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Explicit expressions have been derived for momentum and thermal boundary-layer
thickness of the laminar, uniform stagnation flows characteristic of highly convective
chemical vapor deposition pedestal reactors. Expressions for the velocity and temperature
profiles within the boundary layers have also been obtained. The results indicate that,

to leading order, the momentum boundary-layer thickness is inversely proportional to

the square root of the Reynolds number, while the thermal boundary-layer thickness is
inversely proportional to the square root of the Peclet number. Values computed using
the approximate expressions are compared directly with numerical solutions of the
equations of motion and thermal energy equation, for a specific set of conditions typical
of diamond chemical vapor deposition. Because values of the Lewis number do not

vary significantly from unity for many different chemical vapor deposition systems, the
expression derived here for thermal boundary-layer thickness may be used directly as an
approximate concentration boundary-layer thickness.

. INTRODUCTION Experience gained from using detailed stagnation
Chemical-vapor-deposited (CVD) diamond is grownflow models to analyze film growth in dc arcjet systems
in a variety of environments using many different has provided necessary insight for the development of
techniques:? Of the high growth rate deposition simplified analytical models for diamond depositigri?®
technologies for the synthesis of diamond via low-These analytical models are used to predict gas-phase
pressure chemical vapor deposition, direct current (dcypecies distributions, diamond growth rate, and heat
arcjet reactor systerti§ have proven to be reliable for flux to the substrate; however, to calculate mass and
the production of high quality, relatively large areaenergy fluxes at the substrate, the models require es-
films 212 In this type of reactor, high growth rates result timates of the boundary-layer thickness, which in turn
from very large fluxes of materials passing throughare dependent upon multicomponent transport properties.
the plasma gun and impinging upon the substrate, ani@ihe boundary-layer thickness falls out naturally from the
a uniform gas-phase environment and deposition ovedetailed model results, but since the analytical models
a large surface area result from the stagnation flovare, in some sense, intended to replace the detailed
occurring in this type of reactdrA number of specific models, it is necessary to hawe priori estimates of
models have been developed for idealized strainingpoundary-layer thickness.
flow,* stagnation flowf, and one-dimensional boundary By exploiting the idealized stagnation flow con-
layers® in dc arcjet reactors. These models are allditions present in many dc arcjet reactors, it is
based upon solution of the coupled momentum, energypossible to derive approximate expressions for boundary-
and species mass conservation equations, subject to tleyer thickness using the Karman—Pohlhausen method.
geometric constraints appropriate for each reactor typeln the following sections this method will be applied to
While the theoretical treatment of transporta general, uniform stagnation flow in order to develop
and chemical kinetics in the dc arcjet reactors isanalytical expressions for momentum and thermal
rigorous2412-1the models are generally very complex boundary-layer thickness as functions of effective
and computer intensive; further the ability to obtain Reynolds number and Prandtl number. The results of this
a converged numerical solution is often sensitive towork will be compared against detailed stagnation flow
not only the operating conditions specified, but alsocalculations;'? using conditions applicable to diamond
to the initial condition used in the iterative solution growth. It is important to recognize that, while the actual
technique. These models can require anywhere fromumbers to be presented here are specific to the diamond
tens of minutes to several hours to successfully executeeactor environment, the analytical results are valid for
and consequently are difficult to incorporate directlyany system with laminar, uniform stagnation flow at
into intelligent process control design algorithfis. high Reynolds number.
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. PROBLEM FORMULATION swirl E——)

Consider a dc arc plasma torch reactor configurec
with the axis of the plasma-torch orthogonal to the
deposition surface 16 such that the hot, high-velocity I v
gas jet issuing from the orifice of the torch produces _
an axisymmetric flow field when it impinges upon the Streamlines
temperature-controlled substrate, as illustrated schema
ically in Fig. 1. The gas experiences a 5:1 to 20:1 i
pressure drop as it flows through the torch orifice,
passing through a normal shock and spreading rapidh
into the low-pressure reactor environment (5—100 Torr,
typically), and producing a fairly uniform axial laminar

flow within 0.5 cm of the torch exit. In this work \
attention is focused on forced convection transport in R

the region between the torch exit and the substrate. It i rA’,qbb p— . -
assumed that the flow in this region can be approximate o Sl

by a uniform stagnation flow, as illustrated in Fig? &l-
though the gas does have a swirl component as it leave
the- torch e.md th.e SubStrate usqa”y rOtat.es (to ensurFeIG. 2. Uniform stagnation flow field assumed to be present in the
azimuthal film uniformity), the swirl and -Spln Reynolds region between the plasma torch exit and the substrate. The cylindrical
numbers are up to two orders of magnitude lower tharoordinates, ¢, z) are used to describe the geometry of this system.
the forced convection, or stagnation, Reynolds number,

which will attain values of over 800 for the conditions

to be considered here. . . .
Since the flow is laminar and Reynolds number lie s_ubstrate is not directly dependent upon reactor dimen-

in the range 500< Re < 2000, the flow behaves as if sion, but by an inherent length scale of the boundary
it were nearly inviscid over m’ost of the domain. with layer thickness where the effects of diffusive transport

S -
viscous and diffusive effects only becoming importantare ;"gn'f'i‘f’mi‘ itabl i dina th t
in a thin region near the substrate. In other words there y maxing suitableé assumptions regarding the nature

are true momentum and thermal boundary layers preserﬁ]c the; stagrlﬁtlon rov;/_ and gsmg.gn aptgfop”at? s[[ri?llarlt)?
with thickness denoted b§ and &7, respectively, such ransé_orm, te equa '085 ejcn éngf IS nonlfo fe:[Lma,
that 8, 6r < L. Within the boundary layer, the velocity reacting systém can be reduced from a set of three-

rapidly decreases from its potential flow value to Zerodlmensmna[ partial dn‘ferentlal equations to a set .Of
%)upled ordinary equations. The methodology for using

at the surface, and the temperature decreases from i T .
free stream value to that of the temperature-controlle ?S'm"‘?‘“ty tr%rjg‘gorm has been dlscussgd by a.”“”ﬁber
substrate. Thus, the relevant transport length scale at ti?é investigators,”**and therefore the details of this will
not be presented here.
As a simplified example, however, consider a semi-
infinite fluid above a rotating infinite disk. The system
““““““““ is described in cylindrical polar coordinates, §,z),
Plasma with the infinite radius disk in the plane = 0 and
Torch the fluid occupying the regiop > 0. The rotation of
the disk results in a secondary, downward axial flow,
such that the fluid’s velocity profile is three-dimensional,
with components , », w). Recognizing that, for a
Convection dominated v[sco_us, semi—.infinite fluid, the zone pf influen_ce_ of_ the
stagnation flow region disk is proportional ta/v/w, a dimensionless similarity
variable X can be defined such that = z\/w/v. The
three components of the Navier—Stokes equations are
___________ then reduced to a set of ordinary, nonlinear differen-
——————————— \ tial equations in a single independent variabke, It

Boundary-layer region

:Z: e

B —

spin

Déposition is assumed that the dependent variables are separable

surface functions of the radial and axial coordinates. Specifically,
FIG. 1. Schematic diagram of the stagnation flow geometry in athe_ axial V?IOCIty and temperature are furjctlons of the
typical dc arcject reactor. axial coordinate only, and the radial and circumferential
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velocities and the radial pressure gradient depend lin- (4) The radial component of the velocity;, at
early on the radial coordinate. The similarity transformsthe surface must vanish due to the no-slip condition.

for the dependent variables take the form Although the axial velocity component;, is nonzero,
at the surface due to the net flux of mass to the sudace,
u=rowFX), it can be ignored becausd.—, < U... (In fact, the axial
v =roGX), velocity at the surface is typically seven or eight orders
o of magnitude smaller thab...)
W voH(X), (5) Atthe deposition surface the gas-phase tempera-

p/p = vopyX) + 1 kw?r?, ture matches that of the substrate temperafure
2 (6) While the system is nonisothermal, the tempera-
tures remains nearly constant &t in the free stream,
._and drops almost linearly td@, across the boundary
gayer. Figure 3 illustrates a typical temperature profile

differential equations for the dimensionless unknownsComlouteol usingsPINZ? for a reacting mixiure of 0.5%

where « is a constant and”, G, H, and p, are the

are then methane in hydrogen at 20 Torr, and an average exit
F' =F*— G* + HF + «, velocity U.. = 2 X 10° cm/s. To characterize the
G" = 2FG + HG' tra_msport beha_\nor in the syst_em, _|t is _assumed that
, ., o mixture properties such as densip)( viscosity (), and
po=H" — HH', thermal conductivity ) will be evaluated at the system
2F + H =0, pressure,p, and an effective, or average, temperature

T = 1/2 (T, + T.). It is also assumed that radiation
where the prime denotes differentiation with respectheat transfer is secondary to convection heat transfer in
to X. These equations can then be solved numericallyhe free stream.
subject to suitable boundary conditionsXat= 0 and (7) Disk and swirl Reynolds number&{w/v and
X — 20 L?Q/v) are small relative to the stagnation Reynolds

This similarity transform approach has been ex-number (L U./v), so forced convection alone is to be
tended to the case of a forced, nonisothermal flowconsidered.
with a finite boundary located at = L,?® which is
the case to_be con;sud_ergd here. In tha_lt stuqu! resulﬁﬁ. MOMENTUM TRANSPORT
obtained using a similarity transformation similar to
that above, but based on both disk rotatian and If fluid properties are evaluated af.y, the
forced convectiory/.., and these were compared directly 7-component of the momentum equations and the con-
against numerical solutions of the three-dimensional
momentum and energy conservation equations. It was
found that, over a wide range of rotation and stagnation
Reynolds numbers, the similarity transform accurately 2600 : : : : : : :
predicted the velocity and temperature fields in the
domain. This similarity approach has been employed to
study a number of stagnation flow reactds®*-?and
forms the basis of a Fortran code callgrln.?* <o
To utilize the idealized stagnation flow field to ~
develop approximate expressions for the boundary—layeg
thickness, it is necessary to make several simplifyings 1800 ~
assumptions. 8,
(1) The velocity, temperature, and composition areﬁ 1600 B
known at the exit of the torch. The uniform axial down & 1400
flow at the plasma-torch exit, located at the positios
L, is given by —U.,, and the temperature and chemical 1200 L
composition (mass fractions) are denotedrbyandY,. .
(2) Plasma effects (charged species) are neglected; 1000 I T I I , I |
the fluid issuing from the torch is treated as a neutral 0 2 4 6 8 10 12 14
gag”?8 with a single thermodynamic temperature at the Distance from Substrate (cm)

plasma_torCh exit. . . ... .. . FIG. 3. Representative temperature profile computed by numerical
(3) The substrate is considered a plane with infiniteseution of the equations of motion and thermal energy equation for
radius so that edge effects may be neglected. p = 20 Torr andU.. = 2 X 10° cny/s.

2400 — —

2200 — —

2000 — —
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tinuity equation in the cylindrical coordinate system are (4

ar r 0z

whereu andw are the radial and axial velocity compo- -1.5 -
nents, and all terms involving/d¢ have been dropped
because of axial symmetry.

In order to nondimensionalize Egs. (1) and (2), the .
characteristic length is chosen to bethe characteristic 20 — T T T T T 7 00
velocity is U.., and the characteristic pressurepis/2. 6 2 4 6 8 10 12 14

Using these scales the dimensionless independent and Distance from Substrate (cm)

< ou 8u> ap _
plu—+w—|=—-— — -
d 0z ar - ; N
2 2 2 B
+#{iﬁ+_i<i>+iﬁ}, g5 1
ar? or \ r 972 = X
® L | o
X i 8
and 10— G
£ ! >
u u aw
—+—+—=0, 2) § &
2 =
2 £
3
=

dependent variables are denoted by FIG. 4. Axial and modified radial velocity profiles for conditions
corresponding to Fig. 3.
F= f= =7 ®
L L pU2
- u - w
L T (4)  viscous terms in the dimensionlessomponent become

negligible relative to the inertial and pressure gradient
and the dimensionless governing equations are then terms. Thus, in the potential flow region the relevant
equations are

on 0 ap
u——- wW—_—_- = ——= ~ 7 1
ar X ar % i " 8_w —0 7)
1 [ 8% 9 (i 9% o7 7 By ’
Sl i el el B v PR C) dii dii 3 p
Re L 07 or \ 7 ox ﬁ_+w_:__P (8)
ar 0x oF ’
a_”:‘ + g + ﬁ —0. 6) subject to the following boundary conditions:
ar 7 X
i=0, w=-1 ati=1. 9)

where the Reynolds number ke = LU../v.

The domain consists of two distinct regions, a potendn order to capture the viscous effects present in the
tial flow region encompassing almost the entire domairboundary layer, it is necessary to rescale the terms in
0 < z < L, and a momentum boundary-layer regionthe governing equations. Recognizing that vicious effects
z — 0 where viscous effects must be considered. Thelecelerate the modified radial velocity over a distance
two different flow regions are illustrated by the velocity proportional to,/»/U.., the scaling is chosen to be
profiles shown in Fig. 4, which were computed using
sPIN with the conditions listed for Fig. 3. The modified
radie_ll yelocity /) incre_asgs _monotonically due to The governing equations in the boundary-layer region
continuity as the nearly inviscid flow approaches the ecome
disk, reaching a maximum at a distance proportionaP

X = Re'x, W = Re'’w.

to /v/U... It then decreases in magnitude through the a_b:‘ + g + w _ 0 (10)
boundary layer and goes to zero at the substrate because aF T X
of the no-slip condition. The axial velocity decreasesand
monotonically over the entire domain, such that its 90 90 95
. . . . . ou u P
magnitude in the boundary layer, that is, the region e + Wﬁ = T
z < 0(/v/U.), is almost two orders of magnitude less r lr ey Py ey
than U... + —[ f: + T(@)} + —MZ
In terms of the governing equations, since the Re | o7 L IF \ 7 2.
Reynolds number is larg&e = 0(10%), in the potential _ _9p o -1
. . . = =+ + O(Re™"). (12)
flow region whereL is the appropriate length scale the oF 0X?
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For this stagnation flow problem, the separabilitylayer, results in an expression for the axial velocity

assumption applies, namely that= w(¥) andii(7,¥) =  component:
Fo(%) in the potential, or outer domain, an@ = 3 1
W(X) and ii(7,X) = 7@#(X) in the boundary layer, or W = —a§§2<5 — Z§2>’ (21)

inner domain. When these definitions are substituted into
Egs. (7), (8), (10), and (11), the system is reduced to ar, in terms of the unscaled variable,

set of ordinary differential equations: 3 1
WpL = _(5/L)01§2<5 - _§2>~ (22)

dw 4
Qiips + = = 0 (12) . .
dx ; The value of the axial velocity at the outer edge of the
2+ d”fs _ _% 3_13 (13  boundary layer is then
dx FooF 5
in the outer region, and WpL =~ atg=1. (23)
. aw From inspection of Fig. 4, it is assumed that the
2igy + ax 0 (14)  modified radial velocity in the outer region in nearly
A = 24 linear in ¥, such that
g2, +w e _ 1 0p | din g
dX Foor dXZ ﬁps =a + b.f (24)

in the inner region. In Egs. (12)—(15) the subscrif®  the corresponding expression for the axial velocity
and BL are attached to the modified radial velocity to component is then

distinguish that quantity between the outer and inner .

regions. Wrs = —2;2((1 + —bi) +c. (25)
In order to apply the Karman—Pohlhausen method, 2

approximate expressions for the velocity componentshe constants:;, » and ¢ must be determined through

must be determined. For the inner region it is assume@oyundary conditions at = 1 and matching with the

thata can be expressed as a cubic polynomiakin inner solution ast — 0. Applying the conditions at the
fip = Fla + bE> + dEY). (16) nlet,
- . . =0, w=-—1 atx =1, 26
Thus, the modified radial velocity can be expressed as ! v * (26)
. 5 3 it is found thatb = — a andc = a — 1. Matching
fpr = a + b¢+ & +dE, (17)  conditions are then applied in the area joining the inner
whereé = X//, and/ is the (unknown) dimensionless and outer regions:
momentum boundary-layer thicknegsis related to the lim fig; «— lim fipg
dimensional boundary-layer thickness by= Re'?5/L. 1){% R ’lf,*o . 7
Four constraints oriz; must be specified, and these are W Wpr T I WES. (27)
. d2i Application of these two conditions yields two equations
g, =0, d;L =0 at{& =0, (18)  in two unknowns,
. diigy, ( 5 >
= = = =all — — 28
Upr, o, df 0 at f 1. (19) o a I ( )
The conditions at the surface arise from the no-slipand
condition and Eq. (15), while the conditions at the edge 50 é

1 6
of the boundary layer are based upon the characteristics ~ 4 7 ¢ — 247 <1 Y f) ta—1. (29

of the i profile shown in Fig. 4. The value of is

not known in advance and must be determined througghe resulting expressions far, b, andc are then

matching with the outer solution. When the boundary 4= —b = 4 (30)

conditions in Egs. (18) and (19) are prescribed, the 4+ 68/L)(1 — 6/L)

resulting expression fofiz; becomes B 34 8/L B 31
o i ‘T @+e/Ly0-s/L) L (1)
e = Ea§(3 BERE (20) such that

Then, substitution of Eq. (20) into the continuity equa- o = 4L (32)

tion, Eq. (14), and integration ig over the boundary S+ 4L
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Using the four constants in (30)—(32), expressions for —t—t—t

the velocity components in the outer and inner regions2 Lo i SO
can now be written as § 081 lps X |-
41 — %) = 06 | B
ips = 33 g i L
“rs T4+ 8/L)(1 — 8/L) (33) S 047 g
Z _ 1)2 § 0.2 + - -
W= 4(.X 1) —1 (34) ,g g (X) ! i
(4+6/L)(1 — 8/L) 3 =138
_ %6 -¢&) £ I
U, = m (35) a . - : L
and 2 B
| 2 i
4+ Re ¢ (36) 2 B

()

where the dimensional and dimensionless boundary-
layer thickness are related dy= L/Re 2.

To illustrate the nature of the velocity components § . .
within the boundary layer and the matching of velocities & i S
between the two regions, a single case is considered '
corresponding to the conditions of Fig. 3, except that
the pressure is 60 Torr rather than 20 Torr. For this case ) - _ ) o _
it has been determined that the dimensionless boundaryelG.' 5. Axial and modified radial velocity profiles in the matching

. . . gion of the boundary-layer and potential flow solutions. The condi-
layer thickness ig" = 1.38, which corresponds #® = ;ns ysed arg, = 1200 K, .. = 2500 K, p = 60 Torr, andu.. —
0.21 cm. The potential flow components in Egs. (33)2 x 16f cnys.
and (34) are scaled appropriately, and plotted with

the boundary-layer components of Egs. (35) and (36houndary-layer thicknessj. Carrying out the variable
against the dimensionless boundary-layer coordinéte, transformationé = X/ in Eq. (39), and subsequently

in Fig. 5. integrating that equation across the boundary layer, an

The final quantity to be determined before applyingexpression for the dimensionless shear stress at the
the Karman—Pohlhausen method is the radial pressurg;rface is obtained:

gradient appearing in the rescaled boundary-layer equa-

imensionl

! T T T ! [ ! 1 ! 1
00 02 04 06 08 10 12 14 16 1.8 20 22

X

~ 1 1 ~
tions. Because the axial component of the rescaled _ L dip = [ n2, ldé +[ Wd”BL dé
boundary-layer equations simplifies to { de leg=o Jo 0 dé
N 16{
J - - 40
=2 = ORe™), (37) (4 + Re-120)? (40)

it is possible to determinep/a7 by evaluating the radial SuPstituting the approximate expressionsiigr andW,
component of the equations at any axial position. FoEdS- (35) and (36), into Eq. (40) and then simplifying
convenience this position is chosen to be the outer edgd® result, & quadratic equation is obtained for the
of the boundary layer¢é = 1, because the necessary dimensionless momentum boundary-layer thickngss,
information is available from the potential flow solution, Which yields a single physical root. In dimensional form,
The resulting expression for the pressure gradient at ari’€n: the momentum boundary-layer thickness is uniform

position 0< X < ¢ is Stagnation flow is given approximately by
172
Ldp _ o dirs | _ 5= L | 02365, <1 892 + 00559) a1
TF A Ups - +w dX 521_ Rel2 | Rel2 : Re - (41)
a? = ___ 16 (3g) However, for values of the Reynolds number for which
(4 + Re 12{)? a boundary layer actually exist®e = 0(10%), the
Substituting this result into Eq. (15) yields expression fog is dominated by a single term; and it is
therefore a reasonable approximation to write
2 digr 16 d*iip; N
U *Wox T @xrengr T axe Y 5 = 1.375LRe™ . (42)

which serves as the starting point for the determinatiorThe presumption that the viscous length scale is propor-
of the surface shear stress,, and the momentum tional to \/v/Uaa is borne out by this result.

J. Mater. Res., Vol. 12, No. 4, Apr 1997 1117



D.S. Dandy et al.: Momentum and thermal boundary-layer thickness in a stagnation flow CVD

Using the approximate expression found for thewhich has the solutio® = 1. Thus, in the region where
radial velocity component in the boundary layer, thethe flow is nearly inviscid, the temperature is predicted
shear stress at the surface can be evaluated: to be constant, consistent with the full numerical result
shown in Fig. 3. To correctly capture the actual tem-

T = po B TAPT: perature drop through the thermal boundary layer, it is
¢ le=0 ¢ le=o necessary to rescale Eq. (47) using the same stretching
— 6u U < L > 43)  as for the momentum equations, namély- Re'?% and
oL \é + 4L W = Re'?w. The resulting boundary-layer equation is
Assuming that Eq. (42) is valid, the expression for shear do 1 d%0
= 49
stress becomes w X -~ Pr dx2 (49)
rU. Re . .
= 4. il (N S 44 Before implementing the Karman—Pohlhausen method,
7o = 436u 75 <1.375 + 4Re1/2> 44 f >

an approximate expression is selected for the temperature
Since the radial coordinate is a monotonic function, Profile in the boundary layer

the surface shear stress can never change sign, and as _ 2 3

a result, it is predicted that boundary—layger sgparation O =atbér+cip +der, (50)

cannot occur. whereé; = X/{r and &7 is the dimensionless thermal
boundary-layer thickness, related to the dimensional

IV. ENERGY TRANSPORT boundary-layer thickness b§; = Re'>8;/L. The con-

In this gaseous system, it's assumed that kinetic angtraints imposed on the dimensionless temperature in the
potential energy changes, as well as viscous dissipatioRoundary layer are

contribute negligibly to the total energy balance. At 420
steady state, utilizing the assumption that fluid prop- 0 =0, ae 0, atér =0, (51)
erties are evaIL_Jated at an effective tempera@@, _ d@§
the axisymmetric form of thermal energy equation in ®=1, — =0, atér = 1. (52)
cylindrical coordinates is dér
. 9T 9T 1 9 9T 92T Upon evaluation of the constants in Eq. (50), the dimen-
pC,,<u o5 + Wa_z> = [7 ar <r E) 8—22} sionless temperature profile becomes
(45)

0 =608, 53
where €, and k are the mixture specific heat capac- . i

ity and thermal conductivity, respectively. To nondi- Becau_se the re!atlve thlckness_ of the boundary layers,
mensionalize this equation the characteristic length an@/ 97 is @ function ofPr, two different cases must be
velocity scales of Egs. (3) are (4) are used, and &onsu_:lere_d, dependl_ng on whether the thermal boundary
dimensionless temperature is defined such at= layer is thinner or thicker than the momentum boundary
(T — T.,)/(T. — T,), whereT,, is the temperature at 'ayer.

the plasma torch exitz(= L), and T, is the substrate

temperature. The dimensionless energy equation is thefy 87 < @

20 901 [ii<~ ﬂ) 82(9} For this case, viscous diffusion is stronger than

— + W — = —— — thermal diffusion, and; < 6. Energy transport within
oF d%  RePr 9% the thermal boundary layer occurs by both conduction
(46)  and convection, and the velocity experienced by the fluid
where the Prandtl number Br = Mép/k- is thz_':\t given l_Jy the expre_ssions fog;, andW from the
For a fluid undergoing uniform stagnation flow, the Préevious sectlon._lntegratln_g Eq. (49) across the thermal
similarity supposition is that the temperature profile doed0uUndary-layer yields the integral equation

i

#
Foor\ oF

not change shape at different valuesrothat is,® = 1 dO ar 40
=\ 21 | Jtilizi i i - = —dX. 54
0 (x).2* Utilizing this assumption, Eq. (46) becomes PraxX v Jo Wi 5 d (54)
W a0 _ 1 dz_® (47) Substituting Eqgs. (36) and (53) into Eq. (54) results in
dx RePr dix? a quintic equation forz:
For finite Pr, asRe — o this equation simplifies to
o ’ G- 1405 =~ Ol R, (69
r
7 = 48 . .
PT: 0. (48) which must be solved numerically.
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B. 6r> 6 A. Effect of temperature on boundary-layer

For this case, viscous diffusion is weaker than therthickness

mal diffusion, andSy > §. The fluid within the thermal To examine the dependence of boundary-layer thick-
boundary layer experiences not only the velocity fieldness on effective temperature, calculations were carried
characteristic of the momentum boundary layer, but als@ut for 1000< T < 2500 K, at a single reactor pres-
that from the potential flow field. While the upper portion sure of 20 Torr. Thermophysical and multicomponent
of the thermal boundary layer is under the influence otransport properties were evaluated using the Chemkin
the potential flow field, this comprises a relatively smallsoftware library?®3° For this gaseous system, under the
fraction of the total thermal boundary-layer thicknessconditions considered the thermal boundary layer is
becausePr is finite, and in fact, for gases it i©(1).  thicker than the momentum boundary layer, and Eq. (57)
Nevertheless, when an integral equation identical tas used to computé;. [However, as illustrated in Fig.
Eq. (54) is constructed, the limits of integration are5, the region over whictWg;, = Wgg is comparable
separated so that the different velocity fields are takem magnitude to/, and Eqgs. (54) and (55) yield values

into account: of {r very close to those predicted by Eq. (57).] Values
P ¢ 40 for momentum and thermal boundary-layer thickness are

- = [ War — dX plotted in Fig. 6 as functions df.;;. The solid symbols
Pr dX lx-o 0 ; dX are the predictions resulting from Egs. (41) and (57),

" W @dx (56) while the open symbols are the values extracted from
Fs ' the spiN calculations. It was not possible to specify

¢ dX
_ , . “realistic” combinations offy, and T.. in sPIN for T <
Substituting Egs. (34), (36), and (53) into Eq. (56) yields{300 K or T.e > 2200 K.

a polynomial expression fofr: For the results in Egs. (41) and (55), simple kinetic
i 3/4 ich i
5 _ 3 1244 4 (1. 43 12) 73 theory pre_dlcts tha@, 6T_ o T, which is very clpse to
& [3;354]56 (1 i; ”2(1+251§875132 7;552; )fgz the behavior found in Fig. 6 for both the approximate re-
- . e . e r

+ 5.625Pr '¢ — 1.5Re"?Pr ']}
+ 0.1437° 4+ 0.107Re'?{* = 0. (57)

0.80 {7 : - : - : - —aF

V. DISCUSSION 0.75
0.70

As a simple illustration of the results obtained | .
above, the effects of pressure and average temperature of 060 - Approximate
boundary-layer thickness are investigated for conditionse

representative of those found in diamond arcjet reactors.< 0357

SPIN
In the system under study, pure, Hs fed into the 050 _
plasma torch where it encounters a high temperature %% -
plasma arc. Due to nonuniform mixing in the torch and ~ %4° _
035 i

extremely short residence times, only a fraction of the - , ) , . .
hydrogen dissociates into the atomic state. The KW, H  0.50 L
mixture leaving the torch is mixed with GHand the

mole fractions of Ch, H, and H at the point of mixing 0457 B
are assumed to be 0.01, 0.2, and 0.79. Although the_ .40 SPIN L
average velocity of the mixture at the torch exit dependsg A%

not only on the hydrogen flow rate but also on the gas.s *>°
temperature and reactor pressure, a characteristic value ¢34
of U, = 2 X 10° cm/s is used for all cases considered
below. The separation distance between the torch exit
and the substrate is assumed to be 15 cm. The predicted ¢2¢

values ofd andd will be compared to the full numerical 1000 1200 1400 1600 1800 2000 2200 2400
solution of the governing equations, using the stagnation Effective Temperature (K)

flow codespin?® The thermal boundary-layer thickness

in the sPIN result is taken to be the point at which the FIG. 6. The momentum and thermal boundary-layer thickness as

. functions of effective temperature fgr = 20 Torr andU.. = 2 X
0 .
temperature drops to 99% of its free stream value; the s cm/s. The closed symboldl) are from the results of the present

momentum boundary-layer thickness is the point whergork, while the open symbolsT) are taken from numerical results

A

4 is maximum. of the governing conservation equatidfis.

0.25 - Approximate
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sults and thespin calculations. The maximum difference are negligible compared to the imposed stagnation flow.
The expressions resulting from application of the Kar-
man—Pohlhausen method are in very good qualitative
and quantitative agreement with numerical solutions of
the equations of motion and the thermal energy equation.

betweenspIN and the approximate results for 1360
T < 2200 K is 6%.

B. Effect of pressure on boundary-layer thickness

To illustrate dependence of boundary-layer thickness
ACKNOWLEDGMENTS

on pressure, calculations were performed fosS <
100 Torr, withT, = 1200 K andT,. = 2500 K (Ts; =

1850 K). This pressure range is characteristic of tha
used in reactors operating under subsonic condition
Again, sinceér > 8, Eq. (57) is used. Results for
the momentum and thermal boundary-layer thickness
as functions ofp are plotted in Fig. 7; the values
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computed using Egs. (41) and (57) are denoted by thREFERENCES

solid symbols, while thespiN results correspond to the

open symbols.

C. Summary
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Approximate expressions have been derived for the

momentum and thermal boundary-layer thickness in4:
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r— T 1T 1 T 1T T 1T T 1
0 10 20 30 40 50 60 70 80 90

Pressure (Torr)

functions of pressure fof’;, = 1200 K, T.. = 2500 K, andU. =
2 X 10 cnys. The closed symboldl) are from the results of the
present work, while the open symboldl) are taken from numerical
results of the governing conservation equatiths.
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