes can
strongly influence the supply of reactants to the growing film, the growth rate, and
the uniformity of deposition.

The rotating disk reactor (RDR) has the potential to achieve the uniform transport
properties that are characteristic of an infinite rotating disk in an infinite medium.
Previous studies by Evans and Greif [1]-[2], Patnaik et al. [3], and Fotiadis et
al. [4] have examined these effects for a single component gas in nonisothermal
RDR’s. Palmateer et al. [5] noted convective instabilities in an experimental study
of isothermal gas mixing in a stagnation flow reactor. Recent studies by Winters et
al. [6]-[7] showed that large concentration gradients also generate buoyancy-driven
secondary flows. All the previous studies considered reactors with large inlet to disk
separation distances (A=H/Fy >2; cf. Fig. 1). Recent interest in combined rotat-
ing disk/stagnation flow reactors has focused on smaller values of A. The present
study addresses geometrical aspects of the basic rotating disk/stagnation flow CVD
reactor with regard to flow stability and heat transfer uniformity.

The axisymmetric, circumferentially uniform Navier-Stokes and energy equations
are solved for the H, carrier gas in the vertical RDR geometry shown in Figure 1.
The solutions are normalized with the infinite rotating disk/stagnation flow (Evans
and Greif [8], Coltrin et al. [9]) similarity solution results in which an infinite ro-
tating disk is separated by a distance H from an infinite non-rotating disk through
which gas flows toward the rotating disk. To further elucidate the effects of H on
the heat transfer from the disk and on the flow patterns between the disk and the
gas inlet, results from the 1D similarity solution for the rotating/stagnation flow are
presented as a function of SP and Re,. The trends predicted from the similarity
solution are then verified in the 2D solutions where the effects of buoyancy and finite
radial geometry are included. The 2D solutions are obtained for axial aspect ratios
A of 0.54 and 2.16, radial aspect ratios 7,/74 of 1.1, 1.2, and 1.4, flow parameter
values SP=|u;,|/+/Vin@w from 0.23 to 1.38, and disk Reynolds numbers Re,, from 76
to 456.
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Figure 1: Geometry and coordinate system.

3 Problem definition

The steady dimensionless equations for mass, momentum, and energy conservation
are given (in cylindrical coordinates) by:

19 (rpv) | 9 (pu)

r or 9z 0 (1)
Kl _ ru Ou 9 _ Ou\ _ Opm Gr (1-p)
0 ('rpvu Re, 37") + Oz (puu NBQ:) 0z Re,¥2(1-—pa)
10 Ov 0 [ du 2u|10(rv) Ou
+ T_B?(T“(?:L') + ox {M—B—a; 3 [r or + 835]} @)

10 (i — TRV L O O o L O e
r Or e Re, Or ox puv 'u&z: " Re, Or P

;119 ov _2(10(rv) A Ou
Re, r Or TH ar 3\r or or




o Lpfw 20100y) Sl 1 O [ Ou
Rewr{r 3{7‘ or +6a:”+Rew6m(u6r> 3)

10 (g TBOIN L OO0\ 2o L 210f
ror (rpvf Re, 3r)+8:1: (puf # )— T +Rew r or )

oz
10f o T kIOV O0f o LEIOV_
ror\' "’ Re,Prc, Or oz \"™* Pre,0z )
1k (1000, 000 5
Prc,2\Re, Or Or Oz Oz

where f=w/r in equation (4), and the dimensionless parameters in equations (1)-
(5) are: Gr =g (py,— Pa)7a%/(PnP2), Rew =T4?@/Vin, and Pr =Ty, /ay,; the fluid
properties have been normalized with their respective values at the inlet of the
reactor. The usual scaling (Evans and Greif [1]; White [10]) for a rotating disk
has been used: /@ 7y, for the axial component of velocity, 7;@ for the radial and
circumferential components of velocity, /i, /@ for the axial coordinate and 74 for
the radial coordinate, where symbols with overbars represent dimensional quantities.
The boundary conditions are:

z=0 0<r<1 u=v=0 f=0=1

T =T,/Td ~L/Tg<z<A u=v=f=0=0

r=1 ~L/73<z<0 u=v=f=00/0r=0

r=0 0<z<A Ou/dr =0f/0r =00/0r=v =0
r=A 0<71<7,/T4 v=f=0=0,

U= —Rein/(Av Rew) = ’l_l,in/\/al_ Uin = —SP
T=—-L/Ty 1<r<7,/Ty Ou/8z = dv/dx = 8f [0z = 8O /dz = 0.

4 Numerical Solution

4.1 Methodology

The nonlinear 1D similarity solution equations [8] are solved using Newton’s method
in a boundary value problem code (Grear [11]) with solution adaptive grid refine-
ment (see Coltrin et al. [12]). Convergence of the results was checked by varying
the absolute and relative error tolerances from 1078 to 10~° and from 1075 to 1075,

respectively. Computational times for the 1D solution were typically 1-4 sec on a
SGI/R8000 computer.

The 2D conservation equations (1)-(5) are integrated over control volumes and dis-
cretized using either central differences for all remaining derivatives or the hybrid
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differencing scheme (Patankar [13]). The SIMPLER method is used to determine
the pressure, p,,. A sequential line by line relaxation scheme is used to solve the dis-
cretized equations and boundary conditions discussed above. An iterative method
was used to solve the coupled, nonlinear set of equations. Underrelaxation factors
(typical values ranged from 0.3 to 0.5) were used for the momentum and energy

conservation equations to avoid numerical instabilities; no underrelaxation was ap-
plied to the pressure equation. Iterations were continued until changes in heat flux
at the surface of the rotating disk were negligible. The axial component of velocity
was determined to be the quantity that was the most sensitive indicator of con-
vergence. Typically, 10000-15000 iterations were required to obtain convergence;
computational times were 4-6 and 3-5 hours on a HP 735/99 and on a SGI/R8000,
respectively.

4.2 Grid Sensitivity

The 1D results were checked by varying gradient and curvature adaptive grid control
parameters in SPIN [12] from 0.03 to 0.1. Typically, 100 grids (obtained with grid
control parameter values of about 0.07) were required to obtain grid-independent
results. ‘

The 2D results were obtained on a nonuniform grid of 30 by 70 control volumes in
the z and r directions, respectively, with finer grid spacings near the rotating disk
(z=0) and the symmetry axis (r =0) of the reactor. Calculations were also made
on a nonuniform z,r grid of 60 by 80 control volumes. Results for the baseline case
(shown in Figs. 5a,b) differed by less than 1% for the two grid distributions. Fur-
thermore, the excellent agreement between the 1D and 2D velocity and temperature
profiles across the boundary layer for the baseline case discussed below shows the
adequacy of the 2D grid distribution (cf. Fig. 5b at r=0).

5 Results and Discussion

The basic flow in the reactor is a combination of a high-speed rotating disk flow and
a stagnation flow. In an ideal rotating disk flow (infinite disk in an infinite medium),
the gas velocity normal to the disk approaches an asymptotic value at the outer edge
of the boundary layer. This value depends on the properties of the fluid as well as
the rotation speed of the disk, and for gases and temperatures typical of MOCVD,
the dimensionless asymptotic velocity, Tasym/+/& Vin, varies from 0.7 to 0.9, approx-
imately ([1], [10]). The similarity solution referred to earlier allows a uniform gas
velocity normal to the disk to be specified (in dimensionless form, SP=|twi,|//@ Vin )
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at a distance, H, from the disk. In an actual reactor the finite dimensions of the
reactor and buoyancy are additional parameters that can affect the uniformity of the
boundary layers. For instance, if the distance between the gas inlet and the disk is
smaller than the thicknesses of the disk boundary layers (thermal and momentum),
then the flow may deviate from the uniform flow and heat transfer characteristics
of the similarity solution. In situations where buoyancy may be important, an inlet
velocity that is larger than the asymptotic value for the infinite rotating disk should
reduce boundary layer thicknesses and have a potentially stabilizing effect on the
flow. On the other hand, reducing the gas velocity to below the asymptotic value
for an infinite rotating disk has been shown to result in recirculating flow ([1], {2])
for reactors with values of A>2. For all 2D results shown the buoyancy effect is
small (the mixed convection parameter, Gr/Re,*?, is less than 2.5) except for the
two cases in Fig. 7 with Re,, =76 (Gr/Re,*? = 12.2); in those two cases the ratio of
the inlet velocity to the rotating disk asymptotic drawing velocity is large (SP=1.3).

In the results presented here the effects of small to moderate values of A (0.54 and
2.16) on flow and heat transfer uniformity are determined as functions of SP, Re,,,
and 7, /T4 (1.1, 1.2 and 1.4). The inlet velocity is varied from 5 to 40 cm/s (Rej, from
2.77 to 11.09 for A=0.54; from 11.08 to 44.36 for A=2.16) and the rotation rate is
varied from 50 to 1200 rpm (Re, from 19 to 456), yielding values of SP that vary
from 0.23 to 8.96. Thus, the inlet velocity is varied from values that are significantly
less than to significantly greater than the asymptotic value for an infinite rotating
disk (from “starving” the disk to “forcing” it). In all cases studied (both 1D and
2D), the gas is Hy, Tin=50 C, and T ;=800 C. The heat transfer is presented in terms
of the dimensionless Nusselt number, defined as:

(6)

where Glz=o = —(k 0T /0% Mz=o -

5.1 Similarity solution results

The effects of reactor height H on the flow and heat transfer for different flow rates
and spin rates were studied first with the 1D computer code SPIN [12] that in-
corporates the similarity transformation for the rotating/stagnation flow between
two infinite disks; one disk is rotating and the other (through which gas flows) is
stationary. The results of the similarity solution provide valuable trends and aid in
interpreting the more complex results of the 2D calculations presented later. Al-
though the similarity solutions are for infinite radial extent, values of 7;=3.7 cm

11




and 7,=4.4 cm are used here in the calculation of the dimensionless parameters A,
SP, and Re, to facilitate comparison with the 2D results. In Figs. 2 and 3 below,
Nu;p and SP are normalized with their values at the baseline conditions of €=2.32,
|%in]=20 cm/s, w=600 rpm, P=250 Torr, and A=0.54 (SPrs = 1.3, Nuip = 0.354).

The similarity solution results for the variation of the one-dimensional Nusselt num-
ber Nujp with SP for two values of the axial aspect ratio (A=0.54 and 2.16) and for
Re, =228 (600 RPM) are shown in Fig. 2 (note that for fixed gas properties at the
inlet and fixed disk rotation rate, variations in SP correspond to variations in the
inlet gas velocity). Figure 2 shows that Nu;p increases approximately linearly with
SP for both values of A; however, the variation of Nu;p with SP is much larger for
the smaller value of A.

1.3

1.2 |

1.1 |

1.0 |-

0.9 |-

Nu1D/Nu1Dref

Figure 2: Variation of disk heat transfer (Nu;p) with inlet gas velocity (SP) from
the 1D similarity solution for two gas inlet to rotating disk spacings (A=0.54 and
2.16) and for a fixed disk rotation rate (Re, =228). The normalization, Nujp,, is
for A=0.54.

For both values of A and for fixed inlet velocity (|Zin|=20 cm/s), Nu;p is shown in
Fig. 3a to decrease with increasing Re, and to reach an asymptotic value that is
equal to the Nusselt number for an infinite rotating disk at Re, =~ 450.
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Figure 3: (a) Variation of disk heat transfer (Nu;p) with disk rotation rate (Re, )
from the 1D similarity solution for two gas inlet to rotating disk spacings (A=0.54
and 2.16) and for a fixed inlet gas velocity (|@|=20 cm/s). The normalization,
Nup,, is for A=0.54 and Re, =228; (b) Variation of disk heat transfer (Nup)
with disk rotation rate (Re, ) from the 1D similarity solution for two gas inlet to
rotating disk spacings (A=0.54 and 2.16) and for two values of SP (0.92 and 4.5).
The normalization, Nuip, , is for A=0.54, Re,, =228, and SP=1.3.
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The variation of Nu;p with Re,, is larger for the smaller spacing (A=0.54). Note
that SP increases from 0.92 to 4.5 in Fig. 3a as Re,, decreases from 456 to 19 (|2
is fixed at 20 cm/s). The variation of Nu;p with Re, for A=0.54 and 2.16 at two
values of SP (0.92 and 4.5) is shown in Fig. 3b; at the larger spacing (A=2.16) and
for the smaller value of SP (SP=0.92), Nu;p is approximately constant and equal to
the value for the infinite rotating disk. As noted in Fig. 3a for fixed inlet velocity,
the variation of Nu;p with Re, is larger at the smaller spacing (A=0.54) for both
values of SP shown in Fig. 3b. Over the range of Re, studied, Nu;p for the case
with A=0.54 and SP=4.5 is significantly larger than the asymptotic value for an
infinite rotating disk. The effect of SP on Nu;p is larger for A=0.54 than it is for
A=2.16 for all values of Re,, studied.

The effects of spacing (A=0.54 and 2.16) and SP (0.23 and 0.92) on the axial profiles
(between the inlet and the rotating disk) of the radial component of velocity are
shown in Fig. 4 from the 1D similarity solution for Re, = 456 (@= 1200 rpm),
where A=0.54 corresponds to H=2 cm and A=2.16 corresponds to H=8 cm.

0.20

A=0.54,

SP=0.92
SP=0.23
SP=0.92

S~
'> 0.05

SP=0.23

Figure 4: Axial variation of radial component of velocity (v = 7/(7w)) from the 1D
similarity solution for two gas inlet to rotating disk spacings (A=0.54 and 2.16) and
for two values of SP (0.23 and 0.92) for Re,, =456 (@=1200 rpm).

For the smaller value of SP=0.23, the radial velocity is negative over a significant
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fraction of the distance between the inlet and the disk (starting from the inlet and
extending toward the disk) for both values of A. For the larger value of SP=0.92,
the radial component of velocity is positive everywhere between the inlet and the
rotating disk for both values of A. As noted above for the heat transfer, the effect
of SP on the radial component of velocity is greater (there is a larger negative radial
velocity component) at the smaller spacing.

In summary, the similarity solution results show large effects of SP (inlet velocity for
fixed disk rotation rate and fixed inlet gas properties) and Re, (disk rotation rate
for fixed disk radius and fixed inlet gas properties) on Nu;p for small A. For large
A the effects of SP and Re,, on Nu;p are much smaller. Similarly, for the flow, the
axial profile of the radial component of velocity is shown to be affected significantly
by changes to SP at small A; a smaller effect of SP is noted at larger values of A.

5.2 2D results

The radial variation of the dimensionless local heat transfer Nuop /Nujp from the
rotating disk to the gas flow is shown in Fig. 5a for the baseline conditions: SP=1.3,
Re, =228, A=0.54, and 7, /T4 =1.2. Over the inner half of the disk (r<0.5) the local
heat transfer is uniform and identical to the 1D result; for r>0.5, the increase in
Nuyp is the result of edge effects due to the flow acceleration and the change of
flow direction from radial near the disk to axial in the annular outflow region (<0,
cf. Fig. 1). The axial (z) profiles of T and u from the 2D and the similarity (1D)
solutions are compared at three radial locations (r=0, 0.66, 1.0) for the baseline
conditions in Fig. 5b; there is excellent agreement for r <0.66. For the conditions
of Figs. 5a,b the inlet velocity exceeds the asymptotic ideal rotating disk speed by

42% (|8in|=20 cm/s, Tigew=14 cm/s; SP=Re;, /(AvRe, ) = [Tn|/v/@ Uin = 1.3).

The effects of (a) spacing between the gas inlet and the rotating disk, (b) inlet ve-
locity, and (c) disk rotation on the disk heat transfer are shown in Figs. 6 and 7
(the normalizing factor Nu;p varies for each curve, depending on SP, Re,,, and A).
Figure 6 shows the variation of Nuyp with radial position for Re, =456 (1200 RPM),
for SP=0.46 and 1.38, and for A=0.54 and 2.16. For A=2.16, the radial variation
of Nuyp is also shown for the case where the inlet velocity matches the asymptotic
value for an infinite rotating disk, SP=0.81. At the smaller spacing (A4=0.54) Nugp
is uniform to within 1% for r<0.5 for both values of SP; for r>0.5, there is greater
nonuniformity for the larger value of SP. At the larger spacing (A=2.16) the radial
variation of Nuyp is also larger for the larger value of SP (SP=1.38); for the smaller
value of SP (SP=0.46), Nuyp decreases from =0 to r~0.7 and then increases for
r>0.7; for the case where the inlet velocity matches the asymptotic value for the
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1.0

0.8

0.6

0.4

0.2

—620 , =0 —Uu,p, =0
— = -0,, , r=0.66f — — - u,, , r=0.66}y 0.0

===="Uy, I=1.0

-0.5
-1.0
-1.5
-2.0
-2.5

-3.0

Figure 5: (a) Radial variation of disk heat transfer from the 2D solution (Nugp ) for
the baseline conditions: SP=1.3, Re, =228, A=0.54, and 7,/74 =1.2; comparison
with the 1D similarity solution; (b) Axial profiles of temperature (©) and axial
component of velocity (u) from the 2D solution at three radial positions (r=0, 0.66,
and 1.0) for the baseline conditions: SP=1.3, Re, =228, A=0.54, and 7,/7; =1.2;
comparison with the 1D similarity solution.
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infinite rotating disk (SP=0.81), Nugp is uniform to within 1.3% for r<0.5. Figure
6 shows that the inlet velocity (SP) has a larger effect on the radial variation of the
heat transfer from the rotating disk for larger values of A (at the larger value of A,
radial uniformity is improved greatly by matching the inlet velocity to the asymp-
totic velocity of an infinite rotating disk); for both values of A, Nuyp increases
significantly with r for the higher value (1.38) of SP.

1.6

1.5 —— SP=0.46; A=0.54
— — — SP=1.38; A=0.54
1.4

a — — SP=0.46; A=2.16
- — o e _ « A
> 1.3 SP=1.38; A=2.16
\o - - SP=081, A=2.16 I
:N 1 -2 -/
> - .
1 .1 ""’-.

— L
—---—---—-"
- R L e

Figure 6: Radial variation of disk heat transfer from the 2D solution (Nugp ) for two
gas inlet to rotating disk spacings (A=0.54 and 2.16), for Re, =456, 7,/T4 =1.2, and
for two values of SP (0.46 and 1.38); also shown is the result for A=2.16 when the
inlet velocity is matched to the infinite rotating disk asymptotic drawing velocity
(SP=0.81).

Figure 7 shows the variation of Nugp with radial position for SP=1.3, for Re, =76
and 228, and for A=0.54 and 2.16. For both values of A, there is greater radial varia-
tion in Nuyp at the smaller value of Re,, ; the largest radial variation in Nugp occurs
for the combination Re, =76 (smaller rotation rate) and A=2.16 (larger spacing).

The effect of A on the flow pattern and the temperature field is shown in Figs.
8a-d for Re, =456 and SP=0.23. Note that for this value of SP, the inlet velocity
is significantly less than what is required by an infinite rotating disk; this results
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Re,=76; A=0.54
= = = = Re,=228; A=0.54
=====" Re,=76; A=2.16
=== Rg,=228; A=2.16

T rjrrerrrrrrrrrrrr

Figure 7: Radial variation of disk heat transfer from the 2D solution (Nuyp ) for two
gas inlet to rotating disk spacings (A=0.54 and 2.16), for SP=1.3, 7,/7; =1.2, and
for two values of Re, (76 and 228).

in “starving” the rotating disk. For A=0.54, the heat transfer is uniform and in
excellent agreement with the 1D result (not shown) whereas for A=2.16, larger
heat transfer occurs near the centerline of the disk (seen in the temperature field
isotherms in Figs. 8a,c). The flow recirculates for both values of A (cf. Figs. 8b,d).
However, for the smaller value of A the recirculation region is smaller (cf. Fig. 8d)
due to the smaller gap between the inlet and the rotating disk. Note that the radial
velocity component shown in Fig. 4 for this small value of SP and both values
of A is negative over a part of the region between the inlet and the rotating disk.
From the one-dimensional analysis (Fig. 4) the recirculation region shown in the
two-dimensional results of Figs. 8b,d is expected.

Figs. 8a,c show the isotherms for these two values of A; in Fig. 8¢, the thermal
boundary layer extends all the way to the gas inlet and the isotherms are paral-
lel to the disk surface. The larger height and larger flow recirculation cell of Fig.
8b results in isotherms that are not parallel to the disk (Fig. 8a), leading to the
nonuniform heat transfer (not shown) for A=2.16.
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(a) (b)

(c) (d)

Figure 8: Temperature and velocity fields (isotherms and streamlines) from the 2D
solution for two gas inlet to rotating disk spacings (A=0.54 and 2.16), for SP=0.23
and Re, =456; (a) isotherms for A=2.16: min. 300 K, max. 1100 K, inc. 120 K
(b) streamlines for A=2.16: min. 0.001 cm?/s, max. 0.012 cm?/s, inc. 0.001 cm?/s;
(c) isotherms for A=0.54: min. 300 K, max. 1100 K, inc. 120 K; (d) streamlines
for A=0.54: min. 0.001 cm?/s, max. 0.008 cm?/s, inc. 0.001 cm?/s.
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The radial aspect ratio, 7, /T4 , was varied from 1.1 to 1.4 for the conditions A=0.54,
Re,, =456, and SP=0.23 (not shown) to determine its effect on the recirculation
shown in Fig. 8d and on the radial uniformity of Nusp. The heat transfer was
slightly more uniform for larger 7,/74 . For all three values of 7,/7; , Nuyp varied
by less than 2% for r<0.8; at 7=0.9, Nuyp was 8% larger than the 1D result for
To/Tq =1.4, increasing to 24% larger for 7, /74 =1.1. For 7, /74 =1.1, the gas recir-
culation region above the rotating disk was similar to that shown in Fig. 8d; for

To/Ta =1.4, the recirculation region was reduced somewhat. However, for all three
values of T, /T, there was a significant radial inflow (toward r=0) for >0.5. This
radial inflow is consistent with the similarity solution results shown in Fig. 4 for the
same conditions.

6 Conclusions

The flow and heat transfer of hydrogen gas in a vertical high-speed rotating disk/stag-
nation flow chemical vapor deposition (CVD) reactor has been studied numerically
with particular emphasis on the effects of the spacing, H, between the gas inlet and
the rotating disk. Both one-dimensional and two-dimensional analyses were used to
determine the effects of operating parameters and reactor geometry on the flow and
heat transfer. The 1D results show that the dimensionless heat transfer from the
rotating disk, Nu;p, depends on SP and Re, to a much greater extent at smaller
spacings (axial aspect ratio A=H/7; =0.54) than at larger spacings (4=2.16). For
either fixed inlet velocity (|i,|=20 cm/s) or fixed SP (SP=0.92 and 4.5) and for
both spacings studied (A=0.54 and 2.16), Nu;p approaches the value for an infinite
rotating disk for Re, =~ 450, except for the case at the larger SP (4.5) and the smaller
spacing (A=0.54) where Nu;p is significantly larger. The similarity solution results
show that for small SP (0.23) there is a significant flow toward r= 0 (the radial
component of velocity is negative) which is larger for the smaller value of A.

The 2D results show that the effect of inlet velocity (SP) on the radial variation
of the disk heat transfer (Nuyp ) is greater for larger values of A; for both values
of A there is greater radial variation of Nugp at the larger value of SP. At the
larger A, the radial uniformity of Nuyp is improved significantly when the inlet
velocity matches the asymptotic value for an infinite rotating disk. For both values
of A there is gas recirculation above the rotating disk when the disk is “starved”
significantly (SP=0.23, Re, =456). This result is expected based on the negative
values of the radial component of velocity from the 1D similarity solution results
at the same operating conditions. For the conditions SP=0.23 and Re, =456, the
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thermal boundary layer extends to the gas inlet for A=0.54 and Nuyp is uniform;
for A=2.16, Nuyp varies by more than 10% for 0<r<0.8. The uniformity of Nuyp
and the recirculation of the gas above the disk were affected by only a small amount
when the radial aspect ratio, 7, /74 , was varied by approximately 30% (from 1.1 to
1.4) for the conditions SP=0.23, A=0.54, and Re,, =456.
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