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velocity and particle radius. In addition, the effect of different
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was investigatedp and significant differences were noted. The explor-
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I
SECTION I

INTRODUCTION

Conventional techniques of simulating hypervelocity flight environ-
merits in ground-based facilities are severely 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 because of contamination caused
by the heating process and incomplete chemical recombination of the
.test _gas during the- acceleration -process. -- The- mult-component flow

device described by Johnson and von Ohain1 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 multicomponent flow process is employed ia which kinetic

energy is transferred from a low molecular weight working gas to a much
higher molecular -ieight gas, such as air. In both the direct and in-

direct energy exchange processes,• either liquid air or refractory
particles are accelerated by the low molecular weight gas in a multi-
stage process.

In addition to the RHEt 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. In this
facility, solid particles are injected into a high enthalpy flow; how-

- ever, the injection must be accomplished in the supersonic portions of
k 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
t the prticles.

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_ those
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, 9'ý, detailed experimental studies of focusing in two-phase
flows are required before 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 focused into
a region suitable for their vaporization by energy addition. In the
indirect process, the focusing must be accomplished in a w.%nner which
leads to an efficien, transl'ez of momentum and energy to the tunnel
working gas (air). Detailed examinations of the wave pattern and flow
field geometries which result in such focusing is the subject of this
study.

-... ....... ... TheoreticaX-and experimental studies have been conducted to examine
particle trajectories in various flow field geometries. Detailed
analyses of shear drag coefficients at high Mach number and low Reynolds
number were conducted, and a new correlation for shear drag coefficientwhich 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.

2



SECTION II

TNo.WPASE FLOW THEORETICAL ANALYSIS

A. 7WO-PHASE FLOW CONSBEWATZON
SUATIONS/COMWT1ER PlOAM

A digital computer program has been developed to analyze the steady
flow of a gsaparticle mixture in which the gas affects the particles#
but the particles do notinteract with-the .ga. Energy-exchange is

- assumed to-occur between the gas and the particles by forced convection
and between the particles and space by radiation. Drag forces are the
onl: external forces assumed to act on the particles. These important
assumptions, in a4dition to others adopted, are listed helow.

1. Theoretical TNo-1hase Flow Assumptions

a. In an uncoupled steady-flow of a gas-particle mixture %he
gas affects the partiolve, but the particles do not inter-
act with the gas.

b. No mams or energy is lost from the system.
a. N;o mass is exchanged between the phases,
4. Volume oncupied by the particles is negligible,
9, Thermal (Brownian) motion of particles is negligible.
f, Particlem do not Interuct.
S. (Mls onvirornent is inviscid except for the drag it exerts

on the particles.
h, Cumposition and specific heats or both gas and particles

are constant,
i. Energy exchange occurs between the gas and particle by

forced convection, and between the particle and space by
radiation.

J, Drag forces are the only external forces acting on the
particles.

MilJizirg the above assLunjitiorns the conservatiorn .quations cz.- be
writU.''1 desoribing the flow of the gas-particle system by treating
the gas velocity, guis tomperatural particle velocity, anid particle
temperature as dependent variables and distance as the independent
variable, These equations have been formulated in u coordinate system
with axes parallel and perpendicular to the local iairticle direction,
The particle momentun equ-tiuris take the form:

3A



SL-in;, ( -,)(2)

Zn the above equations, the factor (fp) accounts for deniations of •'~e
drag coefrinient from the ideal Stokes flow value (24,/Re).

imilelrly, the particle energy equation is given by

dTP 3 Cp0&gfg(T' :11 c•(T - ] (3).
""- ac (a. a) r +

included in the above equation is a correction term 1 g, similar to
fp, to account for deviations from 3tokes flow, thereby including
rarefaction, oompressibility, and inertial effects.1;7 The continuity
equation and equation of itate for ft Perfect ges complete the set of
equations.

for the purpoest of this study it has been assumed that the gaseous i
"flow field can be adequately described by an inviscid two-dimensional
fl'" in y"tch both Frandtl, Meyer expansion waves mnd oblique shock Waves
can oe aembbded, Also, the particles are assumed to be spherical tind
are winned by specifying their molec•.ar weight, radius, and specific
heat. There are averaging techniques available at AARL that are not
doumet,'ated in this report which allow mixtures of particles with
4', fferent characteztatiod to be treated.

The viscosity term which appears in Zq (1).(3) can be computed
from the results of BartzLo wftch is aucurate for most mixturs con-
sisting principally of diatomic gases, However, for greater acuiravy
the viscosity oan be obtained from the results of an analysis similar
to t'at of Adler and Anderson, "' which is valid for a dilute gas mixture
with a frozen chemical cotiosiltioh,.

As stated in the initial assumptions, the only force acting to
accelerate the particles in the drag. The drag term in Fqs (1) &nd (2)
his been represented by a ratio of tho aotutl sphere drag coefficient
to that in Stokes' flow, It nve be noted that Stokes's flow regime is
valid r..r incompressible flows #.' Reynolds numbers less than 0.1. Since
it is possible for the partirle to experience free-molecule, slip, and
continuum flow conditions, it is necessary to include a drai; ooeffi',ient
valid over the entire range of flow cuaiditions. To this end, the reaults
of severl. drag coefficient aorrelatiuns have been used in this study
to give empirical fits or f 4s na tunctio:n of Mach onu keynolds numbers.
These are dibcussed in detail in the nuxt sectiun of this report,

A coumIuter ,ru•,rwn to nij,%rici:, lJ , o),ve .qw (1).(3) his btee
written using a f',urlh.order Jluige.Kutte numjricril integrntion sohrem



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,
Z s ZmLn, with specified initial conditions for the gaseous flow field,
i.e., Mach number, flow angle, ratio of specific heats, total pressure,
and temperatilre. The initial particle velocity, flow direction, temper-
ature, and concentration are specified as functions of the radial coor-
dinate r. For Z > Zmin, selected particle trajectories are computed
with flow properties determined from either isentropic expansion or
oblique shock relationships. Particle velocity, gas velocity, particle
and gas flow directions, particle and gas temperatures, relative Mach
nunber, relative Reynolds number, Knudsen number, relative dynamic pres-
sure, and drag-coefficient are-given at specified axial intervals and.•
corresponding radial locations.

In the calculation of the particle concentration profiles the con-
tinuity equation for the particle is applied along the previously com-
puted particle trajectories, which, in effect, are particle streamlines.

I That is, the continuity equation for the particles can be written as

S~(" )initial" (Puak)Z()

where

Smass density) prticle (area)
of particles velocity

Now

(volume of\ (particle number ofpatce
- particle / kdensity) (per unit volume )

'• i.e.,

To find an equivalent form for the udA term, consider two particle

streamlines, i and J. Therefore

Ar = rj ri

and

dA (r r i

, m m5
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The velocity term, aver'-ged, becomes

U = (Ž 2a (7)

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

Cos [j-.24 r rj (8)

and the term iidA becomes

(rj - rj )[oa 2 2 [ 4 U i] (9)

Therefore the term pudA becomes

PudA = I xrp'3pVpt(rj - ri [c a-' + 2 (10)

Placing th!is expression into Eq (4) and simplifying result in

{ (Np-)(rj rj ){cos ["; o}1l[uŽ 2 Il•]initial =

-i ) cos 2 2 2(1)

z

N2
-p N-T- (P (12)

NrT 2



The continuity equation is then satisfied at each specified axial loca-
tion. The necessary information is available at this location in the
gaseous 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 cmpared with the results of -experiaental sphere drag coefficient
measurements obtained in a ballistic range. 'ý These data provide
sphere drag coefficients over a range of Mach numbers from approximately
0.1 to 7.0 with sphere Reynolds numbers ranging from 5 x 100 to 8 x 104.
This set of data includes over 500 data points taken in the same facility
by the same inveestigators. These data are for Tw/T 0 = 1 and therefore
comparisons of sphere drag coefficients can be made without considering
wall temperature effects.

The sphere drag coefficient correlation of Carlson and Hoglund1 2

L4 (I + 0.15 ReO.cS' 1( + exp[(0.427/K 4 6') - U3.0/ReG.e-s)])
CD Re [ (- + (M/Re)(3.82 + 1.2b exp[-1.25 Re/Mi) )13)

and that of Crowe'3

CD = (CDinp)exp[3.07(7)2(M/Re)g(Re)1 + ecp!-Re/2M) + 2

where

loglog(Re) ý 1.25'1 + tanh(O.77 logloRe - 1.92)] (14)

and 
h(M) -2.3 + 1.7 

- 2.3 tanh(l.17 log, 1 )4)

were first examined. Comparisons of the drag coefficients of Carlson
and Hoglund and Crowe are shown in terms of percent deviation from
experimental data' 5 in Figure 2. Percent deviation is defined as

8
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%Deviation = X i10 (15)[ Dexp J

As can be seen, the differences between the theoretical and experimental
sphere drag coefficients of Carlson and Hoglund are extensive, ranging
to t 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 consisterfly high for experimental sphere drag coeffi-
cients grf.ater than approximately 1.6. Conversely, Crowe predicts both

-high and low -theoretical sphere-drag coefficients over- the entire range .........
of experimental sphere drag coefficients. A significant difference not
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.

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

For M < 0.5

+ 51.lMCDo Re. 5 1

1 + 0.256(C Do+

whereI~ (16)
C = 2 +4 exp[-O.028 Re.'

D+ .4 + 1.6Re.

For M > 0.5

CD CD,C + (CD,FM- CD,C) exp[-AResn]

where

0.520 < CD,c < o.981
2.00 <_CD,FM <_7. 8 0
0.004 < A, < 70.31 I(Table Inputs as FNS of Mach No.)O.O447 < A < 0.3.15

0.410 < n < 0.745

10



This correlationi- compares favorably with the ballistic range data of'
Bailey and Hyatt,15 as shown in Figure 3, with maximum deviations rang-
ing from approximately +30% 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 M < 0.9

- 51.1M.4DO Re.= + O.256M4(CDo+ 51.1

where

CD + 0.44 + 1.6 exp 0.028 Res°'1

For M > 0.5
(17)

CD= h1 (M)[1 + exp(-AResn)] - h(M)exp(-AResn) + YD(T)

where

0.455 < hl(M) < 1.045

2.020 < h--(M) : 7.800 (Table Inputs as FNS of Mach No.)

o.o45 < A < 0.315
0.41O < . < 0.,40

-10 n220 O~ Vr /
Tw

týrD(T) = - j-M 0O.142 + [220- 0.597kT/expLRe_/Mj~ (M > 1)

Comparisons of Eq (16) and (17) show that for M < 0.5 the correlation
is identical to that of CuddJhy, Beckwith and Schroeder. However, for
M > 0.5 the rearrangement of the CD expression and the changes to the

1l
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table inputs of h, (M) and hp(M) result in a more accurate fit of the i
experimental data (see Table I for new table inputs). A cmpoarison of
the percent deviation of the results of this present correlation with
the ballistic 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 +15% to -20% over an extremely
wide range of slip Mach number and slip Reynolds number. These com-
parisons have been made for Tw/Ta = 1. As shown in the present corre-
lation [Eq (17)], a 4D(T) term has been added to include the effects
of variable wall temperatures. The results of Bailey and Hiatt's have
again been usel to verify the accuracy of the ACD(T) term, as shown in
Figures 4 through 7. It may be noted that the correlation is based on
the freestream slip Mach number (M) and a slip Reynolds number behinda a . . .
- -- noral shock (Pe2). The following cases have been used for means of

comparison:

M = 2.0 Re,, = 6,10,20,50,100 (Figure 4)
M = 4.0 Re7 = 2,7,10,20,50,200,700 (Figure 5)
M = 6.0 Re- = 7,10,20,50,200,1000 (Figure 6)
M = 10.4 Res = 2,5,10,20,50,500,5000 (Figure 7)

As shown in Figures 4 through 7, the nCD(T) term prediction 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 ACD(T) term is re-
stricted to M > 1 since no comparisons 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
particle trajectories, velocities, and temperatures in simple flow
situations was investigated. The flow situations consisted of uniform
flow, where the particles are injected 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, 5, 25, and 50 um and for particle velc.:ities of 100, 1000,
and 2000 ft/6. In this segment of the study, titanium dioxide (TiOn)
particles were used and the fluid was taken as air (molecular weight =
29).

1. Uniform Flow

The trajectories for a 1.0 am diameter particle injected at an
initial velocity of 100 ft/s into a Mach 5 air flow at an angle of 450
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
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TABLE I

TABLE ILIPUTS AS FUNCTIONS OF MACH NUMBER
POR PPESNIT SPHERE DRAG CORRELATION

Mach No. hl.(t4) h2 (M) A n

0.5 o.48o 7.800 0.315 0.410

o 0.6 0 o.455 6.500 0.240 -o.468
0.7 o.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 4.1oo 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 3.420 o.06o 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 0.048 0.713
1.8 1.005 2.800 0.047 0.715
1.9 0.990 2.74o 0.047 0.718

2.0 1.o45 2.680 0.046 0.720
2.2 1.035 2.580 o.o46 0.723

2.4 1.040 2.480 0.046 0.725
2.6 1.035 2.420 0.046 0.725
2.8 1.035 2.360 0.046 0.725

3.0 1.035 2.320 0.045 0.727
3.2 1.030 2.280 m.45 0.730
4.o 1.025 2.170 0.045 0.730

5.0 1.030 2.100 0.045 0.735

6.0 1.o4o 2.050 0.045 0.735
8.0 1.030 2.020 0.m45 0.740

11.
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variations of the particle velocity and particle temperature obtained
with the various drag coefficients are shown Li Figures 9 and 10. It
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-Lhe drag coefficient-
correlation.

The particle size in the previous cases was relEtively small.
Therefore, the case where a 100 4m diameter particle was injected in
air at an initial velocity of 100 ft/s at an angle of 450 was investi-
gated. The particle trajectories for the sphere drag coefficient cor-
relations for this case are shown in Figure 14. :t is interesting to
note that for this particle size, there is no signif'icant diff.:rence in
trajectories, as experienced with the 1 p1m particle diameter, !'or the
four different sphere drag correlations. However, as shown i:n F'igures
15 and 16, there are significant differences in particle velocity 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 series of numerical experiments were conducted to examine
particle trajectories through simple expansion waves. Typical results
for a 1 lim diameter particle with an irdtial velocity of 100 ft/s
traveling through a Jrandtl-Meyer expansion fan with a total turning
angle of 308 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 yarticle 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 the sphere drag coefficient correlation used.

As in the uniform flow investigation, this f-ase was also
examined for an initial velocity of 2000 ft/s. The resulting particle
trajectories s',o0WL in Figure 20 display even more significant differ-
ences. Notably the results with the present sphere drag coefficient

20
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correlation are similar to those using the Cuddihy, Beckwith, and
Schroederlv correlation. The corresponding particle velocity and par-
ticle temperature variations are shcw in Figures 21 and 22. These
results indicate a significant difference in the particle velocities
3 to 4 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 pm diameter par-
ticle with an initial velocity of 100 ft/s is shown in Figure 23. Here
agaLn, the trajectories for the larger particle show little effect due
to changes in the sphere drag coefficient as opposed to those for the
1 ým diameter partioles. The corresponding particle velocities shownSin Figure 24, and the particle temperatures given in Figure 25 show

V -.greater effects of changes in the drag correlation.

SAdditional cases were also investigated for the Prandtl-Meyer
expansion fan and are contLined in Appendix B. These cases are for
particle radii of 0.5, 5, and 2 f •tnim and for initial particle velocities
pof 10, d00, and 2000 ft/s turning andangle of ici.

3. Two-Dimensional Wedge/Oblique Shock

Numerical experiments were condi-ted to determine the trajec-
tories, velocities, and temperatures of the particles when passing
through a two-dimensional oblique shock wave. A 300 wedge in a Mach 5
air flow which generated an oblique shock with an angle of approximately
42* 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
coefficient 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 pn and for initial particle velocities
of 100, 1000, and 2000 ft/s.

D. COMPOSITE SOLUTION TO DESCRIBE L'HE PARTICLE
FLOW ABOUT A TWO-DI*NSIONAL WEDGE

The previous section described the particle behavior in simple
flow situations, i.e., uniform flow, Prandtl-Meyer expansion fan, and
an oblique shock. The flow field genernted by a wedge when placed in
a supersonic stream would contain all three of these flow situations.
Therefore, a l0O half-angle two-dimensional wedge was chosen 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

33
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a supersonic stream. This solution yields the flow variables and the
particle trajectories at all points behind the shock.

To complete 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, zw.
These initial conditions are determined from the results of the two-
dimensional infinite wedge solution. It should be noted that the
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. In the present computer program, the flow conditions behind the
wedge are specified with a base pressure correlationl" for flows over
two-dimensional bodies. From this correlation the base pressure behind
the wedge can be calculated for a given free stream Mach number, and
from this base press-are the proper turning for the flow can be calculated.

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

P, = 7920 PSF up, = 100 ft/s

T- = 540Qr Tpi = 540oR
;=1.4 ý0

M 2.0

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. In addition, the mass flux density profiles
at three axial locations in the flow field are shown in Figure 32 and
tend to emnhasize 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 oblique shock
flow cases.

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

Investigations were 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:
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M. - 5.0

P, - 7876.8 PSF
T = 540°R

0g-O

The Varticles were assumed to be titanium dioxide with a diameter ofI10 im, injected at an angle of 450 with an initial velocity of 100 ft/z
and an initial temperature of 5400R. 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 weight of the gas.'

Since 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 between the magnitude of up/ug and the molecular weight.
Theoj results indicate that up/ug approaches unity quicker for the
larger molecular weight gas. This is significant whent considering the
momentum of the particle available for transfer. In contrast to these
results, the ratio of pt~rticle temperature to gas temperature was used

& evaluate the effect of different gatJes on the energy exchange process.
The results are shown in F'igre 35. There is little difference between
results for areon sad air; however, T1,/Tg is larger for helium than it
is for both argcn and 'iir.

F. EFFECT OF DIFFE10;T V'ARTriLE, ON
TWO-VI'I[E FLWV CHAMACTERI0'TIC',;

In this phase of the study, the flow situation desrribed in the
previous nection was tduojted for ,'ir and the type of liarticlo was varied.
i.e., pTiO , 1a), and A/ U., j'zrtiles were used. The characteristics of
these particles are:

Molecular beo•si i.' pecific Heat Capacity
1'rticle Weight (Ulug. rt') (ft /t -OR)

Ti( 79.90 8.1) '564
IV 40.32 10, ,9G80
Al 0,4 101.9(; 7.1 8100

'I lh renu.iti.•i•, i'irti I e, tr,,.ectorlun 'irn ahowu in Fifwr e 3" and indricate
there ': n I r n'if"kC'Jri.t. ut"v'vrrcm LV'rfi h' ,i;h thore is 'i largn i ffer-
uri,: 1i; thi inolcul',r wei,'i,.o, 'i in in 'la', tria! Cor particle velocl-
1,1 ,•( 111d t1W!11 Vir', tiru, ',Is 1gihw i 1:, F'iliuro 3P ,uid 3", ; h c')iclufion
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can, therefore, be drawn that for the uniform flow situation, there is

no significant difference in the two-phase flow characteristics for the

range of particle molecular weights used.
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SECJO1 II! -I

TWO-PHASE FLOW EXPERIMENTAL STZDIES

An experimental study to examine wave patterns which 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 continuous flow wind
tunnel system at the Aeronautical and Astronautical Research Laboratory.
The wind tunnel employs an air storage system of 1500 ftV 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 pitot
pressure profile for this facility taken at the nozzle exit plane is
showm in Figure 40.

Particles were injected in the stagnation rc,,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 container. The particles were
then injecte l into the tunnel by opening the on-off valve contained in
the feed tube. The flow of particles was Ifuurther regulated with a
0.090-inch orifice in the feed t -be.

The particles were titanium dioxide, manufactured by Dow Chemical
Company. A particle sample was analyzed with a Coulter-Couxiter Model T
'c. 102? to obtain a:- accurate measurement of the particle size distri-
butio. . The results are sho.,m in Figore 42 i, 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 specif'c particle diameter range;
e.g., approximately 2L4h of the volume is occupied by particles ranging
between 0.8 and 1.0 Im in diameter. In addition to the Ti0 , the par-
ticle sample contained approximately i• by weight of CAVASIL whose
diwneter was on the order of 0.1 im. This material when added to the
TiC has a liquidizing effect, thereby increasing the flowing qualities
of the powder. The particle histogram (Fig. 142) does not reflect this
addition.
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B. MDDZLB

Various wedge models were inserted into the two-phase flow to
determine the effect of the geometry and associated wave system on the
particle concentration profiles. Wedges, 5 and 15', spanning the entire
nozzle exit plane with base dimensions of 0.088 asd 0.262 inchI respec-
tively, were used. The models were set at 0, 2.51, 7.5, and 10 angles
of attack.

C. I8TRUMTATION

various particle concentration msAauramonts techniques have been
developed .priarily for_ .en .rock•t motrs. Theee includ• -spee- -

.troiscopi and recovery twsL methodst," mass sample probes used with
mass spetrcmeterso and chrrmotoi .aphi, and photographic observa-
tion t•echniques., H•owever, these methods either perturb the flow
field because of the presence of a sampling probe or give Integrated
results across the flow field, It is also unlikely that the gas
sivpling methods will yield reliable measurments of" partiole con-
owntration.

mecently, !tser scattering tichniques have been developed for the

mvasurement of 5atiole concentrations. In these techniques, a laser
beam Is proleoted across the flow field, and scattering of th,, photons
by solid iparticlrs resault. T44,%il 4M0plioatiuns of the technique cani
be found in the literature.,IP'' P The type of laser scattering which
results depends upon the ratio of the particle size to wAvelength of
the laoer light. When the pTxtiola sizi- oompared to tMne wavelength Is
0e6A11, kaylvigh scattering rsults, 'ihe work of Daum and Yarrell;," for
the detection of air condensation in hypersonic wind tunnel is typical
of the application of Rayleigh scattering, Ho•ever, when solid par-
tidles are present in the flow fit-ld, scattering results with a crose-
section considerably larger then that for the Rayleigh scattering;
therefore, the severe requirements placed on the snattering detection
are u.llovited when Polid ;linrtioleu are responsible ror the lnsnr
scattering,

Laser scatterin teouhnique.j were tmi;lcoyod in the present study P,r
the measurement of particle comcentrutron. The Inotruwment¶o~ic ea..e-
mktic for this sybat, to showrn in Yiuro 43, A 3 M4 helium-neonc laser
was us*d and the scattczed radiati•un wris measured with a jphutomultijlier.
This system gives accurate meoaureainents •r local particle conovntratiois
at selected points within the two-phase flow field. Ginace the laser
beam is relatively unaffected by the flow field, good spatiaal rusolution
in the measurements is obtained,

'irticle '.oinaritrations were l•apj.eJ by sending the beam from the
laser througli the test cabir. an.d measuring the scattered light Intensity,
:Octin wore mde ,lorng the Iri.Or beim unid intensity versus disteance

W(
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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 44 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 44 may indicate the result of a decreasing number of particles
available for injection. This conclusion is verified by the data of
Figure 45, 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
46. 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
47, 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
150 wedge at angles of attack of 0, 2.5, 7.5, and 100 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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Figure 47. Profile of Titanium Dioxide Particles Due to
scattered Light - No vodel Inserted.



-5. -K



I

ii
I

I

I

I

I
II

I
I

Kirure �. 'rofile of Titmium tioxile articles i�e to
catterel igh: - Ho YoJel Inserted.

_ U



I rzf'i le D: JZi z :xc wticlt--s ýae to jcatterecl
- 30~ icvl~ SAc >1~O tu~l of tttck.a



I

tI

Figure 51. -Profile of Titanium Dioxide ::articles --)ue to
IScattered Light - 5* Total lnigle W.ed,-e at O
Angle of Attack.

70



of :t.



-P - ! W' -. -. F,., -- - �r�P - -. ,. - � u�-wuwuwwrwYuinuYq 11

'1
I
I
I

F

I
p 1

Ir I

I

�&�1J1t )2. rofiV JI ill 'IL Uli 'lOxile iVti'1C'Z ''U'2 to
'is t - S � otjl ILflCle � <e L 75�

;�.i�e of A'. 'irk.



I
I

I

* I. I � i:8 fli'j 'u
* * I a

01*..



Figure 55. Profile of Titariiu Dioxidie Particles Due to I3catt-k.ered
Light -150 Total 1Tingle Wedge at 100 Angle of Attack.



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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UNIFORM FLOW
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This appendix contains the following cases:

rp Up

(0) (im) (ft/s) (r v._, z) (Up vs z) (Tp v_£ z)

45 0.5 100

45 0.5 1000 x

45 0.5 2000

45 5 100 x x x

45 5 1000 x

45 5 2000 x

45 25 100 x x x I
45 25 1000 x

45 25 2000 x

45 50 10O

45 50 1000 x

45 50 2000 x

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

fA-: = Air (29) P, = 7876.8 psf
ýPi = 45c T-, = 540OR

-g = 00 MO 55 5.0

- 51 OR Titanium Dioxide
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This appendix contains the following cases:

C rp Up
i(°) (un) (ft/s) (r vs z) (up is z) (Tp vs z)

30 0.5 100

30 0.5 1000 x

30 0.5 2000

30 5 100 x x x

30 5 1000 x

30 5 2000 x

30 50 100

30 50 1000 x

30 50 2000 X

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

MW = Air (29) P. = 7876.8 psf

"Co To = 540°R

Ow = -30M --" 5.0

Tpi = 540°R Titanium Dioxide
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APPENDIX C

TWO-Dfl*ENSIONAL WEDGE/OBLIQUE SHOCK
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This appendix contains the foL2.owing cases:

Y rp Up

(UM) (ft/s) (r vs zI (up __ Z) (TP vs z)

30 5 100

30 5 1000 x

. .. 30...... 5 . 2000... x -.. 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:

MW ? Air (29) P, = 7876.8 psf

00 T, = 54OLR

ew = 30c M, =5.0

TPi = 540oR Titanium Dioxide

I

bCt



00

0

01

v o 0)

o N

107



00

00

.0

\u 

u 

1 4

-.,• r 

0

0C 
0

'~0 

-

"• • : Fo

_ 0[-]0I

1 I, • • _ • .



S. . . . . . . . . . . . . . . _ _.

oni

Q,1

I I

QI

1: 00

0

N t
V

a\u CI

0 / '-

L.a

0o0 -

* 00

S 111[ . .. . .. . . ..• ... ..... . .... . ,... . L _.alI



C3

CL4

'-I - -4

I-. 1. c0



_ _ _ _ _ _ _ __0_ _ _ _ _ 11

S0 1. I

Q 0 0
4-. cc

rt

InI
\ •~

0

I °
S-4 . r'L

2"0 -0 0

ill



7A

coI

0 0

,4-

aa

lip'



0 C

o o7

V) r tr

4 dC r

CD C-

0, C-0

~O C.113



�1
�zi

j
N

1.

0
7�
0 I.-

u
S

V

a. i
T  

0- '4
-
o

-9

U U

- C,

t.

0

V 4
C' N
C

.0 C 0
0

V � -

:1.1 VJ
L, V Gj

V .1
t

o
Cs

r.
c� �' �' "V
C, �-
C� � C' C�

,-. .. � �
I,
c** � �. £.
C� m t� £�

OCC< C-,
-4

I I
0 C' C) C' 0 0 0

7 (\J

CIZ

)�14



_ c1

13 I I

CYa

r6 - - -
DVL

00
AEl

600

0*

V 0 40

f LC . 1 "4

000

111



LIST OF SYMBOLS

A Defined by Eqs. (16) and (17), area

C Specific heat

CD Drag coefficient based on cross-sectional area

Cp Specific heat at constant pressure

.d . Diameter .. .....

N Concentration

n Defined by Eqs. (16) and (17)

q Distance in the relative flow direction

Re2 Reynolds number based on slip condition behind a normal shock,

Re .g = - UpIdp

r,R Radius

T Temperature

u Velocity

z Axial distance

x Particle flow angle measured from the horizontal

;3 Angle from the horizontal of the relative velocity vector

Ratio of specific heats

SParticle emissivity

Angle measured from the horizontal

H Viscosity

P Density

.1 Stefan-Boltzmann constant

116



.. . Subscripts

c Continuum

FM Free molecule

g Gas

inc Incompressible

p Particle

rel Relative between particle and gas

~~T • -- .- .. ..Total

Sw wall

- 2 After normal shock

L
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