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The flow and heat transfer of NH3 and He have been studied in a rotating disk system
with applications to chemical vapor deposition reactors. The flow field and disk heat flux
were obtained over a range of operating conditions. Comparisons of the disk convective heat
transfer were made with the infinite rotating disk results to appraise uniformity of transport
to the disk. Important operating variables in a rotating disk reactor include disk spin
rate, disk and enclosure temperatures, flow rate, composition, pressure, and temperature
of the gas mixture at the reactor inlet. These variables were studied over ranges of the
primary dimensionless variables: the spin Reynolds number, ReW, the disk mixed convection
parameter, Mcpd and a new parameter, the wall mixed convection parameter, MCPW. Inlet
velocities were set to the corresponding infinite rot sting disk asymptotic velocity. Results
were obtained primarily for NH3. These results show that increasing ReW from 314.5 to
3145 increases the uniformity of the rotating disk heat flux and results in thinner thermal
boundary layers at the disk surface. At ReW = 314.5, increasing Mcpd to 15 leads to
significant departure from the infinite disk result with nonuniform disk heat fluxes and
recirculating flow patterns; the flow becomes increasingly complex at larger values of Mcpd.
At the larger value of ReU of 3145, the results are closer to the infinite disk for MCPd up
to 15. For large negative (hot walls) and positive (cold walls) values of MCPW, the flow
recirculates and there is significant deviation from the infinite disk result; nonuniformities
occur at both values of ReW. The influence of MCPW on flow stability is increased at larger
MCPd and lower ReU. In order to determine the influence of variable transport properties
(z.e. viscosity and thermal conductivity variation with temperature), calculations were made
with He as well as NH3; He transport property variation is low relative to NH3. The results
show that the flow of NH3 is less stable than that of He as Mcpd is increased for MCPW = O
and ReU = 314.5.
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1 Nomenclature

A
c

Grd/ReW 3/2
GrW/Rei. 2
P
Pr

~lD
Reu
Re i.
T
Cp

f
3
h
k

Pm
r
To

u
v
w
x

radial aspect ratio, FO/~d
nondimensional asymptotic velocity for the infinite rotating disk (.88 for
and .79 for He; at ~i.=400K and ~d=1300K)

disk mixed convection parameter, Mcpd = ~(~d – ~in)/(~inV~~2iJ 3/2)—— —
wall mixed convect ion parameter, MCPW = ~(Tin —TW) . 2F0/ (Tin7Z~n)
pressure
Prandtl number, ?pin~i~/~in
1-D infinite rotating disk heat flux (dimensional)
spin Reynolds number, ~d 2ZJ/i7in
inlet Reynolds number, 2TOiiin/~in = 2ACX
temperature
specific heat at constant pressure
ratio w/r
acceleration of gravity (dimensional)
disk to inlet height
thermal conductivity
pressure in momentum equations
radial coordinate
reactor radius (dimensional)
axial velocity component
radial velocity component
circumferential velocity component
axial coordinate

1.1

P
u

P
w

1.2

d

w

in

ID

Greek symbols

density
kinematic viscosity
dynamic viscosity
disk spin rate

Subscripts and superscripts

disk quantity
reactor wall quantity (for h – H < x < h , r = A)
dimensional quantity
evaluated at tube inlet, reference conditions
one-dimensional value

NH3
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2 Introduction

The uniform and controlled growth of epitaxial layers is an important step in the fabrication of microelectronic

devices. The chemical vapor deposition (CVD) process is widely used for growing such layers on heated

substrates that are in contact with flowing reacting gases. Control can be exerted over the deposition by

specifying the composition and concentration of the gas phase species. Individual layers of materials can be

deposited on a substrate by introducing active species into the gas stream in the desired sequence. Typical

growth rates by CVD are on the order of microns per minute. The uniformity of layers grown by CVD

often depends on the flow and heat transfer in the reactor and is effected by radiation between surfaces

and convection between the gas and growth surface especially when deposition takes place near atmospheric

pressure levels. CVD reactors are often designed to permit a stable, uniform and continuous flow of reacting

species to the growth surface. Recirculation of the gas due to geometry and/or buoyant effects can have a

strong influence on the uniformity of the heat and mass transfer and consequently the deposition.

The rotating disk reactor (RDR) takes advantage of the uniform transport properties characteristic

of an infinite rotating disk in an infinite medium (see e.g. Evans and Greif [1]). In an infinite rotating

disk flow, the heat and mass transfer to the rotating surface are said to be “ideal” in that these quantities

are one-dimensional (i. e., varying only with the coordinate normal to the disk). The typical RDR consists

of a heated growth substrate on top of a spinning disk of finite radius oriented normal to the bulk gas

flow direction. Spinning the disk minimizes circumferential deposition variations and induces a flow to the

growth surface, which can lead to thinner boundary layers and improved uniformity over a larger radius.

Breiland and Evans [2] have shown that RDRs can be operated under conditions where nearly ideal, one-

dimensional, infinite-radius disk behavior is achieved over most of the disk surface. Deviations from the ideal

flow behavior may result from the effects of variable properties, reactor geometry, gas flow rates, thermal

boundary conditions, and variations in gas composition at the reactor inlet. Previous studies by Evans and

Greif [3, 4], Patnaik et al. [5], Fotiadis et al. [6], and Chou and Gong [7] have examined these effects for a

single component gas in a RDR. Palmateer et al. [8] and Winters et al. [9, 10] have examined convective

instabilities under isothermal conditions resulting from binary gas mixing at the reactor inlet.

The present work examines, for the first time, the effects of gas properties (two gases are studied)

and reactor wall temperature; a new parameter for characterizing RDR flows is introduced, namely, a wall

mixed convection paramter, MCPW. This parameter shows the dramatic effect of wall temperature on the

flow stability and convection heat transfer. In addition, the effects of the large variation of the transport

properties of NH3 (a gas frequently used for depositing nitride films) is shown by comparing results obtained

for He, another CVD carrier gas that has a smaller variation in properties. Results are presented in terms

of common RDR flow parameters including the spin Reynolds number, ReU, and the disk mixed convection

parameter (MCPd). The wall mixed convection parameter, MCP W, is varied to study the effect of reactor

wall temperature on flow stability and convective heat transfer. The reactor performance is quantified by

examining radial variations in the disk heat flux, normalized by the ideal infinite rotating disk heat flux.
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I

3 Model

A cylindrical reactor of radius FO and height ~contains a spinning disk of radius ~d located adistance~

from the top inlet ( cj. Figure 1). The incoming flow consists of a single component ideal gas, either NH3 or

He, with a uniform inlet velocity, iZin.

The dimensionless, steady, variable property, cylindrical, axisymmetric conservation equations of

mass, moment urn and energy for low Mach number flow, neglecting viscous dissipation and Dp/Dt (pressure

work) in the energy equation, are:

1 f3 (?-pv) + a (W) = ~—— —
T 6k ax

(1)

(2)

(3)

(4)

where f E w/r in equation (4); u, v, w are the dimensionless axial, radial, and circumferential velocity

components, respectively. The dimensionless parameters in equations (l-5) are: the disk Grashof number,

Grd = ~(~i~ – ~~)7,3/(~,~i~2), the spin Reynolds number, ReW = ~d2D/~in, and the Prandtl number,

Pr = 2~in~i~/~in (U is the disk spin rate; u, p, p, CP,and ~ are the kinematic and dynamic viscosities, density,
——. -

specific heat at constant pressure, and thermal conductivity, respectively); the properties are normalized

based on their values at the temperature at the reactor inlet, ~i~. The usual scaling (Evans and Greif [3];

White [11]) for a rotating disk has been used: ~~ for the axial component of velocity, ~d Z for the

radial and circumferential components of velocity, ~-- for the axial coordinate, and ~, for the radial

coordinate, where symbols wit h overbars represent dimensional quantities. The dimensionless temperature

iS T = (~ – ~i~)/(~d – Tin).

13



The boundary conditions are:

x=() 0<7 -<1 U=v=o,j=? ’=1
T=A h–H<x~h u = v = f = O, T = –(NfCF’w/NlcF’d) (uin3/Ikin )

r=l h–H<x<O u=v=j=8T/&=Cl
r=() O<xsh c%/& = 8f/i3r = i9T/L% = v = O
x=h Osr<A v = f = T = O, u = Rein/(2 A=)

where the inlet Reynolds number, Re i. = 2TO~in/Uin, A = FO/–rd , and for an ideal gas, the disk Gra.shof

number, Grd = ~(~d – ~in)~d 3/(~inV~n), the wall Grashof number, GrW = ~(~in – ~w) (270 )3/(~inD~n), the

disk mixed convection parameter, Mcpd = Grd/ReU3j2, the wall mixed convection parameter, MCPW =

GrW/Re in2. In the current study, Re i. is not an independent parameter because we consider only cases

where the inlet velocity is set equal to the asymptotic velocity for an infinite rotating disk: iiin = C-,

which gives Ui. = C, where C is a function of the inlet temperature, ~i., the disk temperature ~d and the

gas (see e.g. [3]). Thus in this study, Re i. = 2AC@, and the dimensionless reactor wall temperature is

Tw = – (hfCpw/Mcpd) [C2/(2A~)]. Fully developed conditions are applied at the outflow boundary.

3.1 Numerical method

The equations are integrated over control volumes and discretized using the hybrid differencing scheme [12].

The SIMPLER method is used to determine the pressure, pm, A sequential iterative line relaxation scheme

is used to solve the equations. Underrelaxation factors (0.05-0.6) were used for the momentum and energy

conservation equations; no underrelaxation was applied to the pressure equation. Iterations were continued

(typically 5,000) until changes in the convective heat flux at the disk surface (the most sensitive quantity)

were negligible. Computational times were one to several hours on an SGI Challenge computer. A more

detailed description of the numerical method is given in reference [13].

3.2 Grid Sensitivity

All of the results discussed here were obtained on a nonuniform grid of 80 by 40 control volumes in the x

and r directions, respectively, between the inlet and the disk, with finer grid spacings near the rotating disk

(x= O). The control volumes were distributed over three computational regions (one bounded by the inlet

and the disk, a second adjacent to the first bounded by the inlet and the beginning of the annular exit, and a

third for the annular exit). A nonuniform grid of 25 by 10 control volumes in the x and r directions was used

for the annular exit. Calculations were also made on a nonuniform X, r grid of 50 by 40 control volumes above

the disk. Results for the disk heat flux differed by less than 570 for the two grid distributions. Furthermore,

the fine grid resolution of the rotating disk boundary layer was deemed adequate because the results of the

numerical calculations at the centerline (r = O) differed from the similarity solution [14] for the flow over

an infinite rotating disk by less than 27.. Deviations greater than 2% tended to occur only at the edges of

*
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the disk unless buoyancy or the development of sidewall boundary layers disturbed the “one-dimensional”

nature of the heat flux over the disk.

.
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4 Results and Discussion

Results were obtained for the system shown in Figure 1. Thk system is representative of typical RDR’s

and is similar, if not identical to, geometries studied previously in [3, 4, 9, 10]. Results are presented using

the dimensionless groups defined in the previous sections, i.e. the spin Reynolds number, ReW = 7d2~/~in,

the disk mixed convection parameter, Mcpd = Grd/Rew3’2, and a new parameter for characterizing RDR

flows, the wall mixed convection parameter, MCPW = GrW/Re i. 2. A fourth parameter, the inlet Reynolds

number, Rein = 2~Oiiin/Fi., normally an independent parameter, is not independent in this study because

the inlet velocity was selected to be the “natural drawing velocity” computed from the infinite rotating disk

solution [14] for the same operating conditions. Under these circumstances, it can be shown that Rein is

directly related to ReW (see Section 3). Variations in another independent parameter, the Prandtl number,

Pr, were not considered since the Prandtl numbers for common carrier gases in RDRs are nearly equal

(cj. Table 1). This study also presents new results for the effects of variable properties by considering two

common CVD gases, NH3 and He. Results were obtained for two spin Reynolds numbers which span a

range characteristic of RDRs: Rew = 314.5 and ReW = 3145.. For each spin Reynolds number, Mcpd was

increased from nearly zero to a level where significant departure from the ideal infinite rotating disk behavior

was obtained. The wall mixed convection parameter, MCPW, was varied from –30 to +30; negative values

are for hotter walls relative to the inlet while positive values are for cooler walls relative to the inlet.

4.1 The Ideal Reactor

While stable reactor flows are not always “sufficient” to produce uniform CVD, flow stability and uniformity

are often “necessary” for many processes. One measure of reactor flow suitability is how well the disk heat

flux compares to the corresponding “ideal” infinite rotating disk heat flux, ~1~ which is defined as:

(6)

Because RDRs have finite disk diameters, deviation from the ideal flow is unavoidable at the disk

edges due to two-dimensional effects. For geometries like the one shown in Figure 1, the disk heat flux usually

exceeds the ideal value at the disk edges due the local flow acceleration which accompanies the flow into the

narrow exit channel. However, under stable operating conditions, it is reasonable to expect the RDR flow

to approximate the ideal flow over a large portion of the disk.

Figure 2 illustrates reactor flow (NH3) characteristics for ReW = 314.5, Mcpd = 1.3, and MCPW = O

(equal wall and inlet temperatures). The figure is typical of how the flow field results will be presented in this

report. Figure 2 (a) shows the reactor in cross-section with white streamlines superimposed over color filled

temperature contours. Blue corresponds to the lowest temperature (inlet and cold walls) and red corresponds

to the highest temperature (disk) in the flow field. A more detailed legend of contour values will not be

presented because these plots are intended to demonstrate the qualitative nature of the flow even though

the plots were generated from computed results. More quantitative information is presented in Figure 2 (b)

17



shows the heat flux distribution along the disk surface. The radial position is normalized by the disk radius

(9 cm) and the heat flux is normalized by the ideal infinite rotating disk heat flux (3,37x 106ergs/s - cmz)

which was computed from the similarity solution [1] using the computer code SPIN [14]. SPIN calculations

account for property variations due to temperature. Both SPIN and the two-dimensional computational

model utilize CHEMKIN transport models [15] for determining thermodynamic and transport properties of

ideal gas mixtures.

The normalized heat flux plot of Figure 2 (b) shows excellent agreement between the 2-D model

and the 1-D result over 6070 of the disk radius. Figure 3 (a) compares the centerline (r=O) temperature

distributions computed from the two results. The distributions are almost identical. The plot shows a

thermal boundary layer thickness of approximately 6 cm above the disk. The boundary layer can also be

seen in the color-filled temperature contour plot of Figure 2 (a). The centerline (r=O) axial component of

velocity for the two results is shown in Figure 3 (b). Agreement is excellent in the boundary layer and at the

reactor inlet. However, the 2-D model predicts an accelerating flow that reaches a maximum approximately

10 cm above the disk, This acceleration is caused by the formation of a momentum boundary layer on the

vertical walls of the reactor. This boundary layer is evident from the curvature of the streamlines along the

vertical walls in Figure 2 (a). Despite the effects noted near the disk, the 2-D flow retains the 1-D behavior.

The effect of increasing the spin Reynolds number by a factor of 10 is shown in Figures 4 and 5.

The mixed convection parameters were unchanged (MCPd = 1,3 and MCPW = O) and the gas was NH3.

Note that IZi., the dimensional inlet velocity, is smaller for the larger Reti. This occurs because Mcpd is

kept constant at 1.3 for both ReW and Reti was increase by increasing Z, increasing ~, and decreasing iiin.

Increasing Reti increases the induced flow rate due to the rotating disk. This results in a thinner thermal

boundary layer adjacent to the disk (Figure 4 (a) compared to Figure 2 (a)) and increases the disk heat flux.

Heat flux uniformity has also improved. Figure 4 (b) shows that the heat flux is in excellent agreement with

the 1-D result over approximately 90% of the disk radius, The thinner boundary layer (approximately 2

cm) is evident in Figure 5 which compares the centerline (r=O) axial component of velocity and temperature

profiles with the 1-D results.

4.2 The Influences of Mcpd and ReU

Results presented in this section are for cases where MCPW = O (equal inlet and wall temperatures). All

calculations were performed for NH3. Figure 6 shows reactor behavior over a wide range of values of Mcpd

for the low spin Reynolds number (ReU = 314.5). The flow retains its nearly 1-D appearance until the disk

mixed convection parameter is increased beyond 10. At Mcpd = 15 there is a strong but steady recirculating

pattern that decreases the disk boundary layer thickness near the centerline but increases it near the outer

edges of the disk. The influence of the value of M@d on disk heat flux is illustrated in Figure 7. For

Mcpd = 5 the heat transfer retains the 1-D nature discussed in the previous section (for Mcpd = 1.3). At

Mcpd = 10, some departure from the 1-D behavior is apparent; the magnitude has increased slightly but

.
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the distribution remains relatively uniform. At M@d = 15 there is a recirculating flow that affects both

the magnitude and uniformity of the disk heat flux. Further increases in MCPd cause stronger recirculation

and correspondingly greater departure from the 1-D heat flux result.

Figure 8 shows flow and heat transfer behavior with varying Mcpd at the high spin Reynolds

number (ReU = 3145). Increasing the spin Reynolds number by a factor of 10 results in a decreased thermal

boundary layer thickness and a corresponding increase in the disk heat transfer as discussed in Section 4.1.

Here again, the flow retains its nearly 1-D appearance until the disk mixed convection parameter is increased

to 10. The effect of the departure from ideal flow is seen in Figure 9. For Mcpd = 10, the heat flux near the

centerline shows a slight increase (2 ?Io)above the 1-D result. Heat flux uniformity is also affected. Increases

in the disk MCP beyond 15 are likely to produce even greater departures from the 1-D behavior. However,

the steady recirculating flow patterns observed for Mcpd > 10 and ReW = 314.5 (see e.g. Figure 6 (c-d))

could not be verified for ReW = 3145 because the flow became unsteady and convergence to a steady result

was not obtained.

4.3 The Influence of MCPW and Re@

In order to determine the influence of wall temperature on reactor flow and heat transfer, the wall mixed

convection parameter, MCPW, was varied over a range typical for RDRs. The disk mixed convection

parameter, Mcpd was fixed at 5 and results were obtained for NH3 at the two spin Reynolds numbers (314.5

and 3145). Figure 10 shows reactor temperature contours and streamlines for MCPW = –30, – 10,0, +10, +30

for a spin Reynolds number of 314.5. The corresponding disk heat flux profiles are shown in Figure 11. For

MCPW = –30, the wall is hotter than the downward flowing gas, and a buoyancy induced recirculation

develops near the reactor walls. This causes the downward flow to be channeled inward toward the reactor

centerline, note the inward curvature of the streamlines in Figure 10 (a). This results in a slight increase in

the disk heat transfer over the entire disk (Figure 11). Cooling the walls relative to the inlet (MCPW = +10),

provides an additional downward flow force which acts to thin the boundary layer near the wall and eliminates

the potential buoyant instability which occurs for hot walls (negative values of MCPW). Thk results in a slight

decrease in the disk heat transfer over the outer part of the disk. Further cooling of the wall (MCPW = +30)

intensifies the downward sidewall flow to the point where a weak recirculation develops causing the heat

transfer to become nonuniform and reduced over the outer half of the disk.

Figure 12 shows reactor temperature contours and streamlines for MCPW = –30, –10, O,+10, +30

at the higher spin Reynolds number of 3145 and the same Mcpd value of 5. The corresponding disk heat

flux profiles are shown in Figure 13. For MCPW = –30, the buoyancy induced recirculation that develops

near the reactor walls is stronger than for the lower spin Reynolds number. However the resulting departure

from the 1-D heat flux is less. Side wall cooling (MCPW > O) induces a downward flow near the walls which

is strong enough to draw the flow away from the center causing an outward bending of the streamlines

approximately 4 cm above the disk. This flow redirection results in heat flux nonuniformity near the outer
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Carrier k 1300

Gas k
!4300 ~r

400 P’400 400 Pr1300

NHa 4*75 2.99 .72 .73
H2 2.35 2.15 .69 .69
He 2.14 2.15 .67 .67
N2 2.58 2.21 .71 .71
02 2.64 2.23 .71 ●7I
Ar 2.28 2.28 .67 .67

Note: Subscripts indicate properties evaluated at 400 K and 1300 K.

Table 1: Properties for Common CVD Carrier Gases.

edge of the disk. Here again, the departure from the 1-D result is less than that observed for the lower

spin Reynolds number. At higher values of MCPd, variations in MCPW lead to greater departures from the

1-D behavior. Figure 14 shows the results for MCPW of –30, O,+30 at Mcpd = 7 and ReU = 3145. The

small increase in Mcpd from 5 to 7 results in a substantial increase in disk heat flux nonuniformity. Further

increases in Mcpd lead to unsteady flows for MCPW = +30.

4.4 The Influence of Variable Gas Properties

Table 1 shows transport property and Prandtl number variations for common RDR gases evaluated at 400

and 1300 K. These values were obtained from reference [16]. Prandtl numbers for the common carrier gases

are nearly equal and constant over the temperature range considered here. Hence, if it could be shown

that variations of the transport properties with temperature are unimportant, the results presented in the

previous sections apply for all the common carrier gases.

To determine the influence of variable transport properties, several calculations were repeated using

He in place of NH3. Note that the largest variation in transport properties for the gases shown in Table 1

occurs for NH3, the least for He. Figure 15 shows flow and temperature fields and disk heat flux profiles for

He and NH3 at a spin Reynolds number of 314.5 and for disk mixed convection parameters of 10 and 15.

In all cases MCPW = O and the inlet velocity was set equal to the infinite rotating disk asymptotic velocity

result for the particular gas (NH3 or He), Using the asymptotic velocity caused Rein for the NH3 and He

calculations to be slightly different (47 for NH3 and 42 for He). Results at Mcpd = 10 show 1-D behavior

for both He and NH3. However, the variable transport properties for NH3 have caused the thermal boundary

layer to be nearly twice that of He. This is evident from the color filled temperature contours in Figure 15

.

20



(a). This trend was also observed for all calculations made at MCP~ <10 (results not shown here). At

Mcpd = 15 NH3 exhibits a significant departure from 1-D flow with nonuniform heat transfer and strong

recirculating flow. In contrast, the He flow resembles the 1-D result with only a slight nonuniformity in the

disk heat flux.
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5 Conclusions

.

The flow and heat transfer of NH3 and He have been studied for a typical RDR geometry. The study

extends earlier results by determining the important effects of reactor wall temperature and variable gas

properties on flow stability and convective heat transfer. The parameters that were varied are the spin

Reynolds number, Reu, the disk mixed convection parameter, Mcpd, and a new parameter, the wall mixed

convection parameter, MCPW. The inlet Reynolds number, Rein was varied so that the inlet velocity was

equal to the asymptotic velocity for the corresponding infinite rotating disk (ie. the “unstarved” flow case).

The influence of variable transport properties was investigated by comparing results for He and NH3.

The results for NH3 show that increasing Rew from 314.5 to 3145 increases the uniformity of the

rotating disk heat flux and results in thinner thermal boundary layers at the disk surface. At ReU= 314.5,

increasing MCPd to 15 leads to significant departure from the 1-D infinite disk result with nonuniform

disk heat fluxes and recirculating flow patterns; the flow becomes increasingly complex at larger values of

MCPd. At the larger value of ReU of 3145, the results are closer to the 1-D infinite disk for MCPd up to 15.

However, at the larger Rew, steady results could not be obtained for values of Mcpd >15, whereas steady,

recirculating flow results were obtained for Mcpd >15 at the smaller ReW.

For large negative (hot walls) and positive (cold walls) values of MCPW, the flow recirculates and

there is significant deviation from the one-dimensional result; the nonuniformities occur at both the small

and the large ReW. The sensitivity to large variations in MCPW is increased at larger Mcpd and lower ReU.

Substituting He for NH3 for several calculations demonstrated the strong influence due to the variable

transport properties. For He (smaller variation in transport properties), the disk thermal boundary layers

tended to be thinner and the flow was more stable over a larger range of MCPd.
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Figure 6: Muence of MCPd on IIow and temperature at Re, = 3145. Conditii:  Td = 1300, K, % = 
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F i e  8: Influence of MCPd on flow and temperature at F& = 3145. Conditions: Td = 1300K, Ti. = 400K, 
T, = 400K, and = 1.07 x 10'ergs/sec - em2; (a) 152 ton, 500 RPM,-i~t, = 7.4cm/sec, (b) 180 torr, 428 
WM,-?& = 6.3cm/sec, (c) 215 torr, 354 RPM,-q, = 5.2cm/sec, (d) 263 torr, 289 RPM,-% = 4.3cm/sec. 
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Figure 9: Influence of MCPd on disk heat flux at Re, = 3145. Conditions: Td  = 1300K, Ti, = 400K, - 
T, = 400K, and qlD = 1.07 x 107ergs/sec- =ma; MCPd = 5: 152 tom, 500 RPM,-6, = 7.4cm/sec, 
MCPd = 7: 180 tom, 423 RPM,-% = 6.3em/sec, MCPd = 10: 215 torr, 354 RPM,-Eh = 5.2cm/sec, 
MCPd = 15: 263 tom, 289 RPM,-& = 4.3cm/sec. 
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Figure 11: Iduence of MCP, on disk heat flux at Re, = 314.5 and MCPd = 5. Conditions: !27 torr, B 1  
RPM, -G,, = 13.2cm/sec, Td = 1300K, Th = =OK, and GD = 3.37 x 106ergs/sec - cm2; MCF, = -30: 
Tw = 479K, MCP, = -10: Tw = 426K, MCP, = 0: T, = 400K, MCP, = i-10: Tw = 374K MCPw = +30: 
T.,, = 321K 
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F i e  13: Influence of MCP, on disk heat flu at Re, = 3145 and MCPd = 5. Condi t iy  162 ton, 500 
W M ,  -fir, = 7.4cm/see, Td = 1300K, Tr. = 400K, and qID = 1.07 x 107ergs/sec - cm ; MCP, = -30: - 
TW =$4K, MCP, = -10: Tw = 406K, MCP, = 0: T, = 400K, MCP - +lo. T - 392K MCP - 

- W---w------- 



Wall MCPd 

Wall MCP=+30 
0 

0 

' I  

0 0.2 0.4 0.6 0.8 1 
il.. .. ., . . . . . ' - ,: Normalized radlus 
, , .:'. . . . , . . i t  

, - . . .  
, . ', . ' , . . ..;-A::. . . .  :::-' (dj '~isk heat flux distribution 

! <,;~ . - . . ,. 
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