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COMPUTATIONAL ASSESSEMENT OF OPTIMAL FLOW RATE FOR STABLE FLOW
IN A VERTICAL ROTATING DiSk CHEMICAL VAPOR DEPOSITION REACTOR

H.S. Kwak
Dept. of Mechanical System Engineering, Kumoh Nat'l Institute of Technology

A numerical investigation is conducted to search for the optimal flow rate for a rotating-disk chemical vapor
decomposition reactor operating at a high temperature and a low pressure. The flow of a gas mixture supplied into
the reactor is modeled by a laminar flow of an ideal gas obeying the kinetic theory. The axisymmetric
two-dimensional flow in the reactor is simulated by employing a CFD package FLUENT. With operating pressure
and temperature fixed, numerical computations are performed by varying rotation rate and flow rate. Examination
of the structures of flow and thermal fields leads to a flow regime diagram illustrating that there are a stable
plug-like flow regime and a few unfavorable flow regimes induced by mass unbalance or buoyancy. The criterion
for sustaining a plug-like flow regime is discussed based on a theoretical scaling argument. Interpretation of the
flow regime map suggests that a favorable flow is attainable with a minimum flow rate at the smallest rotation
rate guaranteeing the dominance of rotation effects over buoyancy.
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Fig.1 Schematic view of flow configuration and geometry

Outlet

3

=
RUS
[e)
xe)
o

Evans¢} Greil

A

L

At

T8k X(Grashof) 49} 3|7 #|o]=2(Reynoldes)

o] 7 free Bl %

b o4 7]

ks

L

L

il

L

Aol 714 Al

ol o

]

o
o] CFD <+

s

=
=

daks AT Hx Al

L
L

919l 9
A
.

af

o] 479

o

& gl e

FHoz lof

]y

]

20003 T

[e)

of dARE CFD7} Fad AFEFE AMEA o

COMPUTATIONAL ASSESSEMENT OF OPTIMAL FLOW RATE FOR -+

FEE TEs
WA QAsel 4gH ol
CFD

l

ol

=4

3}
St

=
°©

of

~

s
I

il

TH5-6]. Theodoropoulos 5{5]- H]

o|J

2|
ol

E

&3} 74

=)

b u

O

&5te] 71

i

o] ofegol 7hEEch AadT{12-13]914]

Ao

]

bk

0

17]-

€]

I

AR o

Sengupta 5612 ¥ % T Lobh ASIE AN 53

bk e of

35

=

[Eadies

2 q
st 7

CFDol AsAA <

=

3 Aol A

skl o1 Ay

+
gl
A

&

o
.

AR AW TH12-13]. Mitrovich 5[12]

T
N djo

Fltk FAlel 258

S

o] 7)%3lo] o] A= =
FHHoR A}

Al
S

A9l

}

ks
pa

e

e
=

ZH

L
L

FlellA wpre7im Al

13]114

[

H

=
=]

|

=
T

o
eH T

& I~
LT

2~
A58

, 8l

[e]
3

o}
Ehat

]

e}
R84

il

X

=
1o



88 / J. Comput. Fluids Eng. H.S. Kwak
ALk WA Eo] Rolal o7l H]l 958719 dNE 44 1200 B
3k %_é‘\_ wE Q-":—ﬂ' Tos! 3l 7]Xﬂ7]— TQI’?:} \_E]'- %oo]'oﬂlf }?_X] . o . BI flow:
go] RO FA7L £91 930l Q9] 2w S5 3l o ! B
o 9% 9ol R HIYIE $jske] A7o] Rl 4 o B SRR 8 RO
Fom e o7k hel Fhol whasle] a1 ofele] v b Nl
ERF S Tk BE v dwe 94F e =
% 7.2 $A97 90 = e s s e s s s ]

)RS Aele AATEE 71E AN TE Ak . '
4 A=) E300GaN Veeco Turbodisc™e] wH=3} 281} A} &
- ] g0  Unstable e F o nan o
sty Aol =271 R=160 mm, R,=200 mm, H=160
mm, h=40 mm, t,=5 mmo|t} ZEPEL HUgo=z 0.1 s m e

200

719H(76 torr)©] L &E 73=1050 °C, Th= Ty=50 °Colt}.

of #ACIN FoF FAASE HHe) YIS diHshs
olZeKEkman) 4= B, UEE 714l FHENE tfEshs
dolis= F Re, 31 993 {4 7IA9 &A%
AAdF B dFshe a2ekaT £ Groln tg) 2o
Zelget,

E=v,/QR*=1/Re,, )

Re:wR/l/O )

Gr=g(T,/T,~1)R*/v} ©)
A7IA v 7IA1Y] SREAATFOlA g FEIEECI 3§

WA 0 P7E BTk B HUKEIN T2 AMgEE
FAUSE Gol 2ol A o= 5 Rey

2.2 HokeliA kY
o] AT E 48 CFD 71X
g3t AibelAE askl
AA GaN Sz MOCVD oA w22

FLUENT 6.3[14]% A

] TMG Z7]

ok 5 7IAQ Fa e AL, AR Gyt &5t
1¢1 E%BP o] Aellx= wkg 71A7E ehds] £t e
v 71 A12-13]9] HE adE AH8ste]
@r% TAS v VAR B SdAE kg 1y
S etk B4R ZIAle] 2=Aul sl AAEA 5
AAFE VELE fre 5A4S BARE A ATl
A AT FLF GVIE A BomE oA
YA mEs 378 AEAE ARsta 244 V1A
B2 EEEoE T3
g4 Wkg7] W] EREs 22k S I fredt
dHLE HARFAIL VA BARs arefehA] etk A )
oA ity Mgk v Fome F 2k wsle] wE
e WES 28T ¢ A HASA oA REs AR

0 20 400 50 800 1000 1200 1400 1600

£ rprm]

Fig. 2 Flow regimes found in the W-Q domain. P, S, BI, RI-S
and RI-R denotes the plug-like flow, stagnent flow,
buoyancy- induced flow, rotation-induced flow with
sidewall separation and rotation-induced flow with
partial recirculation, respectively. Borderl represents
the line for stable flow for CVD and border 2 does the
separation between RI-S and RI-R flow regimes

144 XM
g sly] 98k
3t 7—‘47} L27HE g
S0 tiste] 42 0007H4 Az AHE-SE At
dUl QA= 1% mgko|Sith.

.o 2ot & EE

¥#

exel 4ES A A AHE FdEE 7
(Q=rmwR)I U3ke] 3355 100-1200 Ipm  (liter per
minute), 100~1500 rpme] H9lellA] wproI7FAA AlNkS 538
Ak 2249 ekt 273 94 x710] nHH .
DR OEAZ $E Gr=3300x10°% YA} oAnt 4o}
golis= 5 b7 5286x10" < £ < 6.343x10°9} 1.810x10
< Re <2.173x10°¢] H$jollA Wi}

Fig. 2= 2744 Uil ZAHE f5s 724 54
upg} ko] 42|k -5 3(Flow Regime) #=olt}. o] 24



Vol.17, No1, 2012. 3/ 89

g freelA olgs A

= =

1. =

COMPUTATIONAL ASSESSEMENT OF OPTIMAL FLOW RATE FOR -+

o1

Ql—xl 3|

she

§}

o=

RI-S(RI

L
L

3

gl

e

-
A

o1
B

o

7}

[e]
2

Flow with sidewall separation) &

RI-R(RI Flow with

she

=13
=

partical recirculation)

Temperature(K)

P
o

v
ol

o
oF
N

= o
o o
o
—

Fol7} e,

Y= 2

o]
i

o4 P

Z]
™

1100
1000
800
800
00
500

|

3]

gl

ol A

d 4

H 5%

200
400

o Ltbn
— .
A\’ gy
Q _@ﬂw
ol
m<_ ﬁio
Ty Lok
& 1o
w
—_— ﬂlﬂo
%W ] Wo
oF & o
ﬂ[r_ﬁomﬂ
o T
mﬂ@@%
T = &'
™K X

=600 Ipm;
=1050 Ipm;

1000 rpm, @
=200 rpm, @

(a) plug flow for £2
(b) stagnant flow for (2
(c) rotation-induced flow with partial recirculation for

N

Fig.3 Flow regimes found in the rotating disk CVD reactor:

450 lpm; (d) rotation-induced flow

with sidewall separation for (2

1000 rpm, @

I&=7 e 4-HEL 1),
%

S
<l
9]

]
B

ol2[zelth Amel 3
3 $lol=
~ 5/ ~5E2R

=

o
S

400

400 rpm,

900 Ipm. Lines and colors represent streamlines

1000 rpm, @

Ipm; and (e) buoyancy-induced flow for (2

Q

7H A

T =
==

%
<l

q

ot 3

A
%l
A7F §

and temperature values in Kelvin, respectively

Zhl M= 7

3

I

[e]
5 gy

o7

golo] ez

e 4

A=}
TE%

0.885R*QE"?

Hog AHEEI St o] T

@

Ops =

3]
!

ATl P(Plug),

RI(Rotation-Induced), Bl(Buoyancy-induced) = S(Stagnent)=

L
L

Fig. 4

GaN ®He} Alx& MOCVD x]olA



90 / J. Comput. Fluids Eng. HS. Kwak
20 P e e e 1200 e
r L tagnant
s . flow
L T,=323 K, Q=100 rpm 1000 Plug-like flow ]
15 ]
T ] T.=323 K, Q=400 rpm L ]
s L =0.90Q, ]
= S T,2323 K, ©=1000 rpm 800 GrEY?=p Q70900
Tt i —— T =1323 K, 0=1000 rpm € P , ]
Sl | Iz o0 S eof | ]
I o ‘ _ /W/ay ]
N b 400 | Buoyancy-induced l ]
5[ ] : unstable flow / : ]
I ] 200 F 0=0.73Q | Rotation-induced
3 1 b B | unstable flow
0-, ,. 0'....|....|....|....|....|....|....|....
-0.2 1.2 0 200 400 600 800 1000 1200 1400 1600
Q [rpm]
Fig. 5 Flow stability diagram. The closed circles represents the
20 | e numerically-estimated values of minimum flow rate to
[ show stable flow in the reactor and the open circles does
T,=323 K, Q=100 rpm the border between RI-S and RI-R flow regimes. The
sl R e T,=323 K, Q=400 rpm lines are the present theoretical predictions
r [ T,=323 K, Q=1000 rpm
= Ve T,=1323 K, ©=1000 rpm
Sl . U Qs U] 8hs FEF Qe HIEoIth
N Q< Qo BHEFHO o] olawt FAT] &
5L i T frde Sws] AlEetA FEh] el ofZHelA
[ #A17k BEslolok Gk WAE FHel M= 477k Bl
N — 2ol Me] whE)E Bukehs Aled G50l WAEA Hev
-0.05 0.00 0.05 0.10 0.15 0.20 o]Ao] Fig. 3(d)ell dlAlE RIS fr&°lth Q= Qe -5l
u/o ook F9lo] avals fRe 4Nl AUt AT
(b) 7] wjiol] ZujolA] kgl WA v e
Fig.4 Vertical profiles of (a) zonal velocity and (b) radial o] HAZA ujio] ZHHT} o1& f&o] HEXow A

velocity at r=R/2. For all cases, the supplied flow rate is
Q=QES. In compasrion to the non-heated cases (Ts=323
K) for the boundary layer is thickened for Ts=1323K

& &5 HES RolFER gk BE 4G 30500 gl

FAL 5=5Vu/R AR AAFe] % B4se] 9ee

2 5otk 18 Qo] 4L Il wFH A9, A% F

Sle) £t obd sk Aopdy] wiel BHY AG7H

A FE N 7h AR, olel ek BAZ FAE
]

FAAANAL H1 AAFe BHe sledor s

=4
[7-8]. Fig. 49l & ¥ 71=1323 K) $]9] &% B¥L
2ol eid Qv AAF 540l 1R HAES B
Ak AAFO] FANAY ¥AE SFOR & A §
fke S, Teh) AgRES uese] oA §
FH YT AR T Aol AA FRPe

Q> Qrer]
o] ATHER A% Fiole

] o]7lo] Fig. 3(@)ol A€ P fredolth weki P f&d

2 A0SR A fEe e 2ol WA & gk
Q.= Qg ()

o7|A FAEEEE T4 vH S o = 090]th

Fig. 5= Fig. 2°] 5@ A=E M4 A=z A A
ot} 3ol zujE<el A9 =>1000 rpm)el= 4 (5)7F P
FEP AAZ & dZsta Yk Q~ FPolnE 4 (5)&
71E AP12-13.16]7F AAF HA FF Q~ VpR2 ol Wt



Vol.17, No.1, 2012. 3/ 91

COMPUTATIONAL ASSESSEMENT OF OPTIMAL FLOW RATE FOR -+

T AT TS 3] o 7)E A-E12,13]9 Aol

=0

g o T W
Q TTY Z-L
& oo@ ol
! {F X T
Hc T o Hr
I Mmm%
ol B
X of o~ N
i Jat NS
go T X Y
A o R
ot
il o o
0| Kooy S
X .0 Vo
Tl 3
< =
= L|W gt Ho o
al N = 9y
L. OESZaw
S Bl =s
RN <
N g4 o
AR R o
5 A Bl
T T T
SES
- 8388
T8
L ooz
£33
2e2-0
OOWW
L Q33¢
T
G N

—— ()

——— O

1.2

0.8 1.0

0.6

0.4

-0.2

20 [

15

o)) @ o
ﬂN_loE MM
—~
N 10 A
B
= o
T
AJ I
O
w2
T3
mo 2. T
RN
e
< ™
zE/\PQa
JALLG o
U
%MAT
T X
R AT
uzel
Mo %5 &
= X o)
R0
)
ol 3
%mu%
q,ﬁﬁ
) B
T BT
In
g8
mm
= .2
D >N
=g =
=8
oD
RV
~ U's
kSR
" (<5
= 538
I 82
= 25
E =22
) £
87
§8
Oy
mo
o
22
D2
> o
©
2
Lo

in the same frame for comparison of thermal boundary

layer with flow boundary layer

AAZ Fig. 4914 = 5 el o] ATl Tt 7

ol

Ao

100 rpm<l g% ZA

0=

2o
A

F=9} Fols=

= gk e

xd3}

L

=el Al

Fig. 5 2R3k

}

o

=
]
o
ﬁo

(1)l

b GrE"> O

3]
L

Q
a1

Nfo

o

(o

jpase]

o)) F-2i9]

Mitrovich ${12]¢] F3&

759
2w

o] S Fig. 3()el IAE S
%

o]
5
N
Al Ho
o) K
‘WU Of
= o
T
o
oF X
T
T
P -
DUNN
=0
o X
= 0
il
A
= J
™S
WoN
&
Oﬁ JIL
X
A
ﬂAlO \2)
%o VI
Cn 2
oy E
do
!

Aol whl )

O), BR7F o= Ak AAH 3]

et @

o] 3747} 200 rpm¢

=
=

i

2 187 lpme] 5.6 3

she

27

= A3

=

20l

A
o

27 g
I} w9

3
o FAZL ZopA| Al €tk Fig. 614 3

AR W) Zog v

o

SEREEE
¥l oA )

—i;—l.

=

= A

37l Fel

BN

=

7= AAS

z

=

3

o] %2o] o

=

o

ojtt. whM 7

)
)
!

No

ﬁo
1

7o
B

SERTE S
Joll w2 B4y F397} Figsell YERG A3

(e}

d|

L
L

2 o]
A

3L
el

o
s} S B

ERY
2 9

3
AZ3te] WL

Aol oksts7] wiEel s

ek

HO

o

o
o

)

o

Aoltk

okrl-
=<3 T

3HA]

H)

ol

| A1

],

X
S

sl 5

‘?4
1o Fig. 70 =]

]

FARRE §r=6/Pr?2 8 5 9lrk 1323 Kol

=
o

A

ATk

e ol

2]

37} AR A3

o



92 / J. Conput. Fluids Eng.

16 1
3 le
61.4;- o: ® % e e o]
(2] o ]
= 12F | E
Z £ |
b . . 3
& 10k . ' E
c 3 | E
2 osk : Rotation
= F | dominated E
o 06F * | flowregime 3
2 f . -
T 04F . I E
© E °
& ooz2f GrE®=2 E
0-0:n||||||||||||||||nlllnnlllnnlllnnlllnnn:

0 200 400 600 800 1000 1200 1400 1600

Q [rpm]
Fig.7 Relative efficiency versus rotation rate. The efficiency is

evaluated by the relative deposition rate (inverse of
boundary layer thickness) per flow rate

A% QoA s g ANt S5 ANE 3455
o] Fxlo] AuAQl 2T G(GrE < 2)1M3= A
AT kg ATk A&d st ko] So] AMA A
o A FYFF Qi @1l Meddta, oaw AT
o A g @V wmd@e A G)7F ANsh: e
FEE BASE A4 FHQ, ~ QT BAF T 45

of HElsle A& B IG5 AT vldEE] o

o AT Aolt}. REHoz: g

g AL Al B g S

(GrE*? = 2)0lX 7V & 582 4L 5 gedl o] A

of fFFdAME 7 A2 FFE AHESte] HE R
T

HE T s ARl

N
)

o
tlo o

o] Arelre At Foto] deshe 314 ks
A Ui et dAes 2ARISIth Vet 22
B} eE R 2Ae S f39) H058E ue
FAARE FAsle] Y e Fshs AA K
& PSS freel 54 FHe] gl AuHl B
s} Fele dgo] Fag A4 A TRHAUSG 4 o
ol Al AS HHE FEL v A FIL 3
Aol Aol WSk o= el A ofg A
o] 8ehs fg B £ Alole) o) by
fEe Bdshs 2092 ovjan) REo] Tast 49
ofg] 7k @il Hgteol B qtr MHom gy =
A& A ofgiglen Ao 8|15t Aashd b
A fee vEE Ax FRe Ik Al verdth

ojmen ofd FA=dr)

(1]

(2

(3]

4]

5]

(6]

(7]

(8]

9]

[10] 1989,

2001, Creighton, J.R. and Ho, P., "Introduction to Chemical
Vapor Desposition,” in Chemical Vapor Deposition (ed. by
Park, JH. and Sudarshan, T.S.), ASM International,
http://www.asminternational.org.

1979, Schlichting, H., "Flow over a Rotating Disk", in
Boundary Layer Theory, McGraw-Hill.

1997, Nakamura, S., "IlI-V Nitride Based Light Emitting
Devices," Solid State Commun, Vol.102, No.2-3, pp.237-248.
1999, Stringfellow, Organic Vapor-Phase Expitaxy: Theory
and Practice, Academic Press, New York.

2000, Theodoropoulos, C., Mountziaris, T.J., Moffat, HK.,
and Han, J, "Design of Gas Inlets for the Growth of
Gallium Nitride by Metalorganic Vapor Phase Epitaxy," J.
Crystal Growth, Vol.217, pp.65-81.

2005, Sengupta, D., Nazumder, S., Kuykendall, W., and
Lowry, S.A., "Cpmbined ab initio Quantum Chemistry and
Computational Fluid Dynamics Calculations for Predictions
of Gallium Nitride Growth," J. Crystal Growth, Vol.279,
pp.369-382.

1980, Pollard, R., and Newman, J., "Silicon Deposition on a
Rotating Disk," J. Electrochem. Soc., Vol.127, No.3,
pp.744-752.

1982, Hitchman, M.L. and Curtis, B.J., "Heterogeneous
Kinetic and Mass Transfer in Chemical Vaport Deposition.
IIl. The Rotating Disc Reactor," J. Crystal Growth, Vol.60,
pp.43-56.

1987, Evans, G. and Grief, R., "A Numerical Model of the
Flow and Heat Transfer in a Rotating Disk Chemical Vapor
Decomposition Reactor,” Trans. ASME J. Heat Transfer,
Vol.121, No.4, pp.774-788.
Patnaik, S., Brown, R.A,

and Wang, CA,



COMPUTATIONAL ASSESSEMENT OF OPTIMAL FLOW RATE FOR -+

Vol.17, No1, 2012. 3/ 93

"Hydrodynamic  Dispersion in  Rotating-Disk OMVPE
Reactors: ~ Numerical ~ Simulation  and  Experimental
Measurements,” J. Crystal Growth, Vol.96, No.1, pp.153-174.

[11] 1992, Biber, C.R. and Wang, C.A., and Motakef, J., "Flow
Regime Map and Deposition Rate Uniformity in Vertical
Rotating-Disk OMVPE reactors," J. Crystal Growth, Vol.123,
No.3-4, pp.545-554.

[12] 2006, Mitrovic, B., Gurary, A, and Kadinski, L., "On the
Flow Stability in Vertical Rotating Disc MOCVD Reactors
under a Wide Range of Process Parameters,” J. Crystal
Growth, Vol.287, pp.656-663.

[13] 2007, Mitrovic, B., Gurary, A., and Quinn, W., "Process
Conditions Optimization for the Maximum Deposition Rate

and Uniformity in Vertical Rotating Disc MOCVD Reactors
Based on CFD Modeling,” J. Crystal Growth, Vol.303,
pp.323-329.

[14] www.http://www.ansys.com/Products/Simulation+Technology/
Fluid+Dynamics/ANSY S+Fluent

[15] 1993, Davies, R.W. Moore, E.F., and Zacharia, MR,
Numerical Modeling of Particle Dynamics in a Rotating
Disk Chemical Vapor Deposition Reactor," J. Crystal
Growth, Vol.132, pp.513-522.

[16] 1996, Thompson, A.G., Stall, R.A., Zawadzki, P., and
Evans, G.H., "Scaling of CVD Rotating Disk Reactors to
Large Sizes and Comparison with Theory," J. Electronic
Mater., Vol.25, No.9, pp.1487-1494.



