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Az, 742t 2% FHAY @HdS Ao k. ol st T
71 FolA CVI 340l 7H ERAQ 7|Ho g wolE o Xl QUTH12].
CVI 342 O3: 9 Af YR 1138 =43l =2 Zx9 EFAE
Aabsted | 234 d BEE ol FAE VIEXEE UFeR
(trans-thickness) @ % 7] A=A & ZAQst=d H4dsit. Cvl 71H9
J

= [e]
L e &

9
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*Thruster nozzle & Mose cone
=Elevons & Leading edge
*Thermal protection structure

sEngine vane & flap &
Combustion chamber

*Thermal protection structure

*Brake discs _

*Hot Gas Vahe
*Engine Liner
Mose cone
*Armor plate

sShroud ring
sCombustar chamber & liner
sTurbine blade

+Brake discs w g
=High spesd shevator brake %
*Heat exchanger

Fig. 2-1 Applications of SiC composite materials.
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2.3 387145 F(CVD)

3187145 2(CVD)S 54 ARE 1EFE F(Laye)oZ S ZFA]7]7]
s shehwh-g& AREste vt S wRelth o] ¥ WHEA AFY
Al ¥PEK(Thin film)& A 287 el o] AFEHT CVD &4l A Hret
of THE = 71dE st o]l Al (Precursors)oll w=EEH W, WA=
719wl wgEAY EEEHUA deE TERHES AT MY
d=otA CVD $4S F8ske Aol dis) ddetd, 7tdE viwo] £
gt eter A7A 7IAE =]k VIds A”sE EAoldt &
T Atk e 9 g FHddA steigkgo] BAste] o] who] F
ZEth Wy dols, ¥ F uwkgd o8 AdE FgH Ras
(By-product)o] ®Wkg-akA] k2 Al ZIAek A EAEHH o5 A7t
A wriE. SAE= AR s gésta =7 ety WE
of w3 ¥ +32 CVD &4°] vk WM CVD Wg7]= o2 71X
Wrow ERstal vk HE §F 7k el wel Hot-wall w8719
Cold-wall ¥+g-7]=2, &7 = w2t A F(Subatmospheric)oll Al Lo =
T ¥k 7] A|(Carrier gas)®] 5ol wE EFs7E gk duirzow

&

% 3vtE CcVvD o] dwrdow g FASa xEatiE Holth CVD

°f E & A2 AL & Ae Amrt FHASUE AR ==
(purity)7} =2 Ws AT 5 dvks Aol

CVD &A4dE ¢4 oy 71A71 ok F A = sus AT

% A } A

(B.Hs &)°lHh

CVD wtgo HAtes 9de
o
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2.4 33714 HZ(CV)

CVI 342 U3 wie HLE FdA7I7] s8] 196219
Bickerdikeoll 93] A& At F AMAEATE 1 o]F AF w@rsER UF
A gFEny 2AE HFsEE= o] 196439l Jenkinsoll 2]&f A|A| =]
ok 1973d0l= C/C HRAS AEst o r CVI ¥4 o] AMEEATH
EF v 23 A7)l Fitzer 5ol A3t HdAe W SiC CvIZh AT
= AT} Fig. 2-2¢] CVD$}F CVI &4

o
=
CVI B ABWGRPIA LA FHoR U QYL wog

t} olE CVIZF "t tE Algte 113k(consolidation) & Aol H]s] o
2 A AAE 7HA AL 9l7] WE el CVIE 22 2 &oA FHo] o F
AANBRE 7 SHo] Ho] st AME dE EAo] How, FHor

I i
AA HAch CVI 3AS Z3 B 5389 HaAs
Qqom[14], ol HHA F AFE Table 2-1°]

=
C/C, SiC/SiC, C/SiCE 71&Hd oz 714 Fasicta 3 4 gl

Table 2-1 Ceramic based composites using CVI process.

Deposited Preform

SiC Carbon fibers

SiC SiC fibers

SiC, ALO; ALO; fibers

C Carbon felt / foam /fibers
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Chemical Vapor Deposition Chemical Vapor Infiltration

e W BR e

gaseous  deposded
molecule  solid phase substrals  fibar

Fig. 2-2 Comparison between CVD and CVI processes.
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) 3} Aol el A SRR o FolA Aty 7]

2.5.3 &= A CVI (Forced flow CVI, F-CVI)

4= CVI(F-CVD)E CVI 349 &4 5 v =2 g
3} = (Permeability)®] TAE =53 F—CVIQ A5, AFA 7
100~200 kPa®] ILStell A EA ] 715 -
S TS o L ¢48HE 5
2 95 A9 #5S HE7] 3 dHAE ALEE “ﬂ%oﬂ Pressure
gradient CVI(PG-CVI)e}11%= &=t}

F-CVI 3= 52 F-CVISt d+9] F-CVigt= 2708 e 3o
gttt 5L F-CVI[15]12] 4%,

:?L_“
(K
o
ulﬂ
7—8
-
(¢}
¥
=
5
=
L
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DA 71 A 7F 2] o5+ & (Forced flow)
o o8 Seow Hdua e ZeEL Bain, o W 7|9 3
7} dojdth o] HANNE ZaE EW Ao Aus|Ae Bart
2 dojulr] witol, o] o] FeiAE Al FEIl Hulst Ho] W
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o %= 7dl(Inverse thermal gradient)”} 482 4 St} 4] F-CVI 7]
H2 1980 ] FRkoll ICVIS] tite = A& A= AT 16].
F-CVI 342 A&4or Aol HA3 ¥, o5 g 3 Aol

R o dEEa F g ddetA SFo] o] Fojxt IcVISE ZE FA
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2.6 ATA (Precursors)

CVI &AM AA= stz &4 st nAvgE dAds7]
#1st 98 33L& (Progenitor species)s 23t WA= 3 HbS-S F 3|
TAES JAete @Y BAE EZ 36 A L(Single source precursors) HiE
IAS FA e BAe 3 e EAE E2dsta v daAe A
= 2 g7Ige A 71A, AA] e DAZ ST AFA AAY 2o
AN Aol wkg7lo] Eo7b7] Aol SHoly F3E S8 V|AE T
Eojof gttt O tiol AFAE EE4 7IAY 9 eRk A &
gteto] w7l = I a it

AFA = F71(Z=2743}=, Halide), 7|5 % (Metalorganic, ®HA-w2
Azto]l gl 7] glit=(Ligand)), 7138} = % (Organometallic, BHA-o2
A2%E 7] AE)9 A 7HA F8 aAFeE s F Atk AFe A
TAE ddst7] YA nHEior & SAS AEEW o3 28]

o F2oAe] FAA

o WHEF A A FHHE(Side reaction) | MESHA e 5 dSs A
o & 2EAANE FE3 2L (Volatility)

c =S SRR AN S S A

. e 7HA
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2.7.1 t}F = (Porosity)

SiCet 22 HFAE Axst7] s Argste ZEdolgy s B
A vy Edoltt. wepa ZgF wide Ve 22 3F
EAg et FEo] A3 F 91 &(Volume fraction), = &5 & 1L
A ZNAZE AR e ¥ HFI9 oz uUr S HI:
(Porosity)2tal @}, webA] e 71 3 o F Hyo H]goth
Zke] 713 & sty o) HE ZleH A 5101 %471 Uh(Interconnected),
2 3ol 71 Felwt AZAE A Y (Dead end) B OE 7FH dZAFH g

| & Eth(Isolated). 52 F& AZE 7|F¥s FIAN =2
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Table 2-3 Average bulk porosity of some selected materials (Scheidegger,

1974),
Subtances Porosity
13 4 (Foam metal) 0.98
A1 -2 (Fiber glass) 0.88-0.93
Al 2] 7} 9 *}(Silica grains) 0.65
7}=% (Lether) 0.56-0.59
A A1 =71 (Granular crushed rock) 0.44-0.45
3 E(Soils) 0.43-0.54
227} #Z(Silica poder) 0.37-0.49
Bl = (Brick) 0.12-0.34
A} 9+ (Sandstone) 0.08-0.038
2 EH(Coal) 0.02-0.12
3 2] E(Ordinary mix) 0.02-0.07
272 71F TE
B Aol g 2 el A5s olda) w94 an 7
stue=, 71E 2719 = UEd 7189 ol 71Fe] AV|=
% AvEF=(Cavern)o.2 Ei& U Aol A H-H A 7]
(Micropore) .2 &2+ ofF 22 A 7} o Ve 1 5

wdA oz 3 Aol o] T A= <

Dullien[19] 718 T%9 545 A9

ot
sl 3784 7]

=

4
ih gtk of7]el= MEf Ae] A(dutd o s 334, 7189 2HE (7]
T FyE oF7] S8 dZ" ), 2 HELYAY wA 9%
(Microscopic topology; B H|, 73, A2y 22 HFZ yeld)o] 3l

of ] 7hA] x| zelFo] EAfsHARE o]

?;Sl-
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Aoz Qe e dyAse] WasE 3 R Fo)7] S8 71E 7=
el Aatdnt OVl F4I HEsA e Be A4 2 Ay Aot g

=)
/1404 B4 B aAERt /17 TR MAE 9GS AT

(Bulk conductance)< Darcy

o

2B Tur =g _H_oqfv}[zo] A e
Hol Ag s FE FAY AAYA  fALSH A EBulk

a7
hydrodynamic behaviour)s AT 3l=rh. FA19 A A As> T3 7]

o 223 e JAE FEol s, M e BE HE S5 AdF BHE
I EEEF HES AL 7|8 5 At 2 o9 2E BHE Y
AL 5313 Fxole AEs7|7E oJH e B JHA @k Fxovt A
& Jbsetth s x99 ASde, S79 Ads AU, FE
Wi EA4Y 915 Ave wAd dE, dRAE BIHQ) FE WA
(Hydraulic radius)S %] -83F Navier-Stokes WA 2 & Al&3lo] & HAZE

2
fr& o3 = (Effective porosity)2} 7 2-& Akolo] AnWbAQl A= A
sHA| ket Al = v A Ql(Semi-empirical) A ol 7]
51

2]
%"%‘% MESCE %%%7417} A UAR ol & A2 RF Agad
=
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Table 2-4 Bulk Permeability of some matrices (Scheidegger, 1974).

Matrix Permeability (m’)
Sandstone (oil sand) 50 x 10" ~ 3.0 x 1072
Brick 48 x 107 ~ 2.2 x 107"
Leather 9.5 x 10 ~ 1.2 x 10"
Black slate powder 49 x 10 ~ 1.2 x 10"
Silica powder 13 x 10" ~ 5.1 x 10™
Soils 29 x 107 ~ 1.4 x 10™
Bituminous concrete 1.0 x 10 ~ 2.3 x 10
Fiber glass 24 x 10" ~ 5.1 x 10"
Cigarette 11~ x*Q°

Berl saddles 13 x 107 ~ 3.9 x 107

uA ez mwollt W A & AT Hlwsto], A
)
T

Al sl I =2 A 3(Bulk resistance)

2
Fth 7l gl A £5%E Darcy £EHETE 1/e T 7] wjio] 2 2.1)
% 2ol & 5 Uk
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2.9 H-§& 7l (Reaction systems)

o] ol A= &slaFAx(SiC) AA4koll A% = A 7| (precursor system)ol]
tfa] Argstaa skl SiC AMlEkE] Aol = 374 AFAE T2 ARE-S
o A WA AFA A2 o 249 Skt A (methyltrichlorosilane, MTS)<}
Faolth F HA 2 A HA Ae SiCel SRS fd '©aA TR
| &kl F7Fe A :LE;-;X] &2 AL S}t Ax(silicontetrachloride)©] ©F. ¥ &
o] Sizvt FAFEH g@AC)E 7IAe AUt
= © AAe] ddstd tha 3 2o

291 HEAESTF2-F4 A2H

MTSS H, 7]1#] Al2=E& SiC &% o] 7bd dulx o2 A 85+= 33

i1 -
Folth, the sic ATAle 1oH uAel A S4ol wa w A
A k4ol wrie Y. E de 4¥e AvHew A Adan

E etk 7bg dtH o2 ALEE = WEE MTSO| #3] whgelrh
CH,SiCl; = SiC +3HCI (2.11)

sl A X 800~1400°C, A 10~50 torroll A H.
1100°CE <& A ATH18]. & &
ARkA o7 MTS® #¢ol F7tst
Th MTS-F4 Ale] @de FAMER HClel A4 Hrhe= 3,
of 7txae HT w77tz ARHEM FFH gl Al & I(inhibiting
effec) S 2= 2oz d#A QU

|
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292 AHE ST &-Ta A 2H

SiC Azt o] Akl AFES = 204 Al 49 3kt &(SiCly)-F 420 o
45 7JANAM = sivt ST, B 71dd 22 2Aje] @29 whga)
o] SiCE FATth ArAshtAE 300°C oo <=5 FarAe dshs

e

A Wbl o8] AT SiCLe MTSEUTE oF 1.89) © H|#H E3 T
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Fig. 3-1 Schematic diagrams of (a) PG-CVI and (b) TG-CVI reactors.
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Fig. 3-2 Precursor gas flow in the TG-CVI reactor.

Fig. 3-3 Photographs of the TG-CVI reactor considered in this study.
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(b)

Fig. 3-4 Computational mesh systems of (a) PG-CVI and (b) TG-CVI reactor,

horizontal direction is the axi-symmetrical line.
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Table 3-1 Characteristics and properties of the preform.

oA shates
Asstc. 4 @
o ok

Bundle diameter

Fiber diameter

Number of fibers in the bundle
Porosity

Permeability

Specific surface

Average diameter of pores

0.8 (mm)
7 (um)
12000
0.7
3.98x10°
1331.16 (1/m)

2.02371 (mm)
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Table 3-2 Initial condition and boundary conditions of the CVI process.
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(a) (b)
Fig. 3-6 Simplified domain of the TG-CVI reactor for numerical calculation,

(a) before simplification and (b) after simplifiedof the reactor.

(b)
Fig. 3-7 Computational grid system of the TG-CVI for 3 dimensional

analysis, (a) fine grid system and (b) coarse grid system.
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AT A WA= 22 sl Aol A oF wExF7FA R, Fiveland[27]°] o]l A A€
T-2-% 23 9 (Discrete Ordinate Method, DOM)S Al-&-3}o] AAbet), &%
o wWishrt wjwAd A7) wEd 7IAY AAASG, 4 E-E(thermal
conductivity) =& B 5o EAX7} &% wgk WA A wahkA

qAelM = ols E4AE ko weh 24 A ¥ (piecewise linear) | &

Aol e FEILdE

@ok7] wTol A2 set &

Table 3-3 Process parameters of the TG-CVI process.

Pressure 20 Torr
Temperature 1050 C
Working gas H,

Flow rate 3960 ml/min
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(a) (b)
Fig. 4-4 (a) Temperature distribution in the PG-CVI reactor and (b) enlarged

view of the preform.
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(a) (b)
Fig. 4-5 (a) Overall flow field in the PG-CVI reactor and (b) magnified

velocity vectors around the preform.
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Fig. 4-6 Velocity magnitude in the preform of PG-CVI process.
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(a) (b)
Fig. 4-10 (a) Flow vectors in the preform and (b) velocity magnitude in the
preform of TG-CVI process.
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Fig. 4-11 Temperature distribution of a cross-sectional area of the TG-CVI

reactor.
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Fig. 4-12 Temperature profiles along the preform height at the inner surface,
the middle of the preform (in thickness), and the outer surface for the 2-D
and 3-D models.
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Fig. 4-17 Temperature distribution in the preform at different times during

TG-CVI process.
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Fig. 4-18 MTS molar fraction in the preform according to time during

TG-CVI process.
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Fig. 4-20 Deposition rate distribution in the preform according to time during

TG-CVI process.
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Fig. 4-22 Maximum value of SiC deposition rate observed within the preform

at the initial stage of the process as a function of temperature at the control

point.

_77_



|
|

Fig. 4-23 Distribution of porosity within the preform at different time

moments during the process with the temperature at the control point equal
to 1200C.
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Fig. 4-25 Maximum value of SiC deposition rate observed within the preform

at the initial stage of the process as a function of temperature at the heater.
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Fig. 4-26 Distribution of porosity within the preform at different time
moments during the process with the temperature at the control point equal

to 1200C
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Fig. 4-27 Distribution of porosity within the preform at different time
moments during the process with the temperature at the control point equal

to 1200C. (Continuation of Fig. 4-26)
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Fig. 4-29 Temperature distribution in the preform when different heater

temperature is used for TG-CVI process.
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Fig. 4-31 Schematic illustration of heat fluxes in the original reactor: 1 —

heat fluxes in radial direction, 2 — heat fluxes in axial direction.

™~ Heat

insulation

//i

Fig. 4-32 An optimized design of the TG-CVI reactor. Heat insulation is

introduced to suppress the axial heat fluxes.
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Fig. 4-33 a) Temperature distribution in TG-CVI reactor with insulation. b)
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Fig. 4-34 Temperature profiles along the preform height in the reactor with

the insulation (blue lines) in comparison with the temperature profiles in

the original reactor (red lines). The profiles are plotted for the inner

surface (left, solid lines), middle of the thickness (centre, dashed lines) and

the outer surface of the preform (right, dash-dotted lines).
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Fig. 4-35 Problem definition for temperature of water in a pipe with thermal

insulator.
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Table 4-1 Thermal properties and other parameters for the problem shown in

Fig. 4-35.

Property Value
Density, kg/m’ Water 998.2
Steel 8030
Insulator 70
Specific heat, J/(kg K) Water 4182
Steel 502.5
Insulator 1045
Thermal conductivity, W/(m K) Water 0.6
Steel 60.5
Insulator 0.036 0.1, 1, 5, 10
Radius, mm ] 50
I 54.5
I3 94.5
Ambient temperature L -10TC
Initial temperature T 10T
Heat transfer coefficient, W/(m* K) h 10
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Fig. 4-36 Time variation of water temperture at the inner surface of the pipe,
Ts,

_94_



PG-CVI

}

0]
pul

7] 9]

=

—

T

s
RS

of o

A

i

9]

1

2

A s 4

29 Adsol Hold SiC ARE

3] TG-CVI &

o

J
=

aFdeh. 23k

=
.
kS

o

s

7]—0

3

& ol A
FTA D TG-CVI 34NN & ¥

KeX
=

J

g

=

s}
ol

R g B ﬂ%%% ﬂwﬂiﬂo ﬂumm
B | _s JI_
%ML/TW_:% ﬁ&mﬂ% ﬁﬂwmm WM%
B T = % o ) F
Mﬁo O B- o M MR T o ﬂyﬂk e ﬂiot
R %0 o o TN . o oo W N
~ T D5 B Y ° ol o )
- B ) Gy T AR = =< W R
W T P %omng. I X
%ﬂ ﬂm. M%ﬂﬂ NHT&_.ﬂ S
" K —~
T B X 2o oA = gow
% To- e = E,# il = MW oo [
T oM ety S M g o A
k) @M_,E =5 =y ,.QWW: 3
R WS 2 & N or RO gy g
%M%ﬂ%% low_f% Ho B T o R
.j ) l— ‘mvl I‘OI Jui‘._ ‘.__ﬂ
gt BouA Hpigh o<
s = o T 52 A4r .. e o
s 2Wx @ 2E2HF mwg% _JE%
R A N oo T =
= oo i T R T o TRy X
o AR e o T g do W B9 I
o~ D= © X 03 e w2 AR
%ﬂcﬂo_eﬂe %%ﬂ% @%u.ﬂ worm&.
oF o o0 X i ™ ) W i — O
™ TT g M2 H G w M e
® oo oo M RGO % o w A Ho oy
,Ur ol KO 0
~ ﬂ do 1o ol Mo—aF o 14 Ho il 2 T oy -
KM < r v
R B R TRC w - gEE gF
o do i ~ M oHE T L W G
o w5 I ol TWN . w o = A
B R BT A o B = Bl H oo T QBT o=

T el A 2ol A,

_95_

R

2

2}

)
=



L Afolell efzbe] ZpolZb UEAINE @ 2= 10%

=

g

A

_ZTI

s}

A2 Ax ¢

~,
R

A erge.

5) SiC

= F7hsk

= AlA]

o

T
Bl

o

1 2714 A A

17] 913

G
R

3!
N

st

)

—
fite)

A e

At

+
el
Y

il

_96_



[1]

[2]

[3]

[4]

[5]

o] Al -, o] A, 1993, CVD A;=E Wh =23l pp. 350-372.

Naslain, R., 1990, Proceedings in the 1st International Symposium on
Functionally Gradient Materials, pp. 71-75.

Zhu, Y. and Schnack, E., 2012, Numerical Modeling Chemical Vapor
Infiltration of SiC Composites, Journal of Chemistry, Vol. 2013, Article
ID 836187.

Kulik, V. 1., Kulik, A. V., Ramm, M. S., Makorov, Y. N., 2004,
Modeling of SiC-Matrix Composite Formation by Isothermal Chemical
Vapor Infiltration, Journal of Crystal Growth, Vol. 266, pp. 333-339.

Li, H., Hou, X. and Chen, Y., 2000, Densification of Unidirectional
Carbon-Carbon Composites by Isothermal Chemical Vapor Infiltration,
Carbon, Vol. 38, No. 3, pp. 423-427.

[6] Probst, K. J., Besmann, T. M., Stintion, D. P., Lowden, R. A. Anderson,

[7]

[8]

[9]

T. J. and Starr, T. L., 1999, Recent Advances in Forced-Flow,
Thermal-Gradient CVI for Refractory Composites, Surface and Coatings
Technology, Vol. 120-121, pp. 250-258.

Wei, Xi and Pan, W., 2008, Numerical Simulation of Effects of Reactor
Dimensions on Isothermal CVI Process of C/SiC Composites,
Computational Materials Science, Vol. 44, pp. 670-677.

Wei, X., Cheng, L., Zhang, L., Xu, Y. and Pan, W., 2006, Numerical
Simulation for Fabrication of C/SiC Composites in Isothermal CVI
Reactor, Computational Materials Science, Vol. 38, pp. 245-255.

Guan, K., Cheng, L., Zeng, Q., Zhang, L. Deng, J., Li, K. and Li, H.,
2013, Modeling of Pore Structure Evolution Between Bundles of Plain

Woven Fabrics During Chemical Vapor Infiltration Process: the Influence

_97_



of Preform Geometry, Journal of the American Ceramic Society, Vol. 96
No. 1, pp. 51-61.

[10] Ryan, W., 2013, Properties of Ceramic Raw Materials, 2" Ed,
Pergamon Press, Oxford, pp.73-78.

[11] Besmann, T., Sheldon, B. W., Lowden, R. A. and Stinton, D. P., 1991,
Vapor-Phase Fabrication and Properties of Continuous-Filament Ceramic
Composites, Science, Vol. 253, pp. 1104-1109.

[12] Naslain, R., 2004, Design, Preparation and Properties of Non-Oxide
CMCs for Application in Engines and Nuclear Reactors: an Overview,
Composites Science and Technology, Vol. 64 No. 2, pp. 155-170.

[13] Park, J. H. and Sudarshan, T. S., 2001, Chemical Vapor Deposition,
ASM International, OH, USA, pp.1-21.

[14] Mazdiyasni, K. S.; 1990, Fiber Reinforced Ceramic Composites:
Materials, Processing, and Technology, Noyes Publications, Park Ridge,
NJ, USA, pp. 431-443.

[15] Roman, Y. G.,, M.H.J. M. de Croon, and R. Metselaar, 1995, Analysis of
the Isothermal Forced Flow Chemical Vapor Infiltration Process. Part II:
Experimental Study, Journal of the European Ceramic Society, Vol. 15
No. 9, pp. 887-898.

[16] Besmann, T.M., McLaughlin, J.C. and Lin, H.-T., 1995, Fabrication of
Ceramic Composites: Forced CVI, Journal of Nuclear Materials, Vol. 219,
pp. 31-35.

[17] Kulik, V.I., Kulik, A.V., Ramm, M.S., Nilov, A.S. and Bogdanov, M.V.,
2005, Two-Dimensional Model of Conjugate Heat and Mass Transport in
the Isothermal Chemical Vapor Infiltration of 3D-Preform by SiC Matrix,
in Silicon Carbide and Related Materials 2004 Vol. 483, Materials

Science Forum, pp. 245-250.

_98_



[18] Chawla, K. K., 2003, Ceramic Matrix Composites, Springer, USA, pp.
1-11.

[19] Dullien, F. A. L., 1992, Porous Media, Fluid Transport and Pore
Structure, 2™ ed., Academic Press, Inc., Sandiego, USA, pp. 6-19.

[20] Scheidegger, A. E., 1961, General Theory of Dispersion in Porous
Media, Journal of Geophysical Research, Vol. 66 No. 10, pp. 3273-3278.

[21] Mishnaevsky Jr., L. L., 2007, Computational Mesomechanics of
Composites: Numerical Analysis of the Effect of Microstructures of
Composites on Their Strength and Damage Resistance, John Wiley &
Sons, West Susex, England, pp.71-74.

[22] Pierson, H. O., 1999, Handbook of Chemical Vapor Deposition:
Principles, Technology and Applications, Noyes Publications, New Jersey,
USA, pp. 32-56.

[23] Delhaes, P., 2002, Chemical Vapor Deposition and Infiltration Processes
of Carbon Materials, Carbon, Vol. 40 No. 5, pp. 641-657.

[24] Sugiyama, K. and Kishida, T., 1996, Pressure-Pulsed Chemical Vapor
Infiltration of SiC to Porous Carbon from a Gas System SiCly-CHs-Ha,
Journal of Materials Science, Vol. 31 No. 14, pp. 3661-3665.

[25] Reuge, N. and Vignoles, G. L., 2005, Modeling of Isobaric—Isothermal
Chemical Vapor Infiltration: Effects of Reactor Control Parameters on a
densification, Journal of Materials Processing Technology, Vol. 166 No.
1, pp. 15-29.

[26] Ibrahim, J. and Paolucci S., 2011, Transient Solution of Chemical Vapor
Infiltration/Deposition in a Reactor, Carbon, Vol. 49 No. 3, pp. 915-930.

[27] Fiveland, W. A., 1988, Three Dimensional Radiative Heat Transfer
Solutions by the Discrete Ordinates Method, Journal of Thermophysics
and Heat Transfer, Vol. 2 No. 4, pp. 209-316.

_99_



[28] Ge, Y., Gordon, M. S., Battaglia, F. and Fox, R., 2007, Theoretical
Study of the Pyrolysis of Methyltrichlorosilane in the Gas Phase. 1.
Thermodynamics, The Journal of Physical Chemistry A Vol. 111 No. 8§,
pp. 1462-1474.

[29] Ge, Y., Gordon, M. S., Battaglia, F. and Fox, R., 2007, Theoretical
Study of the Pyrolysis of Methyltrichlorosilane in the Gas Phase. 2.
Reaction Paths and Transition States, The Journal of Physical Chemistry
A Vol. 111 No. 8, pp. 1475-1486.

[30] Ge, Y., Gordon, M. S., Battaglia, F. and Fox, R., 2010, Theoretical
Study of the Pyrolysis of Methyltrichlorosilane in the Gas Phase. 3.
Reaction Rate Constant Calculations, The Journal of Physical Chemistry
A Vol. 114 No. 6, pp. 2384-2392.

[31] Versteeg, H. K. and W. Malalasekera, 2007, An Introduction to
Computational Fluid Dynamics: the Finite Volume Method, Pearson
Education, pp. 135-154.

[32] Gurau, V., Liu, H., Kakac, S., 1998, Two-dimensional Model for Proton
Exchange Membrane Fuel Cells”, AIChE Journal, Vol. 44 No. 11, pp.
2410-2422.

[33] Martys, N. S., Torquato, S., Bentz, D. P., 1994, Universal Scaling of
Fluid Permeability for Sphere Packings, Phys. Rev. E, Vol. 50 No. 1, pp.
403-408.

[34] Kang, S. M., Adbelmotalib, H., Ko, D. G., Park, W. C., Im, 1. T,
2015, Effects of Drag Models on the Hydrodynamics and Heat Transfer
in a Conical Fluidized Bed Combustor, Trans. Korean Soc. Mech. Eng.
B, Vol. 39, No. 11, pp. 861-869.

[35] Kang, S. M., Park, W. C., Adbelmotalib, H.,, Ko, D. G., Im, 1. T,
2015, A Numerical Study on the Effect of Coefficient of Restitution to
Heat Transfer in a Conical Fluidized Bed Combustor, Journal of the
Semiconductor & Display Technology, Vol. 14, No. 4, pp. 38-44

[36] Kang, S. M., Seo, D. M., Ko, D. G., Choi, J. H., Park, W. C., Im. L

- 100 -



T., 2017, A Study on Heat Transfer Characteristics of the Outside
Surface of Ambient Vaporizer, Journal of the Semiconductor & Display

Technology, Vol. 16, No. 4, pp. 5-10

- 101 -



A Study on Heat Transfer, Gas Flow and Chemical Reaction in
Chemical Vapor Infiltration Process for Production of Thermal Insulation

Materials

Kang, Seung Mo

Department of Fire Protection Engineering, The Graduate School

Pukyong National University

Abstract

Carbon composite materials such as SiC can be a possible material for
thermal insulation for pipelines in buildings, ships or industrial plants,
where pipelines are under a very severe thermal load. SiC composite
materials are now usually used as thermal protection system materials at
very high temperature circumstances such as at space vehicles,
combustion chambers or engine nozzles because they have high specific
strength and good thermal properties at high temperature.

One of the most widely used fabrication methods of SiC composites is
the chemical vapor infiltration(CVI) process. During the process, chemical
gases including Si are introduced into porous preforms made by carbon
fibers for infiltration. Since the processes take a very long time up to a
few weeks, it is important to reduce the process time in designing the
reactors and processes. And it is very difficult to obtain design

parameters by using experiments even though small scale model is used.
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Therefore, in this study, both the gas flow, heat transfer and chemical
reaction in the reactors during the processes were analyzed using a
computational fluid dynamics method in order to obtain design parameters
of reactors and processes for uniform, high quality SiC composites. Both
of the pressure gradient CVI and temperature gradient CVI processes
were considered. Gas flow and heat transfer were analyzed using both 2
dimensional and 3 dimensional model. Densification process in porous
medium was predicted in 2 dimensional model.

The results showed the velocity fields and temperature distribution at
the preforms and in the reactor. Predicted temperature profiles in the
preform from 2 and 3 dimensional models were well agreed with the
measured one. Densification results from the simulations showed that
there were some problems in the reactor design or process conditions. In
order to solve the problems, design change including using two-zone
heater and thermal insulation were proposed. The proposed design
change, that is, using two-zone heater or thermal insulation gave better
uniform temperature in the preform and resulting uniform densification

result in the preform:.
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