o Y S P TR 4 S PTY) AT T

AD/A-004 767

ICLE CONCENTRA HIGH MACH
ER, TWO-PHASE

K. D. Korkan, et al

- Ohio State University -

Prepared for:

Aerospace Kesearch Laboi atories

July 1974

DISTRIBUTED BY.

National Technical Information Service
U. 8. DEPARTMENT OF COMMERCE

oo i S i) |, - 3




UNCLASSIFIED

<’URT DOCUMEN in i+ . I Bii UKE COMPLETING FURM |
[T RURORY wuubON |3 0oV AccEssion No. T, ] ATALO0 NUMBIA
ARL 740102 ADA- B84 7¢7

& TTLE (and dubilile) 4 tyrgor IIPO‘T & PEMOD COVERED
PARTICLE CONCENTRATIONS IN HIGH MACH NUMBER Final
TWO-PHASE T'LOWS {1 Jan 1973 - 1 Jan 1974
6, PEATORMING ORQ, ALPORT 1UNBEA
3606-F
LA L) T CONTRALY OR CRANY NudBTRTS) ]
. K: D_' KOM. ‘c. .xﬂ. P“fi‘-m‘ Re. J. “Wi .. ’3361’.73.c.“m_ I
T PUATSRuN BROANITATION WAL ANG ABOATIT 1T TLYTR N O] TR ;
The Aeronsutical & Astronautical Research ARE SOk DN Y wondly
Laboratory, The Ohioc State University, Project 7065
3300 Case Road, Columbus, Onhto L3210
11, CONTYAOLLING OFFICE WAME AND ADDALSS 15. REPONT QATE
Aerospace Research Laboratories (LF) July 1974
Wright<Patterson Air Foroe Base, Ohic U5L33 T WUMBEA OF PAGES
'mwl(CUiﬁv !LA“. (ol inia repotty
Unoclassified
"l. !!E&;g!l!l!"lsn’“5”3':6!'3
T S TN Y 8% YYZYe GLnY o hle Noporr)

Approved for public release; Adistridbution unlimited.

7. GaTAIBUTION STATEMENT o' the oaeiroe! eniored In BIoeh 18, 1T ¢iiioront ow Roport) o
i
1)

(T8, SUPPLUNINTARY nOTET AR NRCHRAAEERI b
L. o U Uacd)

' L)
- Iw KLY WORDY [Qoniinus =n reverss side Il Asssoesiy and 1denilly by blesh Aumber)
¢ Bphere drag coefficient Hypersonioc

Two=phase flow Oolique shock

Particle conaentration Prandtl-Meyer expansion

Laser socattering Welge

] Taat Lacility -
. ABBYRAC® (Continve an 10ver80 oide If naacaaary nd idontily by blesh aumber)

: An expsrimental and theoretical study of the behavior of solid
' particles in high speed flow aystems has besn conducted. A new drag
soeffioclent correlation whinh allows greater accurasy in the predic-
b tion of particle trajectories over s wide range of slip Much number
} and 8lip Reynolds number was formulated., A variety of basic two-
phass flov situations, i.e., uniform flow, Prandtl.Meyer expansion,
and oblique shook, was investigated by varying the initisl particle

T I VU U A W e TR -
- Rt R et Y .

DD PORN 1‘73 [ PI P T T -
AN 1 NATIONAL TECHNICAL — TNEIASCINI kD
'NFORMAI'ON SERV'CE T T TR hrsdt

TN eyt w00y ngeey

R RRIETE S PRICES SUBJECT TO CHANGE




. e e i m—— e S EEE S e Yo

LN OF

velocity and particle radius. In addition, the effect of different
gases and different particles on the two-phase flow characteristics
vas investigated, and significant differences were noted, The explor-
slury waperimental studies conducted in this investigation substan-
tiate that a test facility suitable for the study of particle
trajectories has been developed and that accurate particle concentra-
tion profiles can be obtained with the laser scattrring technique.
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PREFACE

This technical report, submitted in January 1974, covers work
performed under Contract No. F33615-73-C-4012, for the Denartment of
the Air Force, Air Force Systems Command, Aercspace Research Labora-
tories, Wright-Patterson Air Force Base, Ohio. The work was performed
by the Aeronauticel and Astronautical Research Laboratory of The Ohio
State University in Columbus, Ohio. Work described herein covers the
period from 1 January 1973 to 1 January 1974, The program was under
"the direction of Mr. Elmer G. Johnson of the Fluid Dynamics Facilities
Research Laboratory, ARL/LF.
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SECTION I
INTRODUCTION

Conventional techniques of simulating hypervelocity flight environ-
ments in ground-based facilities are geverely limited by their ability
to produce simultaneously the total enthalpy and total pressure required
for adequate simulation. The testing mediums generally are not repre-
sentative of true atmnspheric conditions becaugse of contaminatjion caused
by the heating process and incamplete chemical recambination of the

_ test gasg during the acceleration process.--The multicomponent flow - - -~

device described by Johnson and von Ohain® has the objective of
producing air flows which simulate hypervelocity flight without passing
the working gas through phases of high static temperature, In this
device, a multicamponent flow process is employed ia wnich Kinetic
energy is transferred from a low molecular weight working gas to a much
higher molecular leight gas, such as air. In both the direct and in-
direct energy exchange processes,t either liquid air or refractory

particles are accelerated by the low molecular weight gas in a multi-
stage process,

In additicn to the RHEA device of Ref., 1, there is a critical
requirement for development of a combined erosion-ablation test facility
to simulate certain phases of high speed vehicle flight. 1In this
facility, solid particles are injected into a high enthalpy fiow; how-
ever, the injection must be accomplished in the supersonic portions of
the flow to avoid vaporization of the particles before they reach the
test section. Accompanying the injection of particles is a complicated

interaction between the main high enthalpy flow and the flow containing
the pzrticles,

There is a paucity of data regarding focusing of solid and/or
liquid particles in a two-phase flow. The majority of investigations
on two-phase flows has been directed toward the determination of the
effect of the particles on the overall flow properties and the deter-
mination of particle trajectories in conventional nozzle geometries.” ™"
While the motivations for these studies are much different from thcse
of this study, the techniques of analysis have direct application. The
theoretical methods can be used to characterize the flow properties,
and the experimental results provide guidelines for the choice of par-
ticle sizes which lead to optimum velocity slip. When wave systems are
used for focusing, the inertial properties of the particles and the
associated velocity and thermal slip between them and the carrier gas
are extremely important in determining the final particle trajectories.
While certain theoretical analyses of gaseous focusing systems are
available,?»1° detailed experimental studies of focusing in two-phase

flows are required befcre successful operation of the multicomponent
flow device can be achieved.
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A critical problem in the multicomponent flow device is the
separation of the accelerated particles from the low molecular weight
carrier gas, In the direct process, the particles must be fooused into
a region suitable for their vaporization by energy addition. In the
indirect process, the focusing must be accomplished in a uanner which
leads to an efficien. transter of momentum and energy to the tunnel
working gas (air). Detailed examinations of the wave pattern and flow

field gecmetries which result in such focusing is the subject of this
study.

- “Theoretical and experimental studies have been conducted to examine
particle trajectories in variocus flow field gecmetries. Detailed
analyses of shear drag coefficients at high Mach number and low Reynolds
number were conducted, and a new correlation for shear drag coefficient
which improves the accuracy of trajectory calculations in high speed
flows was developed, Exploratory experimental studies were conducted
to examine particle trajectories in basic flow field geometries.

ey e




SECTION 1I
TWOPHASE FLOW THEORETICAL ANALYSIS

A. TWO-PHASBE FLOW CONSERVATION
FRUATIONS /COMPUTER PROGRAM

A digital computer program has been developed to analyte the steady
flow of s gas-particle mixture in which the gas affects the particles,
but the particles do not interact with the gas.  Energy -exchange is -

“asaumed to ocour between the gas and the particles by forced convection
and between the particles and space by radiation. Drag forows are the
onl. external forces sssumed to act on the particles. These important
assunptions, in addition to others adopted, are listed helow,

1, Theoretical Two-l'huage Flow Aseumptions

&, In an uncoupled steady-flow oOf a gas-particle mixture vhe
gus affects the partiocles, but the particles do not inter-
act with the gas.

b, No mass or energy is lost from the system,

¢, No mass is exchanged between the phases,

d, Volume onoupied by the particles is negligidle,

s, Thermal (Brownian) motion of particles is negligible,

£, Partiecles Ao not interuct,

€. Umg vavironment is inviscid except for the drag it exerts
on the particles.

h, Coumposition and specific heats of both gas and particles
ars constant,

i. Energy exchange occurs between the gas and particle by
foroed conveotion, snd between the particle and space by
radiation.

J+ Drag forous are the only external foroes acting on the
particles.

Uuilizing tie sbove sssunptions the conservation equations can Le
written'' desoriving the flow of the gas-particle system by treating
the gas veloolty, gus tumpersture, partiocle velovoity, and partiocle
Lemperature as dependent variableo and distance as the indepsndent
variable. These equatiouns have been formulated in s coordinate system
with axes purallel and perpendicular to the loocal jarticle direction,
The particle momentum equutiuns take the fomm;

d t dyef ¢
up é e drul gon (-« /) (1)
lll{ o ()l)rl, ul'



d “‘rp Urelllein (B -
& 2[%*9‘][%"' et @
In the above eQuations, the factor (fy) accounts for deviations of i.e
drag coeflinient from the ideal Stokes flow value (2u/Re).
8imilarly, the particle energy equation is given by
4T Cpﬂ"f‘('l“ - TR) o 4
TQE * T 0 U008 (8 Q) [ D + eo(tyt - 1) (3)

lncluded in the above equation is a correction term iy, similar to
fpy to account for deviations from 3tokes flow, thereby including
rarefaction, compressibility, and inertial effects.'” The contimuity

vquation and equatiun of atate for n perfuct gas complete the set of
oQuations,

For the purposis of this study ii has been assumed that the gaseous
flov field can be adequately described by an inviscid two-dimensional
fl¢™ 4n v»ich both Prandtl Meyer expansion waves and oblique shock waves
ocan oe smos.lded, Also, the particles are assumed to be spherical und

© are anfined by specifying their molecular weight, radius, and specific

hest, There are averaging techniques available at AARL that are not

- documentated in this report vwhich allow mixtures of particlea with

‘ifferent characteristiocs 10 bLe trested,

The viscosity term which appears in 2q (1)-(3) ocan be computed
from the results of Bartz,! which is acourate for most mixtures ocon-
sisting prinocipally of diatomio gases. However, for greater accuragy
the visocsity can be obtained from the results of an analysis similar
Lo tiat of Adler and Andarson, * which is valid for a dilute gas mixture
with a frozen chemical composition.

As stated in the initial assumptions, the only force acting to
accelerats the particles is the drag. The drag term in Eqs (1) and (2)
nas been represented by a ratvlo of the aclual iphere drag coefficient
to that in Btokes' flow, It may be noted that Stokes's flow regime is
valid for incompressible flows \* Reynolds numbers less then 0,1, Since
it 4s possible for the particls to experience free-moleculs, slip, and
oontinuum flow conditions, it is necsssary to include a dray coefficient
valid over the entire range of fluw cunditions, 7o this end, the rewults
of several drag coefficlent corprelatiuvns have been used in this study
to give empirical fite of t¥ as 4 function of Mach and Keynolds numbers.

These are discussed in detull in the next section of this rejport,

A computer yrogram Lo nomerienll: aulve kqa (1)+(3) hus been
written using n fwuriheorder RungesKutta numericnl integrntion scheme
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with a variable step size. A block diagram of the method of solution
is given in Figure 1. Calculations begin at a specified axial location,
2 s Zpyn, with specified initial conditions for the gaseous flow field,
i.e,, Mach number, flow angle, ratio of specific heats, total pressure,
and temperatire, The initial particle velocity, flow direction, temper-
ature, and concentration are specified as functions of the radial coor-
dinate r, For Z > Zpyn, selected particle trajectories are camputed i
with flow properties determined from either isentropic expansion or x
oblique shock relationships. Particle velocity, gas valocity, particle

and gas flov directions, particle and gas temperatures, relative Mach

nutber, relative Reynolds number, Knudsen number, relative dynamic pres- :
suvre, and drag coefficient are given at specified axial intervals and o s
corresponding radial locations.

In the calculation of the particle concentration profiles the con-
tinuity equation for the particle is applied along the previocusly com-
puted particle trajectories, which, in effect, are particle streamlines.
That 4s, the continuity equation for the particles can be written as

WP

L 4T gy v W e RO TN TG ¢ TR TR

(PudA)gngpia1 = (PUdR), ()
|
i where
? mass density (pnrticlo)
' ' puA = (of particles / \velocity (eres)
Now
% - [ Yolume of particle) ( number of particles
¢ p particle density per unit volume
; i i.,e.,
| (% ey N (5)
¢ = \3 o) (°p) (Np)
i To find an equivalent form for the udA term, consider two particle
streamlines, 1 and j. Therefore
ar = rj - ri
and
. - . [
: dA (rJ r,) ¢l (€)
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The velocity term, aver-.ged, becames

up, * Up,
u=< 12—"1) (7)

The plane normel to the average velocity vector can be expressed as

cos |:El‘—;-—(:l-'1].l [r.j -y ] (8)

and the term u4A becomes
oy + o\t * vy
(rj -1y )[cos { > 5 (9)
Therefore the term pudA becomes

. -l + .
PudA = %nrp3pprr( (rj - ry )I:cos {a'l ; a‘j} ][upi 5 up‘l] (10)

Placing this expression into Eq (4) and simplifying result in

(e b P o

}initial

(AR SE RS

2

Note that

N. < .
FPE = X d (12)




The continuity equation is then satigfied at each specified axial loca-
tion. The necessary information is available at this location in the
gasecus flow field to obtain the local particle concentration value.

B. SPHERE DRAG COEFFICIENT CORRELATIONS

An important ingredient in the two-phase flow theoretical analyses
is the correlation employed to obtain the drag coefficient of the solid
particles. Various drag coefficient correlations were examined and
were ccompared with the results of -experiuental sphere drag coefficient
measurements obtained in a ballistic range.!S These data provide
sphere drag coefficients over a range of Mach numbers from approximately
0.1 to 7.0 with sphere Reynolds numbers ranging fram 5 x 10° to 8 x 10%,
This set of data includes over 500 data points teken in the same facilitv

e o A A

by the same investigators. These data are for T,/T, = 1 and therefore
comparisons of sphere drag coefficients can be made without considering
wall temperature effects.

The sphere drag coefficient correlation of Carlson and Hoglund!?

+
.82 + 1.28 expl-1.25 Re/M])

o .2 [g;+ 0.15 ReC+=87)(1
D = Re (1 + (M/Re)(3

expl (0.427/M 63) - £3-0/Re°-853])]
13)

and that of Crowel®?
- . h(M
Cp = (CDinc ‘)exp[-3.07(7)*(M/Re)g(Re)1 + z;%z% exp! -Re/2M] + 2

where

logy~g(Re) = 1.25(1 + tanh(0.77 log,oRe - 1.92)] (1k4)
and

T\
h(M) = [2.3 + 1.7(52) ] - 2.3 tanh(1.17 log;,4)
g

were first examined. Comparisons of the drag ccefficients of Carlson
and Hoglund and Crowe are shown in terms of percent deviation from
experimental datalS in Figure 2. Percent deviation is defined as

'
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Cpg, = Cbyy,
% Deviation = °’SLC 20Tl x 100 (15)
Dexp ;

As can be geen, the differences between the theoretical and experimental
aphere drag coefficients of Carlson and Hoglund are extensive, ranging
to + 80%, while for the correlation of Crowe the deviations range from
+40% to -50%. It is interesting to note that the Carlson and Hoglund
predictions are consistertly high for experimental gphere drag coeffi-.
cients greater than approximately 1.6. Conversely, Crowe predicts both
ww= « w.- . .- . -high and low-theoretical. sphere drag coefficients over the entire range N
of experimental sphere drag coefficients. A significant difference not h
apparent in this comparison is that the drag coefficient correlation of
Crowe allows for various particle to gas temperature ratios while that
of Carlson and Hoglund includes no wall temperature effects.

- LAYy P T

R o TR TE o0 VIF RERUTIEIN

Another sphere drag coefficient correlation that was examined is
that of Cuddihy, Beckwith, and Schroeder.!’

? For M < 0.5 3

51.1M
b 2=
CDQ Res

&= 51.1M :
1+ 0.256M(cp_ + Re:} L

R ST SR S TN

i
where
i > (16)
’ 24 . e
; CDy = Fg * O-b + 1.6 exp[-0.028 Re; ]
: For M > 0,5
:
; n
: Cp = Cp,c * (Cp,m - Cp,c) exp[-AReg"]
J
where
0.520 < Cp o < 0.981
2.00 < Cp < 7.8 ‘.
0.047 < A < 0.315 (Table Inputs as FNS of Mach No.)
0.410 < n < 0.745

10




..wwq
' 3
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This correlation!” compares favorably with the ballistic range data of
Beiley and Hyatt,!S as shown in Figure 3, with maximum deviations rang-
ing from approximately +304 to -40%. It does not, however, include the

influences of unequal particle and gas temperatures.

A new sphere drag correlation formula has been developed from the
ballistic range data by modifying the correlation of Cuddihy, Beckwith,

and Schroeder to include varying particle and gas temperatures.

For MW < 0.5

c ‘Do * Reg
D~ 51..M
1+ 0.256M(CD° + 'R_es-
where
2k 082
Cp, = Reg Ohh+l6exp[0028 Reg ]
For M > 0.5
Cp = by (M)[1 + exp(-AReg")] - ho(M)exp(-ARey") + ACp(T)
where
0.455 < hy (M) < 1,045
2.020 < h-(M) < 7.800
0.045 < A < 0.315 (Table Inputs as FNS of Mach No.)
C.510 < n < 0.7%¢C
Tw - l

T

3\

L (A7)

28 (1) = == {o.luz + [2 220 - 0. 597( )]ex'p[Rea/M]} M>1)
P

Comparisons of Eq (1&) and (17) show that for M < 0.5 the correlation

is identical

to that of Cuddihy, Beckwith and Schroeder. However, for

M > 0.5 the rearrangement of the CD expression and the changes to the

11
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table inputs of h; (M) and h,(M) result in a more accurate fit of the
experimental data (see Table I for new table inputs). A comparison of
the percent deviation of the results of this present correlation with
the balligtic range data is shown in Figure 3. It can be seen that the
present correlation greatly improves the accuracy of the sphere drag
coefficients, resulting in deviations of +154 to -20% over an extremely
wide range of slip Mach number and slip Reynolds number. These com-
parisons have been made for Ty/T, = 1. As shown in the present corre-
lation [Eq (17)], a ACp(T) term has been added to include the effects
of variable wall temperatures. The results of Bailey and Hiatt!® have
again been usel to verify the accuracy of the ACp(T) term, as shown in
Figures 4 through 7. It may be noted that the correlation is based on
the freestream aslip Mach number (M) and a 8lip Reynolds number behind a
normal shock (Re.). The following cases have been used for means of
camparison:

M= 2.0 Re> = 6,10,20,50,100 (Figure ug
M= 4.0 Re~ = 2,7,10,20,50,200,700 (Figure 5
M= 6.0 Re-~ = 7,10,20,50,200,1000 (Figure 6)
M= 10.k Re- = 2,5,10,20,50,500,5000 (Figure 7)

As shown in Figures 4 through 7, the ACp(T) term predicticn is
acceptable for a range of Mach numbers from 2 to 10.4 and Reynolds
numbers from 2 to 5000. At the present time, the ACp(T) term is re-
stricted to M > 1 since no camparisons have been made for the subsonic
slip Mach numbers.

C. INFLUENCE OF SPHERE DRAG COEFFICIENT CORRELATION
ON TWO-PHASE FLOW CHARACTERISTICS

The influence of the sphere drag coefficient correlations on i
particle trajectories, velocities, and temperatures in simple flow
situations was investigated. The flow situations consisted of uniform
flow, where the particles are injectec at an angle from the horizontal
with a specific initial velocity, a simple Prandtl-Meyer expansion fan,
and an oblique shock wave. The cases investigated were for particle
radii of 0.%, 5, 25, and 50 um and for particle velccities of 100, 1000,
and 2000 ft/s. In this segment of the study, titanjum dioxide (TiO,)
particles were used and the fluid was taken as air (molecular weight = 1
29).

]

1. Uniform Flow

The trajectories for a 1.0 um diameter particle injected at an
initial velocity of 100 ft/s into a Mach S air flow at an angle of L5°
are shown in Figure 8. Note that there are large differences in the
particle trajectories, depending on the specific drag coefficient corre-
lation employed. Hence, accurate particle drag coefficients are re- ‘
quired to obtain reliable particle trajectories., Corresponding

13 1




TABLE INPUTS AS FUNCTIONS OF MACH NUMBER
FOR PRESENT SPHERE DRAG CORRELATION

TABLE I

|
T TP R B e DN 1.1 TPUR ST

Mach No. hy (M) ho(M) A n
0.5 0.480 7.800 0.315 0.%10
_0.6 0.455. 6,500 . .. 0.2u0 ..0.468
0.7 0.497 5.570 0.182 0.500
0.8 0.535 4.920 0.141 0.545
0.9 0.610 4.450 0.110 0.590
1.0 0.820 4,100 0.090 0.620
1.1 0.900 3.850 0.070 0.645
1.2 0.990 3.600 0.065 0.670
1.3 0.993 3.k20 0,060 0.680
1.4 0.995 3.230 0.055 0.690
1.5 0.999 3.110 0.052 0,700
1.6 1.000 2.980 0.049 0.710
1.7 1.020 2.890 0.0u48 0.713
1.8 1.005 2.800 0.047 0.715
1.9 0.99C 2.740 0.047 0.718
2.0 1.045 2,680 0.0k6 0.720
2.2 1.035 2.580 0.046 0.723
2.4 1.040 2.480 0.046 0.725
2.6 1.035 2.420 0.0u6 0.725
2.8 1,035 2.360 0.046 0.725
3.0 1.035 2.320 0.0uS 0.727
3.2 1.030 2.280 0.045 0.739
4,0 1.025 2.170 0.045 0.730
5.0 1.030 2.100 0.045 0.735
6.0 1.0L0 2.050 0,045 0.735
8.0 1.030 2,00 0.045 0.740
1k
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variations of the particle velocity and particle temperature obtained
with the various drag coefficients are shown i. Figures 9 and 10. 1t
can be seen that there is little influence of the specific drag coef-
ficient correlation on the particle velocity and temperature.

Since the gas velocity in this case is 2324 ft/s, an initial
particle velocity of 2000 ft/s was chosen to investigate the effect of
this variable. The results are shown in Figure 11, where again it is
noted that large differences in the particle trajectories depending on
the specific drag coefficient correlation are found, Also, as shown in
Figures 12 and 13 the corresponding variations of particle velocity and
. particle_temperature show little influence of-the drag coefficient-
correlation.

The particle size in the previous cases was relctively small,
Therefore, the case where a 100 um diameter particle was injected in
air at an initial velocity of 100 ft/s at an angle of U5° was investi-
gated. The particle trajectories for the sphere drag coefficient cor-
relations for this case are shown in Figure 14, It is interesting to
note that for this particle size, there is no signilicant diff..rence in
trajectories, as experienced with the 1 .m particle diameter, fcor the
four different sphere drag correlations. However, as shown in Figures
15 and 16, there are significant differences in particle velocitv and
temperatures. Hence, accurate sphere drag coefficients are required
for all particle sizes to correctly predict the trajectory, velocity,
and temperature of the particles.

Other cases were investigated for particle injection into a
uniform flow and are contained in Appendix A, These cases are for
particle radii of 0.5, 5, 25, and 50 .m and for initial particle
velocities of 100, 1000, and 2000 ft/s. The results of these calcula-
tions are similar to those discussed above.

2. Prandtl-Meyer Expansion Fan

A geries of numerical experiments were conducted to examine
particle trajectories through simple expansion waves. Typical results
for a 1 ym diameter particle with an initial velccity of 100 ft/s
traveling through a I'randtl-Meyer expansion fan with a total turning
angle of 30° are shown in Figure 17. Results are given for all four
drag coefficient correlations examined, and it is cle.r that the drag
coefficient correlation has a significant effect on the rarticle tra-
Jectories through the expansion fan. It is also interesting to note
that the corresponding particle velocity and particle temperature vari-
ations through the expansion fan shown in Figures 18 and 19 show little
difference in Lhe sphere drag coefficient correlation used.

As in the uniforn. flow investigation, this r:ase was also
examined for an initial velocity of 2000 ft/s. The resulting particle

trajectories s'own in Figure 20 display even more significant differ-
ences., Notably the results with the present sphere drag coefficient

20




.

*(8/33 00T = o am G0 = th FUOT3BT3II0) JUSTITFIS0D

B84 JURIPJJIQ 40F 98E) AOLJ WIOFTUf JOF ATV UT AI0STH £3700T3A ITOTIIRY  °6 AIBTL
_ (1d) 2
0°9 0°L 09 0°% 0"y 0t 02 o 0
I 1 ] T T I T 0
8 co
B 0d = C . "
Oma s ©
*«,
b =% 008
5
{
— coet
UO71BT3JI0) 1UISaLY
' amody
J9paoayods pue ‘Ayrppn) ‘yiimxpoog
— puni3doq 3 uosiae) 0091
— m 0002
| UA\O\O; ©
o—1 OO0 O—0O0— 00— )
ﬁ —| oone
i ' ] | ] | ] 0082

& ] 0 IR AL S, it A B Rl A4 O3 - n kY G - ke [ ST

21




© e A g =TT T T e

*(8/33 00T = E.: ‘umt ¢*0 = m.a SUOT}BTSII0) JUITOTIJS0) FBIJ JUSISIIIC

d0J 988D MOTJ WIOFTUN JOF ATV ut AI038TH 3.m3wvIadmwsl 3TOTIIEY sanIT4
(o) 2
0’8 'L . 09 0% 0" 0°¢ 0°e 0T ¢
| T I _ T N T 0$
— @ 000——— g
B ~ cst
B <G =5 e J 052
P ol = ©
_ ’
HoQnsS = L
B — os€
B : 05n
UOTJE[SII0) {1383 — M‘
- amody O 9 656
Japaoaydg 3 Aurppn) ‘yirmyosg O
puntdoy § uostaey O
i 1 ! ] 1 ] | 05

(do)

22

PR

s




Tq

s(8/933 0002 = n ‘umt G°0 = mb SUOTRBVT3II0) JUITITIISCH
$8ag JUeIa3ITA J0J 988D MOTJ WIOFTU[ JI0J ITY UT 3TOTIIB] JO Kiojoaler], °TT 9M3TJ
: (1d) 2
0°g 0L 0°9 n°g o't 0°¢ 0°¢ 0°t 0
I T T ] T T
B Oo Iwo NHQO
oSh = ©
— 91°0
Mﬂ..J
— 02°0
o) o) ©) o O o0
- : H2°o
(14
e —— Y
B Q 0 o = Ty eere
U018 IJJI0) JUIASISd —
amoad QO
r ‘ —1 2£*0
Japaodyds ¥ futpepny ‘ditmoog (J
| puntdoy 3 uosiazeny O
| { ! | | | | | %0

; . |
S | |
ELE(» PR I TR BTN I ', . R



.An\w« 000C = Yn oo G0 = nuv FUOTABTSIIO) JUITOTIFS0) Feaq
JURIaJITq J0F 988) MOTJ WIOFIUR JOF JITY UT AX03sTH A3T00T3A ITPFITed °2T SMB1J

(1d) 2z
0°g 0°L 0°9 0°S o'y 0°f 0°2 0°T 0
V 1 ] ] 1 ' | {
0062
_ o0 =%
oS = ® 0ot
~
0022 ™
” 00€2
o)
0 O0—0—0—0— (5/1)
Q:
— oone
UOT1B[BII0) JUSSIAJ —
smoag O
. 0cSse
J3paoaydg § Autppny ‘Watmpdeg O .4
punil3oy 3 uosyaey O
{ { 1 | 1 ] 1 i




R .

T e A —y A (Y4

T
“(8/33 0002 = T ‘wm ¢*o = Y1) suorreTesIy FusTOTIIE0) Feiq

JUaIdIITq J10J 988) MOTJ WIOFTUN) JOF ITY UY L1039TH samywvaadmwe] a7oT3I8d °£T 2an3Td
(14) 2
0°g 0L 0°9_ _ 0°% o'n 0°¢ 0z 0"t .
T T 1 T T i i “
WO i ot
|
| — o00e
- lk Go¢
}— — 0OC%
L CGt
d
UOTIBRT&II0) JUISISTd ——
i amog) O
W| 13pacayds § Autppn) ‘Yitmooag (G -1 005
puntZop § uvostary C
! | i A 1 L Y - ool
!

(o)

€~

25




Bt i i s s <

v triads

! .Am\ph 0T = «nﬁ ‘unt 06 = th SUOTAVTRIIO) FUSTOTIIA0) BFe(]

4UaJa3JJQ J0J P88) MOTJ WXOJTUf} 0] JITY U 3TI130I84 JO Kx0309(%l] °4T aIMB1d
' (oo, 2
‘g cL 03 375 (VIR 0t t°2 M S
| T T I T T _ 9
- - <°0
- 4o
. uwu !
w

: UOTLETOda0] S uesodd
Y AN 3¢!

QOO0 aYySS 8 AYlppn) TY3TMAoey
puntdoy 3 vosTae)

OUO!

1 ] i ! 1 | L

[Fa
~

0¢

uw
.
o

0

-,



a:}s L o et i o SR T i‘—ié.\%giligj.ig!.!i T T T hadet o haadd o) T Ty o o L
B O " .
"
b
{
Y4, d
*(8/33 00T = n ‘@ 06 = a) SUOTITTALIO) JUIYOTFIL0) BeIQ JUSISIIIQ
I0J 988) MOTJ WIOJTU( J0F ITY UT AI0ISTH L3TI0TAA ITOTIXBY G NI
(2d) 2
v 0°8 () 2°5 25 PR 0°E 62 g°t 0 .
: T B T I T T | o~
_“.
- — oGt
_ e
o .7 7
o :
W..V\O
_ . oGl = ©
:
: ~ o
_ ‘ oo
ﬁ. ) > 4 \3/L4)
Lﬁ
- -~ Lo
!
' UGV lwdd0], JUoSwd | ——=—
- srCuiy D — o0clT
J0p0LGsE § £YiEpnd ‘Yijmyoag O
puntdoy g ucsiauy O
1 1 1 l I | l 6CE T

27

ey




3____4.11! VR P AL TR AT & b 5 SR AR St ah it ML AL T i T T ST T e :
¥
! :
*(8/33 001 = E_a ‘art ¢*0 = da) sworyEresiop JuBTOIIIBC) FeIg YURIR1IIQ
10 988) MOTJ WIOJTUf) JoF JITY uj AI03sTH am3isradws] s[OT3JBd °9T S nITd
(o) 2
0°8 0°L 0°9 0°5 0°h 0t e (A 9
r I | T T | T G6h
B — cos
_ 1 ot
3J
- S ~ oes
O
- o ~ ot
LOTLBTAII0) JUISIIY
ﬁl ! smoay O D 0ns
: dapaoayss 7 A4ippnd ‘diimyosg O
puntdo} § uosidey O
| : i | | 1 ] 1 055

(ds)

28

— =



m_ _(”W,,.‘.,.&ﬂj (T I R T “ .. !

i
3

¥ "
v.. ; _
An\u.« 00T = ms ‘uml G0 = n.»v SUOTIBTILIO) JUSTOTIFV0) Beaq JUIIIITQ JOF
2TV uf uwed uotsuedxy J9AIN-TIPURLI YSnoayg Furssed aTOT3I8d Jo AT0305fBYy °*.T 9INB1d
_ (z3) 2
0°gt 0°91 0°nt . 0°21 0°0T o°'g 0°9 0°Y 0°2 c
I I ! ] T I ) ] g°z-

i Q
! | o)

T 10} — n'2-

!

ﬁl hamm O Nl

' _ _ 9
o0t ~-=h0 ’Y)

p— o o — 91~
. o -
m . &
ﬂ ?ﬁmv
i o
“ - _ Q — 2t
__ |

- |IA g°C-

UOTIBTIILO0) IUSEIIJ — X
ancay O
B 13paoayss 3 ‘uaTmndag ‘Auippnd a — n°0-
.vc:.nwox g uostae)y O :
1 1 : | | { 1 | | ¢

’ St g - Bave A # b e e
,il .
3 1

FTR R LY IRV L S P DS

i LS G0t e o doiadll e 1, 110

e enid N



- *(s/33 00T = dn ‘@ ¢ = d1) sworyNTRLIcy (WRTOLIIRCY BexT ITIIAIITG
" J0F XFV UT URJ UOTSURdXy JaLon-TIPURL] YEBnorgy £Io3sTH £3100T9A IPTIARI  °gY amST3

. (u) =
0°g oL 03 0°S 0"z 2 g2 o't S
T i { T [ T T ] 19
2
|
- _ o0 - =% lb 003
_ 0d = ® -
- M 603
:
. g Q
m ™
[ < goer
UIIIRT SIS JBICIIG —— H .
sx222 O mw (sfxs}
_I J3EIOIYIS 3 AGIPPTD ‘UsIwkIE O m °r
Suntdcy § uostsed O 3 y CC31
L
- — co22
. -
= © " — ocaz
} i N 1 { | 1 | oogz

' |
B Y PP W erwotd



giiiai T T T S S [ TR, W YT T cwo et ey -~ e L n— ,..:;JJ,!.
“(3/23 00T = a ‘w1 ¢=0 = Y1) swrIvEIND IWPUISs Pexg IBIRIITG MG
JYV ur uwj worsuedyy Zlon-TIpuery WWeoay LmoqstH amerdml 33T3dRg 6T aamirg
(1) =
o8 o°L 09 0-¢ c ¢t 2-2 o s
A { ! 1 l * 1 c
]
a
i (8.
%
B UOTIRTIZIC) WISI;L — Muuu
_ amoxy O A,
JIPICJIYIS ¥ WITAAIE ‘Agzerne
" puntSoy 3 wvostrea Q #
- . (]
1 1 1 1 1 \ \ , |

3l

T




31, . it 1,._% " RN A A Lt R A L it i A b . e . " . II .i.A!.

| | *(s/33 o002 =

d
N
d _
‘urt ¢°g = UJ) SWOTINTILIO) IUITILIJIC0 FUA] IWRIAIJIQ MJ JTV UT URS
Suﬂ-ra Takop-TIPUsds BuoSqL FUISSRZ AT Jo Lwordafeyy °02 3MIFTI
3 3
0°9¢ oyt . -2t 0 ot e ¢ 0-9 (Y 0-2 )
\ 1 1 ! ¥ i H t
- ' O Ib.voNl
| i
(o]
- . n-2-
- i P
ooc - =% ()
o “ D = | %
B . VOTIVTIIIO) 1TITIIF —
! o O
Japaonps 3 MIeeny “wataxae O
puntiog § wOSIIwW O
] L 1 } !

E_,Lr_r:r ,, : ' ,_“,:_.-ri,.

3z




st dlte bha Blobnities, .

SHIS Y T TR e e S e

-

Ayt

|
Tonec W U DT oY

.

L

PVET P

correlation are similar to those using the Cuddihy, Beckwith, and
Schroeder®’ correlation. The corresponding particle velocity and par-
ticle temperature variations are shown in Figures 21 and 22. These
results indicate a significant difference in the particle velocities

3 to U4 feet downstream from the turning point; however, there is little
difference in the particle temperatures,

As a means of comparison, the case for a 100 um diameter par-
ticle with an initial velocity of 100 ft/s is shown in Figure 23. Here
again, the trajectories for the larger particle show little effect due
to changes in the sphere drag coefficient as opposed to those for the
1 um diameter partioles. The corresponding particle velocities shown
in Figure 24, and the particle temperatures given in Figure 25 show

. greater effects of changes in the drag correlation. .

Additional cases were also investigated for the Prandtl-Meyer
expansion fan and are conteined in Appendix B. These cases are for
particle readii of 0.5, 5, end 50 um and for initial particle velocities
of 100, 1000, and 2000 ft/s turning an angle of 30°.

3. Two-Dimensional Wedge/Oblique Shock

Numerical experiments were condi - ted tc determine the trajec-
tories, velccities, and temperatures of the particles when passing
through a two-dimensional oblique shoeck wave. A 30° wedge in a Mach S
air flow which generated an oblique shock with an angle of approximately
4L2° was chosen. The trajectory of a particle with a 10 um diameter and
an initial velocity of 100 ft/s was computed for the four sphere drag
coefricient correlations, with the results shown in Figure 26. It can
be seen that there is no significant difference in the particle tra-
jectories, This type of behavior is also exhibited in the particle
velocity and particle temperature variation as shown in Figures 27 and
28. Therefore, in the compression case there is little variation in
results as the sphere drag coefficient is changed. This is substantiated
by the additional cases examined; thece results are included in Appendix
C for particle radii of 5 and 50 um and for initial particle velocities
of 100, 1000, and 2000 ft/s.

D, COMPOSITZ SOLUTION TO DESCRIBE [HE PARTICLE
FLOW ABOUT A TWC-DIMENSIONAL WEDGE

The previcus section described the particle behavior in simple
flow situations, i.e,, uniform flow, Prandtl-Meyer expansion fan, and
an oblique shock, The flow field generated by a wedge when placed in
a supersonic stream would contain all three of these flow situations.
Therefore, a 10° half-angle two-dimensional wedge was choten and placed
into a Mach 2 air flow, and the computer program was used to determine
the two-phase inviscid solution. This calculation was performed in two
steps. First, given the free stream conditions and the wedge half-
angle, one obtains the solution for a two-dimensional infinite wedge in
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a supersonic stream. This solution yields the flow variables and the
particle trajectories at all points behind the shock.

To camplete the solution for the finite wedge, the expansion of
the flow about the shoulder of the wedge defined by the point (rw,zw)
must be computed. To obtain this solution, the flow field variables
must be specified as functions of r at the initial axial location, 2
These initial conditions are determined from the results of the two- 3
dimensional infinite wedge solution. It should be noted that the k=
Prandtl-Meyer expansion cannot be used in its general form for the flow -
over the shoulder of the wedge since theory predicts an expansion to an
infinite Mach number and zero pressure. Physically, there is a free
shear layer formed at the shoulder of the wedge which must be accounted - ... -  — -
for in the calculations to obtain the appropriate turning angle of the
flow. 1In the present computer program, the flow conditions behind the
wedge are specified with a base pressure correlation'” for flows over
two-dimensional bodies. Fram this correletion the base pressure behind
the wedge can be calculated for a given free stream Mach number, and
fram this base pressure the proper turning for the flow can be calculated.

w®

The results of the application of this procedure to a two-dimensional
10° half-angle wedge for a 2 um 3diameter titanium dioxide particle are
shown in Figure 29, The following free stream conditions were used:

P, = 20 PSF = 100 ft
79 Up, /s
T. = ShO°R T = S4O°R
Py
v = 1.4 °
. %. = o
M, = 2.0 i

and results in the particle trajectories shown in Figure 29. The
velocities and temperature variation for two particle trajectories are
shown in Figures 30 and 31, 1In addition, the mass flux density profiles
at three axial locations in the flow field are shown in Figure 32 and
tend to emphasize the focusing effect when a body of this type is placed
into a supersonic two-phase flow. Hence, it is possible to predict the
entire two-phase flow field about a body of arbitrary symmetry placed
into a supersonic stream since the flow field can be constructed

from the uniform flow, Prandtl-Meyer expansion fan, and cblique shock
flow cases.

E. EFFECT OF DIFFERENT GASES ON
TWO-PHASE FLOW CHARACTERISTICS

Investigations vere conducted to determine if any significant
difference results for particles injected into a gas different from air,
A uniform flow was examined for the following gas conditions:

L2
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The particlecs were assumed to be titanium dioxide with a diemeter of

10 um, injected at an angle of 45° with an initial velocity of 100 fi/s

and an initial temperature of SLO°R, The particle trajectories shown in
Figure 33 correspond to particle injection into helium, air, and argon.

As can be seen, the radial coordinate is directly proportional to the

. molecular weight and there is a direct viscosity effect. The gas vis-

cosity was assumed proportional to the molecular veight of the gas,*

Siace the Mach number was specified, the gas velocities for the
three cases investigated were different. The ratio of particle velocity
to gas velocity is shown in Figure 34, Again, there is a definite re-
lationship betwean the magnitude of up/ug and the molecular weigat.
Thers results indicate that up/u approaches unity quicker for the
largnr molecular weight gas. This is sigiflicant when considering the
momentwn of the particle available for transfer. In contrast to these
results, the ratio of particle temperature to gas temperature was used
+4 evaluate the effect of different gnies un the energy exchange process.
The results are shown in Figure 35, There i8 litille dirference between
results for argon and air; however, T[,/T; is larger for helium thun it

is for both argon and air.

F. EFFECT OF DIFFERENT PARTICLEY ON
TVO-PACE FIOW CHAKACTERICTICO

In this phase of the study, the flow situation desrribed in the
previous section was adopted for air and Lthe type of particle wus varied;
i,0,, 140 .y W, and A1 O porticles were used, The characteristics of
these jarticles ure:

Molecular Denpiiy Opecific Heat Capncity
farticle YWelght {(slusre. L) (£t /e -°R)
40 79.90 B0 50k
Mt Lo,32 10.. 9680
Al O 101 .9 T 8100

The renultineg jartinle trajectorieg are ghown in Figure 37 and indicate

thero iz n. slynificunt dit'terence even ‘hogcth there 18 1 largns A1ffer-
ence Lo the molecudnr welpeh'o, ‘ihis Le wleo true for particle velocl-
Lies und temporaturcd, oo shoewn Lo Fiureeg 30 wsd 34, The eoanclusion
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can, therefore, be drawn that for the uniform flow situation, there is
no signiticant difference in the two-phase flow characteristics for the
range of particle molecular weights used.
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SECLION IIX

TWO-PHASE FLOW EXPERIMENTAL STUDIES

An experimental study to examine wave patterns vwhich lead to
focusing of refractory particles was undertaken in this segment of the
study. A special wind tunnel facility was assembled, and solid par-
ticles of known diameter and concentration were added to the nozzle flow
as a first order simulation of the jet interaction region in a multi-
component flow device, Bodies generating various wave systems were
inserted into the two-phase flow field, and laser scattering techniques

- - --+ - were employed for--the determination. of.local particle_concentration,

A. TEST FACILITIES

The experimental studies were conducted in a continuocus flow wind

4 tunnel system at the Aeronautical and Astrcnautical Research Laboratory.
The wind tunnel employs an air storage system of 1500 £t~ at 2650 psig
and a two-stage ejector system located in the diffuser. The run times
for the facility are limited only by the gas storage system. A sche-
matic drawing of the facility is shown in Figure 39. It consists of a
conical nozzle {exit diameter of 1.75 inches) with an exit air Mach
number of 5 exhausting to an open jet test cabin. The measured vitot
pressure profile for this facility taken at the nozzle exit plene is
shown in Figure 40,

Particles were injected in the stagnation re:ion of the facility
with a fluidized bed system shown schematically in Figure 41, A helium
supply was used to pressurize the particle container and thus fluidize
the particles within the porous inner ccatainer, The particles were
then injectel into the tunnel by opening the on-off valve contained in
the feed :ube, The flow of particles was further regulated with a
0,090-inch orifice in the feed t be,

The particles were titanium dioxide, manufactured by Dow Chemical
3 Company. A particle sample was analyzed with a Joulter-Counter Model T
Y%e. 1027 to cbtain an accurate measurenent of the pariicle size distri-
2 butic. . The results are shcewn in Figure 42 in terms of a particle size
histogram, i.e,, percent differential volume versus particle diameter.
Percent differential volume is defined as the percent of the total
volume occupied by the particles in a speciffc particle diameter range;
e.z., approximately 247 of the volume is occupied by particles ranging
between 0.8 ard 1.0 .m in diameter. In addition to the Ti0 ., the par-
ticle sample cortained approximately 17 by weight of CAVASIL whose
diameter was on the order of 0,1 .m. This material when added to the
TiCG has 2 liquidizing effect, thereby increasing the flowing qualities
of the powder., The particle histogram (Fig. 42) does not reflect this
addition,.
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B. MODELS

Various wedge models vwere inserted into the two-phase flow to
deternine the effect of the gecmetry and asscolated wave system on the
particle concentration profiles. Wedges, 5 and 15°, spanning the entire
nozzle exit plane with base dimensions of 0,088 and 0,262 inch, respec-
tively, were used. The models were set at 0, 2.5, 7.9, and 10° angles !
of attack. ;

C. INSTRUMENTATION

Various particle concentration messurements techniques have been
developed, primarily for use_in rocket motors, These include -spec~ - -~
“tfoscopic and recovery tank methods,3” mass sample probes used with
mass lp.utfdﬂlt.rl and chremoto; vaphs, '’ and photographic observae
tion techniques,” However, these methods either perturb the flow
field bacause of the presence of a sampling probe or give integrated
results aoross the flow field. It is also unlikely that the gas

sampling nethods will yield reliable messuraments of particle cone
cuntration,

Kecantly, laser socattering tichniques have been develojped for the
mvasurement of pa~ticle concentrations. In those techniques, & laser
beam 1s projected across the flow field, and scattering of thn photons
by solid particlrs result. Tinral applications of the technique can
be found in the literature. » " The type cf laser scattering vwhich
results deponds upon the rntio of the particle size to wuvelength of
the lager light, tVhen the partiale size compared to the wuvelangth ie
snall, Kayleigh ecattering rcsults, 'he work of Daum and Farrell " for
the detection of air condengation in hypersonic wind tunnel is typiosl
of the application of Reyleigh souttering, However, when solid par-
ticles are present in the flow ficld, soattering results with a crose-
sedtion conglderahly larger than that for the Rayleigh soatiering;
thersfore, the severs requiremants placed on the snattering detection
are ullevinted when nolid jnrtioles ure reaponsible for the lamar
scattering.

Laser soatteriny technique. werc employed in the present atudy tnr
the measursment of purtiocle concentrutions, The instrumentation gahe-
inatic for this system is showr. in Figure 43, A 3 M4 heliumenecn lager
was used and the scattozsd radiation wns measured with a photomultijplier,
This system gives agcurste meusurements of local particle concentretions
at selected points within the twoephase flow field, 0ince the laser
beam is relatively unaffected by the flow fleld, good spatial resoclution
in the measurements is cbtained,

inrticle rconcentrations were napped by sending the bewn [rom the
laser through the test cabirn ard measuring the scattored light intensity.
Scung ware made nlong the lnser beam und intensity versus distance
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profiles were obtained. The output from the spectrometer was amplified
and processed by an analog computer and recorded on an X-Y plotter.

D. RESULTS AND DISCUSSION

A study was first conducted to determine the characteristics of
the two-phase flow with the present injector scheme. The spectrometer
was fixed at the geometrical centerline of the facility, and the par-
ticles were injected into the flow. The recorded intensity magnitude
as a function of time is shown in Figure 4l and indicates that there is
an approximate three-second segment in which the flow of particles is
essentially constant. With the present physical arrangement, it appears
that the 0.090-inch orifice is effective only during this time span.
However, since the filter used in this study contains only a small
quantity of particles which are injected through a fluidized bed,

Figure bk may indicate the result of a decreasing number of particles
available for injection. This conclusion is verified by the data of
Figure hS, where the percent decrease in intensity magnitude was
measured at a fixed location as the valve was opened and closed a number
of times without refilling the particle cylinder. The results show that
the fluidized bed must be refilled for each measurement to obtain con-
sistent data.

1. Basic Particle Concentration Profile

A typical nondimensional intensity profile is shown in Figure
LG, The particle concentration profile is strongly peaked on the tunnel
centerline when no wave systems are present to deflect the particles.
The corresponding photographs taken in the facility are shown in Figures
L7, 48, and 49.

2. Particle Concentration Profiles
Behind Wedges

Particle concentration profiles downstream of various aero-
dynamic shapes have been investigated with the laser scattering tech-
nique. Photographs of the scattered laser light downstream of a 5 and
15° wedge at ungles of attack of 0, 2.5, 7.5, and 10° are shown in
Figures 50 through 55. The variation in intensity of the scattered
light is clearly evident and reflects the variations of local particle
concentration downstream of the wedge. These results indicate the
focusing effect that can be obtained by placing an aerodynamic shape
and its associated wave system into a two-phase flow.
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SECTION IV
SUMMARY AND CONCLUSIONS

The experimental and theoretical results of this study have pro-
vided new information regarding the behavior of solid particles in high
speed flow systems. A new drag coefficient correlation which allows
greater accuracy in the prediction of particle trajectories over a wide
range of slip Mach number and slip Reynolds number was formulated. A
variety of basic two-phase flow situations were investigated, i.e.,
uniform flow, Prandtl-Meyer expansion, and oblique shock, by varying
the initial particle velocity and particle radius. In addition, the
effects of different gases and different particles on the two-phase
flow characteristics were investigated and significant differences were
noted. The exploratory experimental studies conducted in this investi-
gation substantiate that a test facility suitable for the study of par-
ticle trajectories has been developed and that accurate particle
concentration profiles can be obtained with the laser scattering

technique.
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This appendix contains the fcollowing cases:

04 rp up

(°) (um) (ft/s) (r vs 2z) (up vs z) (Tp ¥s 2z)
L5 0.5 100

Ls 0.5 1000 P

Ls 0.5 2000

L5 5 100 X x x
L5 5 1000 x

u5 5 2000 X

b5 25 100 x X X
us 25 1000 x

L5 25 2000 x

L5 50 100

45 50 1000 x

L5 50 2000 x

Note: These numerical calculations were carried out for the
following conditions:

My = Air (29) P, = 787%£.8 psf

tpy = bs® T, = 540°R

8g = 0° M, = 5.0

Tp, - SHO°R Titanium Dioxide
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This appendix contains the following cases:

a

Tp

(°) (um) (ftss) (r vs 2) (up vs 2z) (Tp vs 2)
30 0.5 100

30 0.5 1000 x

30 0.5 2000

30 5 100 x x x
30 5 1000 x

30 S 2000 x

30 50 100

30 50 1000 x

30 50 2000 X
Note: Th<se numerical calculations were carried out for the

following conditions:

Air (29)
Co

i

~30°
shO°R

t

P~ = 7876.8 psf
T, = S4O°R
M, = 5.0

Titanium Dioxide
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APPENDIX C

TWO-DIMENSIONAL WEDGE/OBLIQUE SHOCK




This appendix contains the fol..owing cases:

a rp up

) (um) (£t/s) (rys2)  (wpysz)  (Tpysz)
30 5 100

30 5 1000 x
230 ... .5 . 2000 . .. x X

30 50 100 x x

30 50 1000 X

30 50 2000 X

Note: These numerical calculations were carried out for the

following conditions:

Mi = Air (29)
Opy = 0°

8, = 30°
Tpi = SBO°R

10

P+ = 7876.8 psf

'y =
T, = 5LO°R
M, = 5.0

Titanium Dioxide
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Re»

r,R

LIST OF SYMBOLS

Defined by Eqs. (16) and (17), area
Specific heat
Drag coefficient based on cross-sectional area

Specific heat at constant pressure

__ Diameter._ L USRI

Concentration
Defined by Eqs. (16) and (17)
Distance in the relative flow direction
Reynolds number based on slip condition behind a normal shock,
Re = Dge,ugg - “R’dg
ugo
Radius
Temperature
Velocity
Axial distance
Particle flow angle measured from the horizontal
Angle from the horizontal of the relative velocity vector
Ratio of specific heats
Particle emissivity
Angle measured from the horizontal

Viscosity

Density

Stefan-Boltzmann constant




|- v, v v 1

?-.
;

Subscripts

c Continuum

FM Free molecule

8 Gas

inc Incompressible

P Particle

rel Relative between particle and gas o ] ] ] i B
. e S

w Wall

2 After normal shock
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