
UNCLASSIFIED

AD NUMBER

AD850098

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; FEB 1969. Other requests shall
be referred to Army Research Office, Attn:
CRD-AA-IP, Durham, NC 27706.

AUTHORITY

usaro itrm 12 aug 1971

THIS PAGE IS UNCLASSIFIED



-4 4*4 4 ~ ~- 4 -

UTC- 2296-Fft,' h
MRASUftEN~gT OF PARTICLE DRAG COEFFICIENTS
im F~oW RnEGIMES ENCOUNTERED BY PARTICLES

1M A RtOCKET NOZZLE.

FI]AL 1ECI2UICAL REPO[RT
F011THE PERIOD 1, SEPTEMBDER 1967

mm~EOUGn -20 NDmrUA 1969

C.T. Crate, VR. Back, P.O. V7illoughtby, fl.L Cairison

'4 ' ,.Prepar'ed for
4 Departciohtof fhb Arht y -- U.S. Af . Rasoarch'Offico

Durhaib, Ngoith Coalina

. ~coract #"o. DAN-04-67-C00Q57 APR1196 M nR

ThIS ~ ~ 1 docmet S du~ to apeClal eXPort controls and each tfrrmlatofreg~m~nontsr fs~, atioalsmay be mnaft only with prir 1po0a form

- Th~fn~lo~sin this ot a nt to bo construed as in official Department of the
Army poeho untae eo 4esntud by other authorized documents.

-. , nited Te~hnQlogy Center
SUNNYVAL, CALIFORNIA

464



UTC 2296-FR ,

MEASUREMENT OF PARTICLE DRAG COEFFICIENTS

IN FLOW REGIMES ENCOUNTERED BY PARTICLES

IN A ROCKET NOZZLE

FINAL TECHNICAL REPORT

FOR THE PERIOD 1 SEPTEMBER 1967 THROUGH 28 FEBRUARY 1969

by

C. T. Crowe, W. R. Babcock, P. G. Wioughby-, R. L. Carlson

Prepared for
Department of the Army

U.S. Army Research OffIce
Durham, Nofth Carolina

Contract No. DAH-C0 4-67-C-0057
Project 6656-E

This ,qocumlet s soubject to special export controls, and each tran$Mlttal to f16NI.

I governmits or foreign nationals may be mado only vlth prior Mpproval ot

U.S. Ary RrC1 Office.

9,
4E .United TeChrI0logY Center

SUNNYVALE, CALIFORNIA

-_



U
United Technology Center

21 April 1969

ERRATUM

UTC 2296-FR

MEASUREMENT OF PARTICLE DRAG COEFFICIENTS IN FLOW REGIMES
ENCOUNTERED BY PA&TICLES IN A ROCKET NOZZLE

Final Technical Report for the Period
1 September 1967 through 28 February 1969

Contract No. ,DAH-C04-67-C-0057

Report mailed 9 April 1969

The exponeht 0.7 fell out from the Knudsen, number (Kn) in an expres-
sion Occurring ih equation 39 (page 40) and in the lower center of
figure 17 (page 41). -Please add the -e-ponent in these two places.
The expression will then correctly read:

-.. exp[- KnO7 eKn - - -

C. T. Crowe
Project Scientist

SUNNYVALE, CAIWFORNA 94088 Phoiie 739-4880

< _ __----- .....



' ABSTRACT

• .;?Under q;ntract to the Army Research Office, United Techa.o' ogy Center
, 'baa,conducted an experimental investig ation to determine the drag coefficient

of particles in flow regimes encountered in a rocket nozzle. The acquisition

" V

'! f theoe data leads to more reliable predictions, of nozzle orformance ineffi-

• .ciencies,ow ng to gas -particle flow.

;<, ,The Mach number- Reynolds number regime traverse2, by a particle in a
rocket nozzle is described. The experiment to, determine drag coefficient

° " data in this flow regime Consists of the electrostatic acceleiation of micron-
• , 'I :size particles to sonic velocities and detection of their velo'ity decay in
i _ .chamber, conditioned to provide the desired flow pa,,.amete,s-. The. operatlon
- ;of the experiment, method of' data reduction, and "m' - -"' ,leepymnaUnderrorntcto eAr Rs are presenred. anited te Centr

haoThe data are reduced in terms of a no dimensional drth. ccegicient and

> ° I!are co~irelated with comparable data obtained in other flo,- -:eglrea. An
ofemparical relation is generated for the drag c eicient as Th cqion of
oeyn6ds and Knudsen numbers. This relation is recmm; iedfor use in

v, calculations, of gas-particle flow in rocket nozzles.
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o "!i a speed of sound , .A representative area [ i
., ;SI D  drag coefficient
oC nondimensional drag coefficient *.0o . " t C~inc drag coefficient for incompressible fiaw [-0 CD "inviscid" drag coefficient

.~~ree-molecule-flow d~ag cor,ficient
SCCDFM

." d c  distance between Faraday ca.ges

c&

1 dr  total range distance
... . E s  ign al v olta g e
.;{F D  drag force .....A currentaieaa

% K n Knudsen number '!
N number o measuregent,stiono in tracking sectioneie
N number of measurement stations in velocity-measuring section

" im particle mass .
' M Mach, number ,, dacP pressure

" ee olstatistical factor g
q particle charge f.ya,
r =ticle radiusnce

R rsisltae

Re Reynolds number
un- S speed ratio ner g

s distance traveled by particle mass
Tg gas temperature
T particle temperature
t time radius
to  zero reference timeuf partice velocity in velocity-measuring sectionUg gas. velocityre

0 u o initial particle velocty,u p pa-r cle velocity "
' V acclerating potential

constant related to drag(,coeffcient az variance

C' -y ratio of specific heats, Pg gas density

1 variable p particle density
Ag gas viscosity mean free path

vii

°° C



(C C

0

C '4 -K-' -

-. ' '2

-- "-~t - '~

' g'; -- ~- -. - Ii
it. - dlii
v-i ''A

$1

C A

4 C C'

<SI C

-'1

'Al

iiiit
CO

A

4 44 < -. -; C - '~'- ~

CC

CC 0-'

'C <'-.47

CC
o CC.

0
A A

1/1; 111
-c

0 -

K', :,

- C I
4'j j,<K 0 0'

ii:'
j ,A

~44 C

- t o0 if
~Aj - - 4

4 CA' ~, ~C

A 4 ~ - I
" 4

K '~ --------- ~.-----~.... - - - IC

0

~ ---- - -,

7 ' ~ a- - - -__________________

A 4, -'
1 K'

N'%K' 0 A~ -
1' -

/

-4 4, C 'C

N K
'V 0 .0 4 0

'7 '--t C - " '4

C ~CCC0 0' ON -

-t 4 - - - C

- 0 A'



-1. 
0 INTRODUCTION

1 ...

The use of a metallic fuel, t uch as aluminum, in rocket propellants aug-
~ments, the available energy per u,,.,t mass and. improves performance. Th~e

improvenment is not as large as thexiitodyna .ic calculations indicate because {
,I the micron, size particles of metal oxide produced upon combustion of the
-" meta~l and carrieJ] out by~the exhaust gases are unableto maintain kin etic and [
. ~therma~l equilibrium, with the exhaust gases ; this results in a performance I "

,4" ~inefficiency. Ana'lyses of gas-Tpartitle flow in rocket nozzles& halve been i
dev,eloped to predict this inefficiency ("I )  but fundam~ental data for the aero-

' dynamic drag force on the particles have not been available. t'he aim of this ,
• ~project was the experimenta~l determination of this aerodynamic force in flow J

:IA ? r egimes encountered in a roc'ket nozzl'e.,i

The nandimensional parameter which characterizes the aerodymarnic
.z .' sdrag force on a particle in "a gas str'eam is the drag coefficient, CD definedI

C D,

There -see tallic fu e ,gas dlnit, iu the gas v pelocity, u he
D 9 g P 'particle selocity., nd pA a repreetatie particle area. In general, the drg

coefficienof an.object is dependent onseveal parameters such a shape andorientation with respct to the flow, M, Re,, and turbulence leel Exper-inffeny ) have shoown that particies found in rocket nozzles ae sperical

in shape, and oder-of t magitude anayses indicate nhat the particle drag
coefficient is primariey a fuetion of M tand Re. o a r

The M-Re regime tr avers by a particle in a typical rocket nozzle is
illustrated in f#gure l.. A corpl-t£e gamut of flow regimes from, ,continuurn tofree-moleule niaorencountered as, the particle moves fom he roket

chamber, through the throat, and iato the expans-ion section. No data exist for
the drag coefficient of a sphex~e La the flow regimes bounded by R~e Iess thandf00 and M less than Z. rc i easonable formula for thedrag coefficient in-,thls

Paenthetical suescit numbers denote xeferences appearing on page 46.
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- 2. 0 DESIGN AND DEVELOPMENT OF
THE EXPERIMENTAL TECHNIQUE

There are tvno primary methods by which the drag coefficient of an object
cc be measured; one is to suspend the object in a gas stream (e. g., in a wind
tunnYxl) and measure the drag force directly, arid.the other is to fire the object
in a balliotic range and deduce the drag coefficient from time-distance iata. The
rmajor ifflculty in using the wind-tunnel technique to obtain data in the flow regime
of interest lies in the requirement for accurate measure.nent of very small forces.
The design complexities of a large, low-density wind tunnel and suspension
system, ,together vith extremely sensitive force -measuring instrumentation,
ougpat the impracticality of the wind-tunnel technique for this study.

The emall drag fox ces that are characteristic of"the M-Re regime of in-
toinstnlvoo preclude the use of a conventional ballistic range. The difficulty
lies in the prohibitively long distances that a reasonably sized projectile
vould travel before a detectable change in velocity occurs. Employing Stokes'
drag law to provioe Indicative results and suggest the significant parameters,
yields

<' '2 --( )

"'9

where S is the distance traveled by a spherical projectile with radius r
Vp

befo 'its velocity has decayed to Up. The Projectile's initial velocity is U0 ,

'1n4 p the projpctile's density, and 1i the gas viscosity. The equation indi-

.cte tPi ai -am projectile with a density of 3 gm/cc and fired in air at300 m/secwill travel 250 m 'before a 10% velocity decay ensues. The above

e q~tion Angests, however, that the ballistic range method is effective if
very sm l projectiles can be accelerated to a sufficiently large velocity and
if their time histories during deceleration can be recorded accurately. The
calculations .show that the projectiles must be, between I micron andS0 microns
in diameter and must achieve velocities up to 300 m/sec to provide data in
the flow.i regime of interest.

Accelevation of micron-sized particles to high velocities has beenaccom-
-, ,, p ~dn e ,."pMoirenal investigations( 3 ,4 ) o meteoric impact. Briefly, the

tcchtiquo convictcd of charging particles by subjecting them to a large

A - ' - ,

_ _ _ _.. ' _ __ _ _

A 4,

0"c
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potential gradient while in contact with a conducting surface, and then accel-
crating these charged particles through a large potential difference. Assum- .

ing charge-to-mass ratios typical of these experiments, calculations show
that a potential difference of .100 kv is sufficient for drag-coefficient experi-
mients. The size of the particles impacting on a metal sample was determined
by measuring the charge and velocity of the accelerated particles and using
the work-energy equality

" 1 2
Z f

where q is the particle charge, V the accelerating potential, m the particle' s
mass, and u f the final particle velocity. The velocity and charge were meas-

ured using Faraday cages which are small tubes through which the particles

pass and on which they induce their charge. The Faraday cages were con-
nected to the grid of a cathode -follower circait and the particle passage was L.
detected as a voltage signal on an oscilloscope. This scheme was directly

adaptable to measuring particle size in the present study.

A schematic diagram of the experimental apparatus. is given in figure 2.
The acceleration section, differential pumping sections,, and tracking section
were connected by 400-micron. orifices through which the particle passed as
it proceeded from the acceleration to the tracking section. The acceleration
section was connected to a diffusion pump, while mechanical pumps were
sufficient for the differential pumping sections.

In order to produce the range of Re desired, the pressure in the tracking
section ranged between I and 100 torr. The acceleration section however'
was maintained at 10 - 4 torr for maximum electrical insulation.(?) Feasibility
calculations indicated that this pressure differential could be maintained by
using two differential pumping chambers and orifices smaller than 500 microns
in diameter between the four chambers. The differential Dumping, chamber -

adjacent to the acceleration chamber served as the space where the .charge
and velocity of the particle were measured in order to determine its size.

It was initially postulated that a Faraday cage tracking technique would
be ineffective in the tracking, section because the particles would rapidly lose
their charge in the, higher, pressure environment, Thus, it was initially
decided to use a tracking scheme in which the particles traversing a laser
beam would reflect light onto a photomultiplier tube. However, a pilot experi-

- - ment performed early in the program demonstrated that a charged particle at
atmospheric conditions would not lose its charge fast enough to make the
Faraday cage technique ineffective. It was also decided to use a series of

(4 r
- ~ - -- -~-.
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Farad~a/cages to measure Lhe particle's Urne history in the trackix a , zection,
in lieu of the more complex optical technique, The iletails of each section al

i! ~the apparatus are described below. <

C' - -,, V

Adiagram indicating the essential t-omponents of the acceleration c&z- ,
7} br is, shown in figure 3. A magnetized needle was mounted on a microinetcr
,0! drive directly abnve a sr iall hole (-80 microns in diameter) in a thin did-

phragrm. Magnetic parttics aligned themselves, in strings along the mag pnelic
I l~ines of force frcm the a eedle. A potential difference of from 15 toidk v wras

:] maintained betweer. the needlie and the diaphragm. As the needle w"a dvai6d
toward the hole b the micrometer drive ,th lcrsai ocsoecr~

',. Iof the particle str-ing. The charged particle proceeded throuagh the hole and,iuto the lower part of the chamber where it was accelerated through an aad-'

tional 30 to 60 kvo A sharp conical section was used for the ground electrode"

to aid in alignment ol the particle trajectory by causing the electrical N1, aes
of force to converge toward the cone,. It was foa -nd that the sharp- edged conewas not sufficient to align the particle trajectory; probably local charge ac-

cumulations on the .plexiglass walls of the container disturbed the electric
field symmetry and caused trajectory misalignment. The problem was over-come by locating o cope cl the he caxial with the, ctrl ne
of the system which ensured a uniform charge dstribution.

Carbonyl-iron particles forming strings on the tip of a magnetized needle
are shown in figure 4. Generally, only one particle a a time was removed
by electrostatic forces. When the supply of particles on the needle became
depleted, the needle was wihdran into the,particle reservoir ad adauir eda

new Supply.
The acceleration chamber mounted in place can be seencin figure . It

ewas fabricated of plexiglass to ensure sufficient electrical iosulation of the
high oltages. The copper cyinder insertedto make the electric fiele, sym-
metric is visible. The chamber was connected to anoil diffusion pump

through an angle valve and liquid -nitrogen bahiae. Design calculati,)ns using
the manufacturer's sifa tion waspeed of the diffusion pure and con-

ductance of the baffle predicted that a pressure of 10 - 4 tort could be main-
tainea in the acceleration chamber. rowever a under actual operaion no
pressure lower than 1o - 3 torh was achievable. At this pressure nc serious

electrical discharge problems were encountered t voltages up to 70 kv.

The acceleration cp ber was designed for easyremoval of the top to
facilitate cleaning. The removed top is shown in figure 6 Th e atewhich,

7

4 byeletrotatc foces Whn te spplyof artcle on he eede bcam

deltd h edewswtdanit h atcersroradaqie
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° -q;tho thin dia~phragmn with the hole beneath the needle was suspended
frl" om th pIo.disIa top by three metal bolts, one of which projected above

-1 -arfca to,I'4 prvdea electrical contact to the plate an.- diaph.ragrn. The
or_"'A hCuqp'z Vac n~tcct,,-r fed and nodle pould ale, he removied and

aWnd to replenish the 0 'ticl esupply. Aclosefit

clf Co tn i4 th,accolration chamber w-as ecezzry to maintain ,alignment of

o ~ .kpvvwappl c, pa Fble of delivering ISO watp% at 100 kv provided the

a o14z-An, - 1 ta T he voltge divider Lox which upplied the~desired
yzr:, jn F . nc rwed a3 a load for the powrer cu1pply s showrn in figure 7.

, Io coflitedthe voltae dividmnZ netwoxk; fc-ii 102M re si stor s
at C,. tsp, two ,1 rezi-otors belov and a precision LOWK resistor at the

The lead-in frornSho 1pm-7,r supply, z t the top right of figure 7 was
cos, cc1 tio tho needle houcing tbrough. a pratectiva 500M resistor. The lead
fxdn t%,oj,1 a;u'u bove the to,, of the acceleration chamber was con-
'nC1-.t ~zrCn,2 a 1,AO )M prptective resistor to the junct ire of t]he I-Mei-
Ctro tkiih provifW-Ta- e doaid. 1o~nil erence betw-een the needle and

t} .- o .1:h- 'Cho voltahe cross the 100K 2 esistor was proportionalto t t'al and was mecured bY the elecr,)meter

-s- -it xesistor___ __

m. in t lcvcr rlhthrA corer 0f fi~ure 3. Each compohte o
o a calthe at operating potentils so that th the edivision atio and the

T th pemlre in th. acceleration coanber was mesured bct a vrane
- -6'3 located in the av le ciale adac t to the chamber.

TTWo diffo-c til pnd cnbers were used between,,the acceleration-r inS .chnabero. The velocity-easuring chamber, in ahich tcle
valveitl r u clrge wrce bef deie s adjacent to the acceleration charn-
L d. Tke vmber adjaclntto the, tracktng section served only 7s a differ-

lcon~tntter The ola d cam rs weare connected by three 400-

T vlocity mefvurin, sectlon l which was fabricated of aluinum can
Lo too hnn ' r 5 directly boneththe.cceleration chamber. It is connected

to a 7-lito/cc Vaelch pump through a 2-"n -diameter flexible hose. The,on~ wa oufficltly low ( by I -3 tort) so that the particle encountered
t e Ot n 4eryt aic drag .while ctversing thi. section. therefore, ohe.

to pvt.1n kic cl~ry in cti setin was exactlyequa o the elec t riaele

vL clne-in ahccelerating the particle The relation expressed by equation 3
ip, cr,:Rhryd to do eqmine the mass of the particleo

00
Th itesr nteaclrto habrwsmaue ~aPrn

-CJ

g_ oae i h-nl a1oijcnttotecabr
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Thz vml1ocity-measuring section %v,.s closed on one side by a brass plate
wohich e:bnded the entire length of the differ ential pumping and tracking0 The Faraday cage system and cathode-follower amplifiers wexe

, on tho brass plate which is shown in gigurz 5. The DopF,;ite side vf
K 3~covered by a plate (see figure 7) which &uppozted a Pirani

+ ''. zjacent to the tracking chamber was conaected to a rnechan-=I:Z~ . ' _tp eu~a1 -in.-diameter flexible hose. T e two vacuum
J Q, D i feranial punping sections w.ere supported by a massive stand

I= 79 u-te vibrations from the mechaniLal vacuum pumps.

Th :aZction of the apparatus was the tracking chamber.. It was en-
4, tz " he brass plate bearing the tracking system and on the

-i . "c z o. ;,1aon which another Pirani gauge, a thermometer,, anL
twp %7 cre mounted (see igure 7). The buib of the thermometer,p -r,; it 'e chzpmer to sense the temperature. of the gas es.

Tt-pvuas connected to the manometer (shown in figure 8) 'nPC, . -.- i-clamber pressure was measured. The two working fl 'Is
o iLn ,.tz legs were mercury and diffusion pump oil, tho .atter en-

>oDS: z '?Zpciae measurements at lower pressures. The fluid levelswe e
.', J~~~& _2cthetonmete .

' C C e fed into the tracking section through the b,.se plate. The
Sb and., correspondingly, the pressure were controlled by a fine

61 ,a needle valve between the tracking -hamber and the gas supply.

.. .! angmnnent wa s essental to the succes sfutl operation of the e.&.era -
h T -eer 40-m on orifices had to be positioned accurately on a

'= 3nd-d to the 'poiTer -if the magnetized needle and coincided with
t-a :z: ,DLilne of the Faraday cage system. Each 400-micron orifice was
+ rz' 'a ljergar plug which fitted loosely into 3/8-in. holes between the
rzl dii -°zation. This loose fit permitted positioning of the orifice by lateral

& z4=t -C Sealing was accomplished through an O-ring face seal.
o or~int of the orifices and the needle point was carried out with a light

rT:.Ift' SYSTEM

,-aAes of Faaday cages was the fundanental ,element of the tracking
7 nAs the.chaiged pa t ie passed through each cage, its charge, or a

-fraction tii-mw4 ,was induced on the cage and appeared as a voltage change on
a catLmde follower. Thus, as the particle passed each cage, a s'gnal

o 0 "14
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The FarAday cages for the velocity-measuring and tracking chambers
'were ipounted ona single plate to facilitate alignment with the system, as
6 ov.- in fHgure 9. The series of cages on the left fitted into the velocity-
S. chamber while those to the right comprised the tracking section.

S' cages for the velocity-measuring section consisted of a wire stub,
three ingo, and a tube. The stub, one rin, and the tube are mounted on

°. .Co .eCd dire,.tly to the grid of a miniature high-ttriode (6CW4).
TLc ='ai.in to rings were grounded. The signal generated by the wirea f a partcle served to trigger the oscilloscope.

~~J4CmOn rip e uphtcd section cages. Five of these were

c~cc adin commou, t o the grid of another 6CW4, and 'tht other six were
grouaid. The ca.ges w vere seprated by 1-cm distance in *,e tracking section
and L 1,/2-er in the velocity-measuring section. The distance was measured

to wi4 1/10 of Wo by attaching the system to a machine bed- with a fine
t v&etd and noting whin each ring, Vie~ed by a stionary microscope,

'A tyical osqilloscope trace from the Faraday cage system is shown in
G=xc joe hescope wase triggered 1y the small wiz e stub; then the signal

tenh rough a minimum as the partcle passed the grounded c-ge. A Lax-
mum and a minirmum signal were produced as the particle traversed the next
qIgn21 agd grounded cages,, and then a longer duration signal was produced, as
te particle. traveled throtgh the tube. The length-diameter ratio of this tube

'.as eolarge that the particle's entire charge was induced on the tube; there -
foro, th signal magnitude was ditrectly proportional to the charge on the

j As the particle proceeded, through the tracking section, alternating
ign-i minima and maxima. were produced as the particle passed through
rgowvAcdand csignal."g q,, respectively. The increasing time interval

-between Mpal peaks corresponds to the particle deceleration produced by
11:j arad.ynamia rag.

.ho question arises.as, to whethe. or not the tre.nsfer of charge in the
Farady cage system may constitute a decelerative force on the particle.
This c.n .be evaluated by comparing, the electrical work dissipated to the

& <)l o'tl change in the kinetic .energy of the particle, which is expressed by the
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where i is tI- current, R is the resistance of the Faraday cage system, 4nd
t is the time foz the particle to pass through the range. The current is e'sti-
mated by

qu'

0~C1

.where d is the distax.ce between etch cage. U'sing this approximation andrealizing'that u -u i, the above ratio becomes
p o

Eeiec ,qZ R~l

E, ~0 C O

where dR is the total range distance. The values of the parameters are

q/m < 1 coulombs/kg R < I ,ohm

m < 4 x 10-I kg u > lOm/sec Lu > i0-,
0 U 0

dR = 10"m dc = 10" 2 m

which yields

elec 7 o"(10- 7 ) (,7)
EKE

and demonstrates that the effect of'the electrical losses on' the deceleration
of the particle is insignificant.

As discussed above, a high-p miniature triode is employed in the cathode-
follower circuits. The customary grid resistor was omitted, thus allowing
a maxinum input impedance (r- lb149) and power gain,( -'011). A low pass
filter is inserted in the output to reduce false triggering of the oscilloscope
by fast transients originating in other equipment. Tht voltage gain of the
cathode-follower in the velocity-measuring section was measured to be 0.953
to within 1/Z of I1o.

To interpret the voltage signal from the tubular cage in terms of the
charge on the particle, it is necessary to know the capacitance of the system,
A special capacitance bridge was designed and developed to measure

19

C''

0 i

04



CJ 4

" , capacitancco an low as 4.3 8 x 10- 2 pF. The capacitance of the velocity-
" coct~on Faayi cago system., positioned in'place and under operating con-

Sdikpis wzs found to be 6.00 pF to within 1/2 of 176. Thus, the charge on the
• o . a ticlofo I, q related to the voltage signal from the tubular cage (Es)-by

q 572 E x 0 "12 17o (coulombs) (8).,

0 8Tw4 rco o zianalb are put on each oscilloscope trace for measure-,
nt Ao vignal from the internal voltape calibration of the ocillo-lct

ccion C. rLili ca,11 syste against anstandaplacell anrovdes oeatn eeecen-

poaxtiucma of) the rldia totmvague sigral froht ubular cage A- trac byo,

" t!.mo-mav~k ganqxrtor (Tektronix 180A) serves to reference the instant of
...... iarro[ 1=66ar" th-rougi, each cage. These calibration signals ate also shown

oo
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00

3.0 OPERATION OF Tli,,E APPARATUS

Ihe aim of the experiment was to obtain drag coeffici-t data over th'.°

entire M-Re regime encountered by particles in a rocket nozzle. The V Alu'- of
M is determined by the particle velocity and the speed of sound in the trittb g'
sec tzon gas. The value of Re is a function of the particle's velocity ; nd zit
the pressure in the tracking section, and the working gas.

4'+

Each series of e.xpee'iments was preceded by a thorough cleaning of tt -
acceleration chamber and replenishing of the particle supply. After re-
assembly the tracking, se-etio~n was flushed and the desired pressure Bety b
careful adjustment of the needle valve. A per'iod of approximately 30 min
was, required- to stabilize the pressure. The electronic instrumnentation Was

"0 then set and the accelerating potential applied to the system. The micrometer
needle was screwed down by a long, plastic rcd attached to the. micrometer
handle until tbe inost favorable location was xeached and particles of the (to-
sired charge and velocity-were observed.

The signals from the cathode-followers were fed into a Tektr~onix 549
storage oscilloscop e, nd undesirable signals were erased. When; a ticle
of the desired velocity and,charge was observed, the oscilloscope intensity
was quickly turned down to prevent additional traces from appearing on the
screen. An electronic circuit was al~so developed to translate the ba se line.
of each new signal ;a small amoui.. vertically so that the base lines of severaltraces could be distinguished.•

After selecting,and isolating the desired signal, the accelera.ting.-V01ta ge ,

tracking -chamber pressure, and temperature were recorded. Then the volt-
age,and time calibrations were put on the oscilloscope screen. An X-Yplotter,
adavted to the oscilloscope, was used to write an identifying number on the
screen. Polaroid anrl 35m-mn photographs were then taken of the ztace.

Operation of the experiment is illustrated in figure IL° The -operator is
tamning the micrometer drive to feed more particles into the .accelerating_
chamber while prepared, with his left hand,, to erase undesired trace s.

Usually a series of experiments were conducted at one pressure level by
selecting velocities ranging from the smallest to the largest possible. The
pressure range was established by the observed velocity'decay. If the Pi~es-
sure was too lovw, insufficient decay occurred for accurate, deceleration "
determination; and if the pressure was too high, the velocity change became

I
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too large to, represent the test by single values of M and Re. The veloctl
decays for the data reported here varied between 1076 and 40174 Aftr ec,:i "
test the approximnate M and Re ,%ve 5 plotted to -ne'er" thc, -L,:, iti C

numbe, to the flow regie of n° erezt., 1

C -.

4t gen and Freon 114 were employed as vor' g gaes. .,-, "

me' ecula i weight of Freon ( 171 gl g/nt)e) corresponds to a lo~vw. wpcd'. f
sound ;nd enabled highe- M to be achieved. The precoure in th ti- on
section was varied betwveen I aud 50 tr.rr whirn nitr -gen vms used a-xi : :
I and 10 tort with Freon.

T wo kinds of magnetic particles, carbonyl iron and nickel., were~wstd LU °

the experiments. A scanning electron micrograph of tho carbony1-iron
Farioles io showun it. figure 12. It is evident tht the particles wrt lio
perfect spheres; r.ome appear to have blisters. lfowever tlhe daut, .b- O&

. osh .ould still be indicative of the drag, coeficet o! pa rticles in a roolo
< ,nozzle. The nickel particles.. on the other hand were quite sphericalas

illustrated in figure 13. The size of sarbonyl-iron particles measured ija
°° th e tests ranged frr,,n 1. 6 microns to 8 microns and the nickel particlo 0
, . ° from 5 microns to 17 microns, in diaialeter. This atgrees reason~bly rAta-
o' the sizes observed in the photomnicrograph. " - "

The range of M-Re covered.1-y the experiment is illustrated, in figure :14
~A flow regime which extended, from free-molecule flow through trqnsi #P~n

71in a typical rocket nozzle lies within the range covered."

,
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0 0

0dag f~td n 4.0 DATA R EDNJ.TION Th°o oi~c~ti

The fundamental parameters to be reduced from the data v,,re tha -..
drag coefficient and the corresponding !AI and Re. The following ectionz) i-

cuss the eata reduction technique, its accuracy, and its application to a ..
.test.

4.1 CALCULATION OF THE DRAG COEFFICIENT FROM DATA

The aerodynamic drag force on a particle is equal tu-..he product of its
mass and deceleration. 'he particle mass is detex.,ined when it passes
through the velocity-measuring section, and its deceleration is determined
from the velocity decay in the tracking section.

Twp differentiations of time- distance data to dediuce deceleration can
lead to significant errors. It is more desirable to use an expression which
directly relates drag coefficient and the time-distance data. Equating the
aerodynamic drag on a particle and its deceleration yields*

du 1-pupDAI 2 )

dt 2g up

Over the range of velocity decay in these experiments., it was reasonable to
assume that the drag coefficient was,, in essence, constant. The above equa-
tion then can be integrated to give the following relation for the time-distance 0
history of the particle

t _I ,o . + t (J1O)

0

where uo is the initial velocity of the partidle, s the distance traveled in
time t, and to the time when s = o. a is a constant related to the drag
coefficient by

3 P C C C -
S= 8(8) p,

9p p

*It can be shown 'that the acceleration due to gravity can be neglected for -the

range of particle decelerations of these tests.
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C, 0

Nn" Or "Pp-and rp are the particle density and radius, respectively. It is

,ctnneit to introduce a new variable il where

A,- o 0, A - I(

-f2ch 6 osfmphifies to

t=- + t (13)

A 0,

0

:or o. given a the least- squares technique can be used to determine values
,df r and to, corresponding to a straight line o-. a plot of t versus 7,

cth ,t ',CA

Nt)
0V% Et) (14)

4-0

e° ir a nminimum. This wis repeated or different values of a to find tha, value

Of b o wrich E(a) is a minimum. (Because the spatial location of each• [ caga was meaazr'ed fo'0. 10/ there was no need to Consider deviations in s.

detarmined the vaueeof a which represented the best fit of the data,

8 Pp

S xperipromtwas determinoed o caulate froS the ming sqard

I°iial techni'ques, showed that

:t o o (carbonyl iro#) = 7.,26 glcm 3

o> "."pp(nckelU 8.52 g/9m 3

• " ° 1;7whin V/10 of 107. <

• The gas ddnsit was calculated from the temperature and pressure
om:,curazzients in the tr.acking chamber, using. the equation of state for .an

1 o -o '0,

A 0 A

r° o (15)

C A, 0



The remainitib parameter, rp,y was found from the data obt;ained by

means of the velocity- measuring section. Representing the particles as

spheres, one can rewrite equation 3 as , o

c,- V \1/

0~ 
0 0'

r 
(16)

The measurement of q, V, and the particle velocity, u , has beendis-

-cussed above.

Values of M and Re were calculated using the average particle velocity,

i. e., the distance between the first and last trackig cages divided by the
transit time.c

4.2 ERROR ANALYSIS

The accuracy of the calclahed drag coefficient depends on the accuracy

with which p pg, rp, and a can be determined. The variance (o.2) of
the drag coefficaient is related to that of the independent variables through

2 2 z
0D p9 o r  0.

D Pg rp a

where the contribution due to p has been neglected because of the high ac-

curacy w~th which it,was determi~ned. Following standard statistical proce-
dures, the variance, or standard dviation, can bec related to the magnitude

of error at a chosen c onfidenc e level.

The variance of a is determinable ,from the track~ing- section data. I t

01,

is related to the variance of the time deviation (at K) about the least square

curve by t:o

)9

I- 0

o O, z 22
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0

0
°  

0 0 ,

0 ,,

*:" ° A1ss~ir g the variance is the same for all points yields

"C N 'act

-n We howrq tht the sum of the derivatives of a with respect to tK,

z-01jcct to the constraint of a minimum sum -of squared deviations about the

o Xo~~

o4 'C 2 N E N

N N

N K • 71

1 o ° (20)

Q , &=, ,ota

0I

N KON N 8K

"0 
?= "==T

o 'K . Z)

0 17
4 

K

00 _71C lK

-(

21 -K 

N

0 1 N:

08-~ ~ ~ - Kt I aK~.~ 1

( 0 0 c "

,thS 'ubtciipts K refer to the various distance stations, and N is the numberof stetions in. the tracking section.

The bpst estimate of the variance of the time deviations is

C, t*i t)

.0'0 ~ 2 K=l /(1
N 3

1 0C0 0 0,

jos

100 Co0

0



because of the three degrees of freedom removed by fitting the data ,jith a. .o
' three-parameter curve. Thus, the variance of a becomese N -3 o

N N

2A

threnepraetergnd curvequse varanc ofoabon s albeoh

vaiac. oevrabout Irr an q wrknn an Ce

N NK(Xv I lz

N-

z2

ufU

rThe variae the paicerais ot V war obta ined from2r 4 C A )Z

p 2

The valuae of th.are q~ct anfond acyeler ting oe tial Vw7ee deteamnedatfrom
atshe eding- mandicosectientlo rinfrtin as avaorialng theim

usdauperain liit a ovefo th Thusnc

02 2z

p< -P. +((A-

oprain as abv foN.Tu

p pma 2
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A

- i, the number of station4 in the velocity- measuring section. For
v

0 '°

0''°' ( /< (+ )

. n : /O~ezo inr c ¢uld ,be neglected.

vh x i~.ce f the. gas density is related to the uncertainty in pressure

C - of 'the i~tet t it found that c

C,- Pgne-cee, 2Swohe ir i wan, rouned that th vcuei m. c saller th 7 n
he trac £roo tyc ttensi d s rrelate-gtotuncrtinty in cofricnb

issoni gz S Thesual , tiviio simpl

Ze ,ea represent bvec

0 0g () (A-

oent0 it was f(27t) his te is measu e a ., G;oC'C

0 -CD07I 
( 7

0 ' 0 , 0

00 & ~orroris

CAC \ c

whare ura-~e rinedfrom the Student .t I, stribution for the 75% con-
#I-enace ltvel.

.3 -PEUCTIQN OF A DATA POINT FROM A TYPI1CAL TEST
00

Tlhe trace from a typical test, using cabnlio particles in nitro-
-geA, is sh1own. in ligure B5. The small time divisions represent 50 11sec,

'4 the lcxger divinions 0. 5 rnsec intervals. Thp voltage calibration repre-
5ps10 my., Thressure for this test was measured, as 2.4 cm of

0 0 32 _

C,'
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40

,D. ; :i'U - oil, the temperature was 25.50C, and the potential on the

P,.to , arnnlr calculated was the particle radius which was deter-
4,-a. to r of the veocity meauring section. In measuring the dis-

.zv .? ' be on the two grounded cages aad relating it to the time
- -, i' i n g:, that the particle traveled 1 cm in 70 pcec or had a
V '-J; -y ].;3 m/acc. Multiplyin 3 the eletrometj, voltage by the calibration

f n2 the vok lt2e dividar, 1,981 x 10 , gives am accelQration potential
.i ?I-.v , Tha =ngnitude of the potential induced on the tubular Faraday

,a icr4.cc. 4ured as II. 35 mv from the trace and the particle charge calcu-
-14

f ~e~eu,7tion 4 is q 6.5 x 10 coulombs. Substitution of these
- , &.l , zensilty of carbonyl iron into equation 16 yields

r' = 2.Zmicrons
' 4p

cj Tohe ,ga denon is derived from the pressure and temperature measure-

Tab dancity of the diff-usion pump oil was measured t o be 0.9825 g/

o cr n, therefore 2024 cm of oil is equivalent to 1. 62 torr, or 2. 16 x 10

ii ~e:cn. this value and.a temperature of 25.5 0 C give

" ' 6 3
Pg . 44 x 106 g/cm

)Fcgding the time-distance data measured from the tracking- section
aiovz-1 traea into the computer program to determine x and the correspond-

4rc C' &zD1-ads to

a 0. 00858 *-1%

4at~ 75% c~rIfdepce level 4 '

Oubotituting the above values into equation t-5 results in

" C = -15,-0*11
CD ,

The ,averago volocity in the tracking section was found to have boon
l34-m/rec which " Ieds

0 , - Re = 0.081 a-nd M 0.38

0~0
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The corresponding Kn is 7. 1, and is related to M and Re by (6)

Kn = i 26 -/7M/Re (29),

After completion of the experiments, it was discovered that a leak had
developed Li the tracking section and the lower-pressure Freon results were
appreciably affected. The magnitude of the leak was determined by comparing
nitrogen and F. -on data, which overlapped in certain flow regimes, and all the
Freon data were corrected accordingly.

A summary of the data is given in table I.

TABLE I

SUMMARY OF EXPERIMENTAL DATA

Particle Type Particle
Test No. and Gas M Re Kn Drag Coefficient

1 Carbonyl-Iron 0. 65 0.36 2.7 7.4*12%2 Nitrogen 0.88 0.27 4.8 5.5*15%
3 0.97 0.18 8.0 6.3d16%

4 0.25 0.09 4.1 17d-13%
5 .18 0.042 6.4 28*6%
6 0.11 0.032 5.1 52*6%
7 0.061 0.014 6.5 90-E22%
8 0.45 0.19 3.5 9.9-h 14%
9 0.21 0.22 1.4 21-*11%
10 0.37 0.45 1.2 11*b9%

11 0.16 0.14 1.7 27:E14%
12 0.11 0.010 16 61*11%
13 0.18 0.067 3.9 30a:10%

14 0.62 0.11 8.4 8.3-k7*
15 0.53 0.11 7.2 12*13%
16 0.84 0.13 9.6 7.7-L17%
17 0.38 0.080 7.1 15-h11%/
18 0.30 0.045 9.9 18-*16%
19 0.48 0.15 4.8 9.-9*11%
20 0.13 0.071 2.7 38-*13%
21 0.25 0.13 2.8 21d*10%
212 0.82 0.21 5.8 6.8d*2%
23 0.092 0.075 1.,8 62*h12%
24 Carbonyl-Iron 0'. 060 0.032 2.8 7919%
25 Nitrogen 0.28 0,020 21.4 21*k8%
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° : TABLE I

~SU MAA-RY OF EXPERIMENTAL DATA (Continued)

... , Raxt :ia Type Particle
.. '; M Re Kn Drag Coefficient

00oo

- 0.65 0. 31 z.6 8. 0-k1270

4,. a. 4' - on4

"eon 1,48 0,97 2.0 3.712%

0O0

. ,1.77 0.69 3.4 4.01Ila

2' S. 8 TABLE

° ? 9 ° :,097 ".35 5.88
'30. 0.78 0.41 . 5 7.812%

.90.6 0.82 1.55 5.3*7%
b~o 1.48 0 2. 3 W*2

32. o r13 1nyl-.ron20 1.42 4.9.4%
Freon 1. 22 0.064 26 6.6:18%

3,1 , lic:ol 0.048 1.18 0.061 21*10%
.... 0.06-? ,0.82 0411 30k6%

4,0.22 1.25 0.26 164%
o0. V 0.91 0.44 16*9%

3 8 0.10 0.43 0.35 3,1*15%
39 0.036 0.087 0.62 98*13%

400' 0.058 0.10 0.86 82*10%
- ... - 0.22 0.32 1.0 25* 1%

N.ckel 0.14 Q.27 0.77 29*'1'1%
13 Nitrogen 0.046 0.23- 0.30 63h13%

Nickel- 0.,23 0.67 0.48 20*13%
45 Feon 0.29 0.41 0.93 18*10%

0.30 01 3, 1.32 14*6%
o7 " 0.19 2.3 0.11 9.8*14%

4 0.58 3.0 0.26 6.1*8%
4 0.16 2.3 0.089 11. 78%

Nickel 9.40 5. 1 0.10 5.30:.00
F ' reon 0. 57 1,63 ._8.54%

0 .0

0 44

- .c'
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S.0 DATA ANALYSIS

dA

Sherman( 7 has shown that drag coefficient data- 8 9 0 of sphar;: - o
high M (M > 4) can be reduced to a nondimensional drag ofiinp7 c

depends only on Kn, i. e. , the ratir, of the mean-free path of the gaz o; t, r
to the particle diameter. The nondimensional coefficient iso

C C

D  D

-C D =CDFM ,  -cD I  (3 0)

FM I

where C is the drag coeff.icient for Re -co and CDF the free- oD D

moleculex, flow value.
Ballistic-range data 0) athigh Re indicate a constant drag coefficien Of

0.92 for M greater than 2. This value was used - CD in thisM range.

However no data are available for the drag coefficient at extremely large Re
(Re > 107 ) and low M. For purposes of the present oflysis, the variation

of drag coefficient with M at Re - 10 5 , shown in figuki _ '64, will be used
for the C in equation 30.

The drag coefficient of a sphere in free-molecule flow, assumi 4ifffuve
reflection of the molecules, is given by

D =exp (-S 2/2) 2 4S 4 + 4S 2 -I
C _ $ (I + ZS ) + 2 4 err (S) + (31)

D~ ~ ~ DMS3 S43

where S is the speed ratio, which is related to M by

01 = (z

FM (32

w Sherman refers to this parameter as the "inviscid" drag coefficient-

37
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The above equation assumes thermal equilibrium between the particlP zI 4 - ,
the gas. For low M it can be shown that

fDF M  =M< )2 oo,

Drag coefficient data obtained in the present experimental studies hl >,Vo
been reduced to the nondimensional parameter given by equation 30 amid area
plotted versus Kn in figure 17. Data from other experiments at high .
M 8, , 10) Miikans results from the classical oil drop experiment, qn6

low Re data collected with a magntetic suspension system 13) are shovn on tho
same graph. At high Kn, the data converge to one value, the free molecul•-
flow limit. Also, for decreasing Kn the data for high M tend to group around
a single curve. However, 'the drag coefficients corresponding to low Re tend
to break away from -the high 'M limit with decreasing Ka. ,

At very low Re in continuum flow where Stokes' law is valid' the
drag coefficient is

CD ('34),
D R00

Correspondingly, the free- molecule-flow result is given by equation 33 and
the nondimensional -drag coefficient approaches

C t:1-4,Ey - 3Xn(35)
D  6. 3 Re

as Kn - 0. Thus, at low Re, the curve must break away to become
asymptotic to the above relation.

Similarly, the necessary asymtote at low Kn for curves at higher Re is

0 O.48\

C = Kn Re 8 136)

where C is the drag coefficient for incompressible flow. O '
D.

inc
No theoretical analysis is available which provides an analytic expression

for the variation of C-D with Kn and Re. Some anayses14 have been -

published assuming near-free molecule flow, but these are valid only for Xn

3*9

r0

C'.'



Unry ad 'reater. A complex Monte-Carlo technique has been developed
(16)bVO-OM , et an., to treat flows from continuum to free- molecule flow.

ii VTi , tcch qc cdecsfly'predicts the measured drag coefficients at hig h

"h"N,,i. docs nov yild an analytic ex~pression for CD versus Ka.

0D

' is intere tin- to note that Vogenitz, et. &I. I predict a drag coefficient

ii at- Kni 10 l0 s0m'ewhat higher than the ana:ytic result calculated from the

convontional fro -molecule- flow analysis. The same tendency is observed in
. tho raceuls of the pres' nt'study. Millikan's retiults fall somewhat below the

" -m ooth oldos

° °Axi cimpirical expressiorA wh~ich, reasonably fits the high M data .s ,

' -0 . . 3 1/ - G(Kn) (37)

C0C

A, Co 'n-0.

f on'orver to otain a equation representing all of the data equation 37

can bn multiplied by anaempirical factor expressing the break-away of the

* D

owI kd curvts. I fr e low K nlyo is the s me tne is osered in

oo" -G(kn) t!- :0.82 3 (i < Kn < YOr l  (38)

tBy tc*paring equatihe s 3e n d M6, iat s sen that at low Kn the empirical

prUctod Cus apo, wihi rbbyatiual os~u elcinfo1o ro oi...~ ps

-(C D 6 .48) Re

' t0 giee WIe correct asymptote. A factor incorporating this feature and provid-
ih- ng p la xicceetable fit wisith the data ishig d

e) 1 p K e (39)

I ~~~ ~ e 6,6eedtbifiiy

04

0

- A 6 .6
'4%.
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I r I -

-obnl-rn Nirgn(.6 F .1<R o5

* - - - 0 Carbonyl-irori, Nren(0.6M1,0.0<Re.)

- -- - ~ 7 Nickel, Freon, (0.2(M< 0. 6,t 0.3 <Re (5)
Q Aroesty(M-4, 100<Re(2,500)Ref 8

t~Weener(M-4, 50<Re<1,O00) Ref 9
______ 0 Millikan (M~q1OARe10-6 ) Ref 12

0 Aroesty(M-1, 20 Re<800)'Ref 8
SSreekanth (M'-21,- Re<30) Ref 10

TRAJECTQRY OF A PARTICLE IN A 0 Sivier (0. 16<M <0.52, Re =200) Ref 13
STYPICA, ROC KEr NaZZL E 0 Sivier (0.16k<0. 52, Re='15'0) Rf '13

I 'Ip -ne ( -6.8) ke-
0.3 ~1/2)in

p exp (-Kn 6.6

C0_ 
1V7 2

io- 1 0 1010

KNUDSEN-NUMBER, 2r
P

Figure 17. Nondimensional Drag Co-
efficient for a Sphere

_______ -vs Knudsen Number
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Thus, the complete empirical equation for C D is

DD-- G(Kn) • D (Kn, Re) (40)

Empirical curves for Re = 200, 10, and less than unity, calculated4 from equation 40, are shown in figure 17. Agreement with the available data
is good and equation 40 is recommended for calculating the drag coefficients
of particles in a rocket ,nozzle.

It is enlightening to trace the trajectory of a particle in a rocket nozzle
with reference to figure 17. The Kn of a particle is given by

Ku = 1. 26 - ,(4 1)Zr p a
p -g

where IL is the gas viscosity and a the local speed of sound. Because the

gas density decreases monotonically with distance through the nozzle, the Kn
monotonically increases. The Ka of a 3-micron particle in a ZOO-psi rocket
chamber is 0. 031. Thus, the trajectory begins on the Re < 1 line at the"chamber Kn, goes through the maximum Re in the throat region where
Kn " 0.06, and proceeds back toward the Re < 1 curve with increasing
Kn, travrersing the whole flow regime covered by this study.

It is interesting to compare the data With expressions devised for drag,

coefficient versus M and Xe before the datawere available. Crowe (2 ) pro-
posed

Re
Re]M h(M) 2MR g (Re) + e +(4)D (CDin 2-x-l--e1-

nc. Ie V 1  M

where lqgl 0 g, (Re)= 1.25 [I + tanh (0.77 log 1 0 Re 1.92)

V, and'

hiM) 3 1.7 (T - 2.3 tanh (1. 17 log 1 0 M)

"42
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T /T is the particle temperature - gas temperature ratio which2 for this

comparison, is unity. Carlson suggested the formula

C e0.6871 4.63 0.881
D Re (1+ 0. 5Re )il+exp(-0.4Z7/M " )exp(-3/Re (43)

24 l+- 3.82+ 1. 28 exp (-1. 25 ReIM)
0Re

based on various analytic and empirical trends. Kliegel ( 18 ) , in his two-
phase flow analysis, has used the drag coefficient predicted by solving the
13 moment equations for flow over a sphere, namely

(1 + .5 Kn)(l + 2ZKn) + 1. 91 Kn2  (44)
inc I + 7. 5 Kn)( + 3 Kn) + (2.29 + 5.16 Kn)

The above three expressions for drag coefficient are plotted on figure 18.
The various data are also shown for reference. All the curves correspond to
an Re of unity. It is noted that all the curves become, parallel with the
asymptotic line for Stokes flow at low Kn (CD 1 3 Kn), but are somewhat

higher because the drag coefficient at Re = 1 is. slightly larger than pre-

dicted by Stokes drag law. With increasing Kn, 1the drag coefficient expres -

sions used by Carlson and Kliegeldiverge significantly from the data The
expression proposed by Crowe shows better agreement but displays an unde-
sirable inflection in the near-free-molecule flow regime, near Kn = 6.
Such an inflection is not predicted by present theories, and the use of
equation 42 is not recommended.
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6.0 CONCLUSION

Drag coefficients for spherical particles were measured over a range of
M and Re corresponding to flow regimes encountered by particles in a rociket
nozzle. The data were reduced in terms of a nondimensiunal drag coefficient
and correlated, together with available data obtained under other flow condi-
tions, in terms of two fundamental parameters: Re and Kn. An empirical
equation, valid for all Re and for Kn from 0. 001 to infinity, was developed
for the nondimensional drag coefficient. This equation is recommended for
use in calculations of gas-particle flow in rocket nozzles.
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