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FIG. 6. Comparison of a density profile with that determined 
in an experiment. 
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NOMENCLATURE 
fiber cross-sectional area [cm2]; 
final fiber cross-sectional area [cm’]; 
tungsten wire cross-sectional area [cm’]; 
mass diffusivity [cm* min- ‘1; 
average diameter of the deposit [cm]; 
diameter of the deposit [cm]; 

? 
diameter of the tungsten wire [cm]; 
a function detlned by equation (10) [cm - i] ; 

9, gravitational constant [cm minz]; 
h, thickness of a fiber slice [cm]; 
k I’ 
E, 

rate constant [g moles cmd2 min-’ in.0’246]; 
liquid evaporation rate [cm min- i] ; 

MSl molecular weight of Sic; 
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exponent of voltage [dimensionless]; 

exponent of mass fraction [dimensionless]: 

mass flux of component A [g cm- 2 mm ‘1: 

Schmidt number [dimensionless]: 

proportionality constant [g moles cm-’ min -’ 

Vm]; 

proportionality constant [g moles cm- * min ‘1; 
exponent of vertical distance [dimensionless]: 

radius [cm]; 

radius of the substrate [cm]; 

deposition rate of Sic [g moles cm _ z min- ‘] ; 
applied potential [VI: 

radial velocity [cm min ‘I: 

vertical velocity [cm min- ‘I; 

vertical distance [cm]; 

radius of the gas envelope [cm]; 

dimensionless stream function; 

dimensionless radius; 

dimensionless radius of the liquid-vapor interface: 

dimensionless radius at the fiber wall; 

angular coordinate [radians]; 

viscosity [g cm-’ min-‘]: 

density of SIC [g cm- ‘1; 

density of the liquid [gcmmS]; 

density of the vapor [g cm- “1; 

stream function [cm’ mm ‘1; 

mass fraction of component A [dimensionless] ; 
mass fraction of component A at the wall [dimen- 

sionless] ; 
mass fraction of component A at the liquid-vapor 

interface [dimensionless]; 

proportional mass fraction of A [dimensioniessJ. 

1. INTRODUCTION 

HIGH-MODULUS fibers for aerospace applications have been 

prepared by a variety of methods, depending upon the 

material. One of the most important of these methods is 

chemical vapor deposition Et-51 whereby a hot filament 

is pulled through a chamber filled with a gaseous reactant 

which deposits a coating on the wire. Free or forced con- 

vection brings up fresh reactant. It has recently been shown 

that such fibers can also be prepared by mass transport 

during film boiling [6], providing the reactants are liquids, 
and the vapors from the liquids pyrolyze or otherwise 

react to give the required deposit. The liquid reactant used 

in this investigation was (CH,),SiCl in cyclohexane, which 

pyrolyzes to give SIC. 

Deposition of Sic from (CH,),SiCI is well known [7-91, 

but this has always been accomplished without film boiling. 

Exploratory experiments showed that submersion of the 

hot surface into the liquid reactant would indeed result in a 
silicon carbide deposit comparable to that obtained from 
forced convection of the vapor. The liquid technique 

carried some advantages in simplicity, plating rate. and size 

of equipment. The object of the present research, therefore, 

was to understand the mechanisms involved, in order to 

make the film boiling process more useful. 

2. THEORETICAL ANALYSIS 

Heat transfer during film boiling has been analyzed by a 

number of investigators [10-l 61, and mass transfer appears 

analogous. The system geometry dictated a cylindrical 

model with the submerged vertical fiber surrounded by a 

parabolic gas envelope of variable radius ci. The equations 

for continuity, momentum, and continuity of (CH,),SiCl 

(designated as component A), are given below with the 

following assumptions. 

1. The process is diffusion controlled. 

2. The gas flow is laminar. 

3. Steady-state conditions apply. 

4. Fluid properties are constant. 

5. There is no angular dependence (N-direction) of any 

variable. 

6. Effective momentum and mass transfer by diffusion 
takes place in the r-direction only. 

7. There are no homogeneous gas-phase chemical 

actions. 

8. The radius of the substrate is insignificantly small. 

Continuity: 1 c- (rr,) + % = 0. 
r l?r (12 

re- 

(I) 

(2) 

(3) 

These equations carry the following boundary conditions. 

At r = ri: 1:, = CZ = 0 Cl>,_! Z 0. (4) 

where E is the liquid evaporatton rate. 

The stream function I/I is introduced and is defined as follows. 

16) 

Substitution of (6) into (1) satisfies equation (1). Substitution 

of (6) into (2) and (3) results in the following. 
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a$aw, a+ a~, P PO, aa, 
---.-.-.-...vm--- 

az ar at a2 pJ'Jsc ( rg-+,. > (8) 

To transform (7) and (8) into a set of ordinary di~er~ti~ 
equations, the following changes of variables are made. 

tt =fi (9) 

f = ~;;P,) “I’ z_ f. 
(IO) 

J=$: (11) 

w.4 - O.46 nA =-. (12) 
WA, - wAs 

Introducing (9)-(12) into (7) and (8) results in equations 
(13) and (14) respectively, where primes indicate differentia- 
tion with respect to n. 

“,,, 
4 -~r”-~~l.‘+~lr’+~(i.)‘+~i.-s=o (13) 

B;; +(+=.Is+& =o. (14) 

The boundary conditions transform to the following. 

Atn=ni: [=[‘=O Q,=l (15) 

Atn=r/&: i’=O 

sz,=o d$L -~~~+~~). (16) 

Equations (13) and (14) may be solved if there is an 
interest in the velocity profile and mass fraction profile of 
A in the gas envelope. However, for the purpose of deter- 
mining the mass flux of A, equations (9), (10) and (12) which 
are used to make the transformation, are needed and used 
below. 

The mass ffux of A (trimethylchlorosilane) in the r- 
direction is given by 

nA= -p,D~+o,(n,+n,+n,+...). (17) 

The reaction at the wall is irreversible and diffusion limited, 
so that 

W‘$ - - 0. (18) 

Therefore, at the wall (17) becomes 

n,J_ = - P”D$$ . (19) 
,=*i 

Substituting (18) into (12), d~erentiatin~ and using equation 

(9X 
dw, da., da, -= 
dr 

-W&-g= -uJ”*f---. 
dq 

(20) 

Introducing (10) into (20) and then (20) into (19) results in 

Equation (21) states that the mass flux of trimethyl- 
chlorosilane at the fiber wall is directly proportional to the 
mass fraction of trimethylchlorosilane at the vapor-liquid 
interface and inversely proportional to the one-fourth 
power of the distance up the fiber. An experimental program 
was undertaken to verify this. 

3. EXPERIMENTAL PROCEDURE 

A plating cell was constructed which consisted of a 
one-inch diameter vertical quartz tube surrounded by a 
water jacket and a metal closure at each end. Two-mil 
tungsten wire entered the top, passed over guide pegs, a 
platinum contact peg, then out through a mercury well at 
the bottom. Resistive heating was accomplished by d.c. 
applied between the platinum peg and the mercury well, 
a distance of 2 in. Voltages used were 18%2OG in increments 
of 05 V. This resulted in temperatures in the neighborhood 
of SSO’C, but control was by voltage alone because of the 
unreliability associated with optical pyrometry through a 
colored solution. and a rapidly varying temperature. The 
increasing thickness of the conductive coating precluded 
the use of the fiber itself as a resistance thermometer. The 
solutions used were 1420, 30,40, 70 and 100 liquid volume 
per cent of (CH,),SiCl in C,H,, (cyclohexane), and all 
plating was for a duration of 2 min. 

An “aging” period was required on each solution before 
measurements could be taken. New solutions produced 
deposits of low electrical conductivity, but as the plating 
proceeded the conductivity increased. This variable caused 
the fiber temperature and deposition rate to change for the 
first 5-10 mitt of solution use. After the initial colorless 
solution changed to amber from the accumulation of by- 
products, the deposition rate became constant, and remained 
so, for at least 1 h of plating time. Thus, to obtain greater 
confidence of accuracy, all runs were made in duplicate, 
following an initial 20-mm period of plating at 19.0 V. The 
first of the duplicate series was made using ascending 
voltages, starting at 180 V. The second was made in a 
different solution using descending voltages starting at 
20.0 V. Averaging cancetled any effect of solution depletion 
while the experiment was in progress. Actually no real 
trend was noted that could be attributed to solution deple- 
tion. 

After plating, the fibers were mounted in a fixture for 
microscopic examination. A micrometer mounted on the 
stage permitted any station on the fiber to be located within 
0.0005 in., and a measuring scale on the eyepiece permitted 
the diameter to read to within 2 p. Measurements were 
made at 16 stations along the fiber. 
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Deposition rates were calculated as follows. A slice of 

fiber, of thickness dh, includes an annular SIC deposit of 

density pn and external and internal diameters D, and D, 

respectively. Since deposition takes place on the edge of 

this slice only, and over a 2-min interval, the rate of deposi- 

tion is 

R= 
S(DI - ti)dhp, 

8(nD., dh) M, ’ 

where M, is the molecular weight of SIC D,, is related to the 

instantaneous cross-sectional area of the fiber as follows, 

(44 dA 

Da, = 
2(D; - 0;) 

As - A, = 3(Df - D;)’ 
(23) 

where A, and A, are the final fiber cross-sectional area and 

the tungsten cross-sectional area respectively. Substituting 

(23) into (22), and using M, = 4007 g mole-‘, p, = 3.217 

gem-‘, D, = 0.005 cm, the deposition rate in moles cm-’ 

min _ 1 becomes 

R = 001505 (0; - 0GOOO25)* 

0: - OOOOOOOl25 
(24) 

To verify the inverse one-fourth power dependency of 

rate with. vertical distance, as shown by equation (21), a 

computer program was written to find the best-fit curves of 

the type 

R = kg4 (25) 

for the data obtained from the plating experiments. Curves 

were fit at six (CH,),SiCl concentrations and at live plating 

voltages. Computed best-lit values for q are given in Table 1. 

A standard error of estimate was calculated for each of 

the thirty curves described by equation (25), using the best- 

fit value for q given in Table 1. These standard errors of 

estimate were divided by an average R to get a coefficient 

of variation. The average R was obtained by dividing the 

area under each R-z curve by the deposit length. The 

coefficients of variation are given in Table 2. 

In order to investigate the deposition rate as a function 

of the mass fraction of (CH,),SiCl in the vapor at the liquid- 

vapor interface it was first necessary to determine these 

mass fractions experimentally. A distillation apparatus 

very similar to that constructed by Othmer [17] was built. 

This equipment allowed no refluxing, and the distillate 

overflowed from the receiver back into the boiler. Fifty ml 

of the (CH,)JSiCl-C.sH,2 mixture was the normal charge 

placed in the boiler, and the distillate was sampled at lO- 

min intervals, until a constant analysis showed that a 

condition of steady state had been reached by the system. 

At this time the boiler was also analyzed. The analysis was 

by refractive index, using an Abbe refractomer held at 

25.O”C by water circulated from a constant temperature bath. 

Table 1. Least-squares best-fit values for the exponent of z 
-_~--. _~~ __.. ~__ _~ ~~_ 

Liquid Plating voltage 
volume 
O;, of A 18.0 18.5 190 19.5 20.0 

10 - 0.28 -0.28 -0.26 - 0.26 --0.24 
20 -0.30 -0.27 - 0.26 -0.27 -- 0.26 
30 - 0.23 - 0.24 -0.25 -0.26 -0.23 
40 -0.28 -0.27 - 0.27 -0.26 -0.27 
70 - 0.25 -0.23 -0.19 -0.19 -0.21 

100 -0.20 -0.21 -0.23 -0.23 - 0.20 
~... -____ _ _=~_ 

Table 2. Coefficients of variation for best-fit deposition curves 
__-_ __..~~ 

Liquid Coefficient of variation, “/, 
volume 
“; ofA 18.OV 18.5 V 19.0 V 19.5 v 20.0 v 

._~_. ~~ _~~~_~ 

IO 4.0 4.8 4.9 3.8 3.8 
20 3.4 4.2 3.2 1.5 2.4 
30 4.6 4.3 3.4 3.3 5.1 
40 2.9 2.6 2.5 2.0 2-5 
70 4.0 4.9 3.1 4.0 3% 

100 6.0 4.8 4.2 4.0 58 

To test the linear dependency of deposition rate with the 

mass fraction of A at the liquid-vapor interface, as indicated 

by equation (21), the latter was rewritten as 

R = pw;,. (26) 

However p is a function of temperature, which in turn is a 

function of voltage. This condition makes R a function of 

two variables as shown in equation (27), 

R = PV”oi,, (27) 

where V is applied voltage. A computer program was 

written to determine the least-squares best-fit values of 

P, m and n for the surface described by equation (27). 

4. RESULTS AND DISCUSSION 

The experimental work coincides very closely with theory 

on the dependency of mass transport rate with the negative 

one-fourth power of the distance up the fiber. Least-squares 

best-fit values for six concentrations of (CH,),SiCl, with each 

concentration at five temperatures, gave an overall mean 

value of -0.246 for the exponent of the distance up the fiber. 
The linear dependency of mass transport rate with mass 

fraction of (CH,)$iCl at the vapor-liquid interface, as 
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indicated by equation (21), did not agree as closely with 
experiment as the relationship of mass transport with 
vertical distance. The above mentioned 30 experiments 
gave a transport rate proportional to the @‘lo-power of the 
trimethylchIorosilane equilibrium mass fraction. This dis- 
crepancy between theoretical linear dependency and experi- 
mental 070-power dependency might be attributed to an 
inaccuracy in assumption No. 7. A mass spectrometer 
analysis on the by-product gas showed the presence of 103 
chemical species, attesting to the complexity of the pyrolysis 
reactions. It is not known if these reactions are all hetero- 
geneous. It could be suspected that at least some of these 
are homogeneous reactions taking place somewhere in the 
gas envelope as component A approaches the fiber wall. 
Such reactions would, of course, diminish the flux of A. 

The R of equation (27) is an integrated average of the mass 
transport rates between 0.2 and 1.8 in. above the bottom 9. 
electrical contact on the fiber. Measurements showed the 
deposition to take place at this average rate at 0.82 in. above lo 

’ the bottom of the fiber. With this information, and the use 

and composites thereof, AFML-TR-65-399, Wright- 
Patterson Air Force Base, Ohio (1965). 
J. H. OXLEY, High-modulus, high strength filaments and 
composites, AFML-TR-66-200, Wright-Patterson Air 
Force Base, Ohio (1966). 
V. A. NIEBERLEIN, Deposition of silicon carbide from 
liquid compounds, SAMPE JI 4(6), 72-74 (1968). 
S. SUSMAN, R. S. SPRIGGS and H. S. WEBJ+X, Vapor 
phase growth of B-silicon carbide single crystals, 
Silicon Carbide-A High Temperature Semi-Conductor, 
J. R. O’CONNOR and J. SMIL~ENS, pp. 94-109. Symposium 
Publications Division, Pergamon Press, New York 
(1959). 
R. L. HOUGH and D. E. EARLY, Silicon carbide from 
pyrolysis of nonstoichiometric organosilanes, AFMG 
TR-66-174, Wright-Patterson Air Force Base, Ohio 
(1966). 
H. W. HUGGING and C. H. Ptrr, Characteristics of 
silicon carbide produced by thermal decomposition of 
trimethylchlorosilane. Crr. Bull. 46f3). 266-269 (1967). 
L. A. BROMLEY, N. R. LEROY and J. A. ROBBERS, Heat 
transfer in forced convection film boiling, Ind. Engng 

of equation (25), (27) can be generalized to reflect the effect 
on deposition rate of vertical position on the fiber. This 

Chem.-Engng Proc. Den 45, 2639-2646 (1953). 
11. P. W. MCFADDEN and R. J. GROSH, High-flux heat 

generalized equation is transfer studies: An analytical investigation of laminar 

R = 2.13 x lo-sFs~29w~0z-O~246. (28) 
tilm boiling, ANL-6060, Argonne National Lab., 
Lemont, Ill. (1959). 

12. E. M. SPARROW and R. D. Cass, The effect of sub 
cooled liauid on laminar film boilina. J. Heat Transfer 
84, 14%~55 (1962). 

_, 

13. K. NI~HIKAWA and T. ITO, Two phase boundary layer 
treatment of free convection film boiling, Znt. J. Heat 
Mass Transfm 9, 103-l 15 (1966). 

REFERENCES 

1. L. C. MCCANDLESS, J. C. Wtrt-nms and L. G. DAVIES, 
High modulus-to-density reinforcements for structural 
composites, AFML-TR-65-265, Wright-Patterson Air 
Force Base, Ohio (1965). 

2. J. C. WITHERS and J. P, REDMOND, Synthesis by vapor 
deposition of new filament materials, AFML-TR-66 
329, Wright-Patterson Air Force Base, Ohio (1966). 

3. L. C. MCCANDLESS, R. D. BAJEFSKY, C. R. BRUMMETT, 
L. G. D~vtm, J. P. REDMOND, R. G. SHAVW and J. C. 
WITHERS, High modulus-to-density reinforcements for 
structural composites, AFML-TR-65-265, Part II, 
Wright-Patterson Air Force Base, Ohio (1966). 

4. J. H. OXLEY, High-modulus, high-strength fdaments 

14. L. E. DEAN and L. M. THOMPSON, Study of heat transfer 
to liquid nitrogen, Am. Sot. Mech. Eng. Paper No. 
56-SA4 (1956). 

15. W. F. LAKERS and W. M. ROHSENOW, Film boiling 
of saturated nitrogen flowing in a vertical tube, J. 
Heat Transfer 89,9&98 (1967). 

16. W. H. MCADAM~, J. N. ADDOMS, P. M. RINALW and 
R. S. DAY, Heat transfer from single horizontal wires 
to boiling water, Chem. Engng Prog. 44,639-646 (1948). 

17. D. F. O~HM~R, Composition of vapors from boiling 
binary solutions, Ind. Engng Chem. 20, 743-746 (1928). 


