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Iﬁe exponent 0.7 fell out from the Knudsen.number (Kn) in an expres-

sion oceurring in equation 29 (page 40) and in the lower cehter of
figure 17 (page 41). Please add the -eXponent in these two places.
The expression will then correctly read:

- . o eXP)["4Kn0'.7V eKn - - -
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C. T. Crowe -
Project Scientist
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. has.conducted an experzmental investig ation to determine the drag coefficient ’
et s of particles in flow regimes encountered in a rocket nozzle. The acquisition
3 . of these data leads to more reliable predictions of nozzle Lurformance ineifi-
. ciencies owing to gas-particle flow. |
I 4 ! , v N «
&, t ® Co n X
“of The Mach number-Reynolds number regime traverse. by a particle in a ,
ol rocket nozzle is deacribed The experiment to determine drag coefficient 5
e data in this flow regime consists of the electrostatic accelecation of micron-
.
e size particles to sonic velocities and detection of their velouity decay in &
LIPS - s
*,1,;‘331. chambey conditicned to provxdc the desired flow nahamete 8., The operation A
<1 of the experiment, method of data reduction, and aneljsic cf the experimental )
S error are presented.
e |, ) The data are reduced in terms of a nopdimensional drz , ccefficient and ;
}“’ - are correlated with comparable data obtained in other flov- *-eg imes. An :
: O empirical relation is generated for the drag coefficient as .. function of ,
‘ 4. Reynolds and Knudsen numbers., This relation is recomm.: led for use in f
i ‘ . - a . .. -
ol calculations: of gas-particle flow in focket nozzles.
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1.0 INTRODUCTION

The use of a metallic fuel, uch as aluminum, in rocket propellants aug~
ments the available energy per u...t mass and improves performance. The
improvement is not as large as thermnodyna.nic calculations indicate because
the micron size particles of metal oxide produced upon combustion of the
metal and carried out bythe exhaust gases are unableto maintainkinetic and
thermal equilibrium. with the exbaust gases; this results in a performance
inefficiency. Analyses of gas-particle flow in rocket nozzles have been
developed to predict this inefficiency ¥ put fundamental data for the aero-
dynamic drag force on the particles have not been available. The aim of this
project was the experimental determination of this aerodynamic force in flow
regimes encountered in a rocket nozzle.

The nondimensional parameter which characterizes the aerodynamic

drag force on a particle in a gas stream is the drag coefficient, CD , defined
as

Fp

Cp = 1T =2 @)
= u_~u j A
zZ Pggp

where I«"D is the drag force, ,pg the gas dénsity, -ug the gas velocity, up the

particle velocity, a4nd A a represcntative particle area. In gemeral, the drag
coefficient of an object is dependert on several parameters such as shape and
orientation with respect to the flow, M, Re, and turbulence level. Experi-~
ments!1) have shown that particies found in rocket mnozzles are spherical
in shape, and order-of-magnitude analyses indicate that the particle drag
coefficient is primarily a function of M and Re.

The M~Re regime traverséd by a particle in a typical rocket nozzle is
illustrated in figure 1. A compl.te gamut of flow regimes from continuum to
free-molecule flow are encountered as the particle mowves from the rocket
chamber, through the throat, and intv the expansion section, No data existfoz
the drag coefficient of 2 sphere ia the flow regimes bounded by Re less than
1,000 and M less than 2, A reasonable formula for the drag coefficient inthis

*Parenthetical superscript numbers denote references appearing on page 46,
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- 2,0 DESIGN AND DEVELOPMENT OF
: THE EXPERIMENTAL TECHNIQUE

~

There are two prii;nary methods by which the drag coefficient of an object

_con be measyred; one is to suspend the object in a gas stream (e.g., in a wind
tunnel) and measure the drag force directly, and the other is to fire the object

in a ballistic range anddeduce the drag coefficient fromtime-distance iata. The
major diffzculty in using the wind-tunneltechnique to obtain data in the flow regime

of interest lies inthe requirement for accurate measurement of very smallforces.

The design complexxtxes of a large, low-density wind tunnel and suspension
system, together with extremely sensitive force-measuring instrumentation,
auggcst the 1mpra.cticahty of the wind~tunnel technique for this study.
¢ ,\4‘5

The small drag foxces that are characteristic of'the M-Re regime of in-
torest also preclude the use of 2 conventional ballistic range. The difficulty
lies in the prohxbitively long distances that a reascnably sized projectile
would travel before a detectable change in velocity occurs, Employing Stokes'
drag law to provide indicative results and suggest the significant parameters,
yields

p r
un 2P
0O:

2 G §
By \ Y

where S is the distance traveled by a spherical prOJectﬂe with radius rp

o . ’ ) 2
PN ; = & 2
S s =3 (2)

before its velocity has decayed tou_. The projectile's initial velocity is u,

P’
&ml pp the pro;sctxle 8 densxty, a.nd p.g the gas viscosity. 'I‘he equation indi-

,c;.tes that a l-mm pro;ectlle mth a density of 3 gm/cc and fired in air at
300 m/sec_will travel 250 m before a 10% velocity decay ensues. The above
equatian supgests, however, that the ballistic range method is effective if
)ve;y amall projectiles can be accelerated to a sufficiently large velocity and
if their time histories during deceleration can be recorded accurately. The
colculations show that the projectiles must be between i micfonand 50 microns
in Giameter and must achzeve velocities up to 300 m/sec to provide data in
the ﬂow regime of mtereat

ﬁzcceler&tion of micron- sized particles to high velocities has been accom-
plizhod in expoximental mvesnga.txons( of meteoric impact, Briefly, the

tcckmicym consiated of chargmg particles by sub;ectmg them to a Iarge
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potential gradient while in contact with a conducting surface, and then accel~
erating 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~
ments. 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
v = g7 mY

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

ured using Faraday cages which are small tubes through which the particlés
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
detected as a voltage signal on ah 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-rnicron 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 tré.cking
section ranged between I and 100 torr., The accelera.tlon section, however,
was maintained at 10*4 torr for maximurn electrical msula.t:lon.(g) Feasibility -
calculations indicated that this pressure differential could be maintained by

using two differential pumping chambers and orifices smaller than 500 m;crqns;

in diameter between the four chambers. The differential pumping 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 2 tracking scheme in which the particles traversing a laser
beam would reflect light onto a photomultiplier tube, However, a pilot exper:.-
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
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Faracay cages to measure the particle's time history in the trackmg sectmn,
in lieu of the more complex optical technique, The letails of each gestion @i
the apparatus are described below, B

2,1 ACCELERATION CHAMBER

5
»““0

A diagram indicating the essential components of the acceleration chome
ber is shown in figure 3, A magnetized aneedle was mounted on 2 micrometer
drive directly above a sriall hole (~80 microns in diameter) in 2 thin did-
phragm. Magnetic part.cles aligned themselves in strings along the mo gnckic
lines of force frcm the aeedle. A potential difference of from 15 to 26 kv wac

maintained betweern the needie and the diaphragm. As the needle was a:dvaﬁccd '

toward the hole by the micrometer drive, the electrostatic forces overcame
the magnetic ones, and one charged partzcle was removed from the sxtremity
of the particle siring, The charged particle proceeded through the hole ami

mto the lower part of the chamber where it was accelerated through an adm- o

tional 30 to 60 kv, A sharp conical section was used for the ground electrode
to aid in alignment of the particle {rajectory by causing the electrical liaes

of force to converge toward the cone. It was found that the sharp-edged cone
was 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 a copper cylinder in the chamber coaxial with the centerline
of the system, which ensured a uniform charge distribution.

Carbonyl-iron particles forming strings on the tip of a magnetized needie
are shown in figure 4, Generally, only one particle at a time was removed
by electrostatic forces. When the supply of particles on the needle became
depleted, the needle was withdrawn into the particle reservoir and acqmreda
new supply.

The acceleration chamber mounted in place can be seen in figure 5, It
was fabricated of plexiglass to ensure sufficient electrical insulation of the
high voltages. The copper cylinder inserted to make the electric field sym-
metric is visible. The chamber was connected to an oil diffusion pump
through an angle valve and liguid-nitrogen baffle. Design calculatinas using
the manufacturer's specifications for the speed of the diffusion purc and con-
ductance of the baffle predicted that a pressure of 104 torr could be main-
tainea in the acceleration chamber, However, under actual operation no
pressure lower than 10-3 torr was achievable, At this pressure nc¢ serious
electrical discharge problems were encountered at veoltages up to 70 kv,

The accezleration chamber was designed for easy removai of the top to ’
facilitate cleaning, The removed top is shown in figure 6. The plate which

7 . ‘
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Mﬁ%ﬂ@"’&.d the t ain diaphragm with the bole beneath the reedle was suspended
fvora the plosizlass top by three metal bolts, one of which projected above

~ho ff»:amase to provide on electrical contact to the plate and diaphragm, The
OL:U m s

tont houges the ruicremetsr feed and needle conld als. he removed and

dienozomblad Lue cleaning and to replenish the particle supply, A close fit

@f £0 ¢op in th2 aceeleration chambef wits necescaty to maintain alignment of
5] "W“:lla it the systerm. s

A ks:,wer gupply cé}sablc of delivering 150 waus at 1006 kv provided the
assclurnting poltantial, The voltage divider Lox which snpplxed the.desired

) Yy lat A&ﬁ‘lﬁ scrvad as a load for the powver cupply 's shown in figure 7.

Eoven gosictors constituted the voltage dividing network; feur 10M resistors
ot ihe top, twro 80M resictors below, and a precision 400X resistor at the
boiieim, The lead-in from tas power supply, at the top right of figure 7 was
cumaecied to the necdle housing through a protective 500M resistor, The lead
feoim taobolt a0 .eding above the to, of the acceleration chamber was con-
mected thransa a l,OQDM protective resistor to the juncture of the 10M resis-
. tore vidsh providedihs desired potential difierence between the needle and
the fida sdogheamd, The voltage across the 100K 1esistor was proportional
ts the tozal accelerating, pawm.:.t and was measured by the electrometer
siseim in the lower righthand coznsr of figure 3. Each compone it resistor
mﬁg calibzated at opemtxng potentials so that the voltage division 1atic and the
cel@xaﬁsw potezmal were knowi to within 1%,
Preﬂme in the acceleratmn chamber was measured by a Pirani
v g,en,gb lacat@d in the. angle valge adjacent to the chamber.

o

Z; 2 DIE‘E‘EP;ENIIAL PIIMPING AND 'IRACKING CHAMBERS
n‘m dxifcren‘i:ial prmping chambers were used between\ the acceleration
oxd tracking chambers, The velocity-ineasuring chamber, in which particle
wzloeity and charge were determined, was adjacent to the acceleration cham-
Low. The chomber adjacent fo the tracking section served only as a differ-
rmml pumpmg cbzaanber. The four chambers werse connected by three 400-
fuicren érifices, - . e

he Vclociﬁy measuring zsectson, whxch was fabricated of aluminum, can
o goca in ficure 5 dircctly beneath the acceleration chamber, It is connected
to o 7-liter/aec Yelch pump through a 2-in, ~diameter flexible hose. The
proscaye was sufficiently low (5 by 10-3 torr) so that the parficle encountered
regligible acredypamic drag while traversing this section, Therefore, the
pozticle’s kinetic ensrpy in this section was exactly equal to the electrical
work donedn accelerating the particle. The relation expressed by equation 3
is, ezaployed to detezmine the mags of the particle.
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Figure 7. Voltage Divider and Back Side
of Experimental Apparatus
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Tha ‘1@::¢ty~mea.uur1nn section w.s closed on one side by a brass plate

.~ | which extended the entire length of the differ ential pumping and tracking

$ootionn, The Faraday cage system and cathode- follower amplifiers wexe
sz iantsd oa w;h'* brass plate which is shown in figure 5, The opzusite side of

M,ft ~7¥3 covered by a plate (see figure 7) which supported a P1r«am
ron Gte padosure msasurement,

Thy 'céeilon ndjacent to the tracking chamber was cunaected to a mechan~
. :

o “ . . . . .
izal "nouum puznp threugh 2 1-in, -diameter flexible hose. TLe two vacuum
Yagos Lo o differeniial pumping sections were supported Ly a massive stand

I N
IV
{;d [

y v
i-\

!
ia

szzuudte vibrations from the mechanical vacuum pumps,

Thz .sc\s‘sn;t} Zzciion of the apparatus was the tracking chamber. It was en-
2l233d v o2 2ide by the brass plate bearing the tracking system and on the
Eriosite oife by 2 plote on which another Pirani gauge, a thermometer, ani
o mosnoure By wore mounted (see figure 7). The bulb of the thermometer

Posyseiad in*aliﬁ,ha ehamber to sense the temperature of the gases.

'If.,,. ktc\zqa.ure tap was connected to the manometer (shown in figure 8) .n
*“'.3:_ T i trdcldnr-chamber pressure was measured. The two wozking flv ls
AP @m*mﬁtor legs were mercury and diffusion pump oil, the .atter en-
'«‘«Lag 933 ‘,‘r*cxue measurements at lower pressures. The fluid levelswere

) g "*&tﬂﬁ e J..;: 3 th2 cuthetometet,

° s om

“w oo

Ca.o33 ware fed into the tracking sectmn through the bzse plate. The
lowe of 2023 and, correspondingly, the pressure were controlled by a fine
:ag%.z»*’*zzz“_t ofa ne*—*ﬁl valve 'between the tracking chamber and the gas supply.
o Cyotuxd ﬁ.iﬂmnent was essential to the successful operation of the experi-
'%z:f:‘;, Tra three 400—mmron orifices had to be positioned accurately on a
b2 <hich utended to the po%,nt of the magnetized needle and coincided with

N

o i:,_a e rtzeline of the Faraday cag: system, Fach 400-micron orifice was

mt,_._ &_i\ ina larger plug which fitted loogely into 3/8-in, holes between the
Ay ﬁ@ctlc"lii. This loo,..e fit permitted positioning of the orifice by lateral
'aéfjh.w.,f.%nt CCRETS, Sed.hnn was accomplished through an U-ring face seal,
a3 oliomacht nf the orlfzces and the needle point was carried out witha light
- LA ee, S o ‘

s “ y <

<

T

- 253 rmcmﬁm sys:rm“'

v
s

<

A s&:eies of Faraday cages wa.s the fundainental element of the tracking
_Tysiim. As the charged particle passed through each cage, its charge, or a
fra.ction thizrg gof, was induced on the cage and appeared as a voltage change on
the ik ,j of 2 cathids follower, Thus, as the particle passed each cage, a signal
ca‘ﬂd 3 G *“;u.;wsioﬁoan oumllostape. Lo ‘
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Figure '8, Manometer T
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S . The Faraday cages for the velocity-measuring and tracking chambers
v« were mounted on.a single plate to facilitate alignment with the system, as
. @kmm in figure 9. The series of cages on the left fitted into the velocity-
'%m.a:mﬂ ch&mbcr while those to the nght comprised the tracking section,
S -.ﬁ.;fw eopes fop thc velocity-measuring section consisted of a wire stub,
three rings, and a tube. The stub, one ring, and the tube are mounted on
a-wire. cam&t&:& directly to the grid of a miniature high-ptriode (6CW4).
The zemcining cwo rings were grcunded The signal generated by the wire
. tuls on gascege Gf a mrtzcla served to trigger the escilloscope.
o & o
o e E}m*cn rings made up the trackmg -gection cages, Fwe of these were
c&mccﬁ@ﬁ in common to the grid of another 6CW4, and 'th. other six were
grounded, The cages were separated by 1-cm dxstance in *Le tracking section
. ond by 1/ Z-crp in the velovity—-measurmg section, The distance was measured
. to withiy 1/10 of ¥ by attaching the system to a machine bed with a fine
. ., BaReRy fexd and noting when each ring, viewed by a stationary microscope,
Cw reaa&s&ﬁ the senter- -of the view field,

<
¢

. A ty‘pmal oseﬂl&scope trace from the Faraday ca.ge system is shown in
Agure 10.  %he scope was triggered b}r the small wize stub; then thc szgnal
rent {lu'cugh a minimum 28 the particle passed the grounded cage, A maxi-
murer fod & mininawm sxgnal were produced as the particle traversed the next

. ﬁgign..,l apd grounded cages,. and then a longer duration signal was produced as
the particle traveled thraygh the tube. The length-diameter ratio of this tube
. was go darge that the partacle s entire charge was induced on the tube; there-
. ~,£&2‘¢. the mgnal magmtude was directly proportional to the char ge on the

. viprrticle.. As the part}cle progeeded through the tracking section, alternating
pxgaal mﬁmma and maxima were produced as the particle passed through
grounded and sipnal cages, respectively. The increasing time interval

. between szﬂnai peaks corresponds to the particle deceleratxon produced by
. &ar&f’ynamm drag. ‘ L e

K < R @ N ‘o . o RS
4 2 ® " :

- . . The guestion cariaes as to whethe: or not the transfer of charge in the
F&rhﬁay cage system may constitute a decelerative force on the particle.
- This can be evalua.ted by comparing the electrical work dissipated to the
dots) change in the kmetxc energy of the par’cxcle, which is expressed by the
<mﬁo«‘m_»m\ ¢ -
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J ¢ .
where i is the current, R is the resistance of the Faraday cage system, and

t is the time foz the particle to pass through the range. The current is esti-~
mated by .

where d. is the distance between each cage. Using this approximation and
realizing that up/»uo ~ 1, the above ratio becomes

md_R

E

ke ™V u a? (%)

where.d,R is the total range distance, The values of the parameters are

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

m < 4x10°1! ke u_ > 10m/sec AU, 107l

IR

-1 - -
107t d = 10%m

which yiel&s

%—Ie—‘i - o107 1 )
KE .

and demonstrates that the effect of the eléctrical losses on thé deceleration
of the particle is insignificant.

£

Eelec - (3__ )HZ R « | (6) |

As discussed above, a high-p miniature triode is employed in the cathode-

follower circuits, The customary grid resistor was omitted, thus allowing
a maximum input impedance (~ 1014 Q) and power gain (~1011), A low pass
filter is ingerted in the output to reduce false triggering of the oscilloscope
by fast transients originating in other equipment. The voltage gain of the
cathode-follower in the velocity-measuring section was measured to be 0.953
to within 1/2 of 1%.

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
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'{ c&wcﬁanceg as low as 4.38 x 10-2 PF. The capacitance of the velocity-

section F&m@ay caga system, positioned in place and under operating con-
* gitions, was found o be 6,00 pF to within 1/2 of 1%, T hus, the charge on the
. poriicle (eg) is rekﬁ:ad to the voltage signal from the tubular cage (E ) by

;‘: -12

o 3 q = 572 Es x 10 %1% (coulombs) {(8)

M
b
-

TWCP m&@fcnso siﬂmls are put on each oscilloscope trace for measure-
rdont p‘zﬁpﬂ “4e. A gigmol from the internal voltage calibration of the oscillo-
| ceope, Wuick was colibrated against a standard cell, provides a reference for
measurciment of tha signal magnitude from the-tubular cage. A trace fromna

timc-maork gengza tor (Tektronix 1804) serves to reference the instant of
partickn passage thmugix each cage, These calibration signals are also shown

ca figurc 10, .
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&3 3,0 OPERATION OF THE APPARATUS T

s < o

wo il The aim of the experirent was 70 .obtain drag coeffu.ient data over th:\ - ‘ )
entire M-Re regime encountered by particles in a rocket nozzle. The value of

. M 1s determined by the particle velocity and the speed of sound in the tz‘&ti*m”u

o section gas. The value of Re is a function of the particle's velocity .&nd »&xm,c,

the pressure in the trackmg section, and the working gas, X ; .

o, € . . RS

Each series of expeximents was preceded by a thorough clezning of the
acceleration chamber and replenishing of the particle supply. After re-
assembly the tracking section was flushed and the desired pressure set by a
careful adjustment of the needle valve., A period of approximately 30 min
was requiréd to stabilize the pressure, The electronic instrumentation was
then set and the accelerating potential applied to the system, The micrometer )
needle was screwed down by a long plastic rcd attached to the. mxcrometer
handle until the 1n08t favorable location was 1eached and particles of the de-
sired cha:rge and veloczty were observed.,
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The signals from the cathode-~followers were fed into a Tektronix 549
storage oscilloscope, and undesirable signals were erased. When & particle
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 also developed to translate the base line
of each new sigral a small amouw: vertically so that the base lines of s»verasl
traces could be d:stmgm.shed
After selecting and isolating the desired signal, the accelerating?fdltgge,
tracking-chamber pressure, and temperature were recorded, Then the volt-
age and time calibrations were put on the oscilloscope screen. An X-Y plotter,
adapted to the oscilloscope, was used to write an identifying number on the
screen, Polaroid and 35-mm photographs were then taken of the trace, o

n

-

Operation of the experiment is illustrated in figure 11, The operator is
tutning the micrometer drive to feed more particles into the accelerating
chamber while prepared, with his left hand, to erase undesired traces. ) .

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 pres-
gure was too low, insufficient decay occurred for accurate deceleration
determination; and if the pressure was too high, the velocity change became
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too large to represent the test by single values of M and Re, The velaci%t;r i ;
decays for the data reported here varied between 10% and 240%, Ait&r aacn e :
test the approsimate M and Re we. s ploited to note the ralstizn of 2 et o :

numbe. to the flow regime of ‘nevest, e L ‘;:

Nitragen and Freon 114 were employed as working gaces, Ths ’ww“ S :
me’eculer weight of Freon (171 g/riole) corresponds to a lowes opeed of '
sound wnd enabled highe» M to be achieved, The presourc in the trocliay
section was varied between 1 and 50 tcrr when nitr - gen s used aag bai: R
1 and 10 torr with Freon, . A ar

Two kinds of ma.gnetxc partu:les, carbonyl iron and nickel, were wsed in
the experiments, A scanning electron micrograph of the carbbn}*l-—i“cm
parcicles is shown in figure 12, It is evident that the particles were not
perfect spheres; »ome appear to have blisters. However the data obiainzd
should still be indicative of the drag coefficients of particles in a rockat
nozzle. The nickel particles, on the other hand, were quite spherical as
illustrated in figure 13, The size of carbonyl-iron particles measured in
the tests ranged froun 1,6 microns to 8 microns and the nickel particles
from 5 microns to 17 microns in diaiaeter, This agrees reasonably with-
the sizes cbserved in the photomicrograph, S

The range of M-Reé covered Fy the experiment is illustrated in figure i¢,
A flow regime which extended from free-molecule flow through trans sition - !
and just into slip flois was investigated, Thus, the trajectory, of 2 pi:"tmle '
in a typical rocket nozzle lies within the range covered.
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Electron-Microscope Photograph
.of Carbonyl-Iron Particles
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o 89 4,0 DATA REDUCTION ‘ T e
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NG The fundamental parameters to be reduced from the data wera th@ Frnaticiy !

e drag coefficient and the corresponding /M and Re, The following cactions 81 5m . !

et cuss the data reduction technique, its accuracy, and its application to 2 'ty'ui:‘j.

5o, ;’A test. “o

' g!: ‘ ‘ *

Sl 4,1 CALCULATION OF THE DRAG COEFFICIENT FROM DATA

. :§ ) P < ° . <

- ol A <
° " The aerodynamic drag {orce on a particle is equal to he product of ifs | .

o mass and deceleration. The particle mass is deter..iined when it passes i

o QB through the velocxty‘»measunng section, and its deceleration is determm&d |

y i; from the velocity decay in the tracking section. o - 5

LA . ¢ < [ ‘

\¢ o it R !

o }s Twp differentiations of time- distance data to deduce deceleration can o |

; L lead to significant errors. It is more desirable to use an expression which |

e directly relates drag cocfficient and the time-distance data, Equating the :

P b aerodynamic drag on a particle and its deceleration yields* .

ok R

S \

1 Ji du 3

TR § P 1 2 e

———— I e o= u o

L T Copz P O A e

Ll :

L ’ s

Y °§' Over the range of velocity decay in these experiments, it was reasonable to

S assume that the drag coefficiént was, in essence, constant, The above equa-

oo tion then can be integrated to give the following relation for the time-distance . '

P history of the particle

R ) ST

Pt os i o

ok .1 fe” - 1) . .

::C . ‘iﬁ t = “"{1-' ) r 4 % t‘O (.»10) -

f:fx«' o . ¢

\g jo < b :

where u, is the initial velocity of the particle, s the distance traveled in

time t, and to the time when s = o. @ is a constant related to the drag.
coefficient by S
c e
3 A ’
=5 ;& 2 A1)
P P T e
*Jt can be shown that the acceleration due to gravity can be neglected for the
range of particle decelerations of these tests., o
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r??*v@ p and rp are the particle density and radius, respectively, It is
L ) G csn‘i»ni’exft tu introduce a new variable 5 wherxe
' :30 v K . M 5 :
ib/ff‘f ot o o " o'
b Tee SRR ) - as 1
. W e & vl -~ e b
}‘ g%iﬂ. - o < if ° . n = o (12)
| e ° ¢ A o B .
Ny : :
[ a waticgentioh 6<8§mp11f183 to
L ¢ ;: ' ¢, e = , ¢
o ¢ ot o -1 ’
’ PO . ° .t Ee—n ot (13)
% s [\ P N . u o
; < ™ - P B (o]
10 2& a o 0(? PO T
e O B ‘
o " for o given @, the least- squares technique car be used to determine values
| s i gf v3 nnd to, correspondmg to a steaight line on a plot of t versus 9,
b N cach tlut Y o N
oy,"i' , . < &
i ﬁ:/ o\ > L 4 N z
o <f v e L
f. - " - ¢ & :‘{Q{\’ ’ © : 4 E(a) int E (tK - t) ( ’14)
N o N 2 -
VA o S ¢ K=1
© © < >
am is a minithum, This wpa repeated for different values of & to find tha: value
h of « for w?@xch E(rae) is a minimum, (Because the spatial location of each
3 cage was mcaemred to 0,1% there was no need to consider deviations in s.)
. Hoving datermmcd the value of @ which represented the best fit of the data,
K I - 77 drag gocificient was deferxmned from
3 o )
‘ﬁ);) E hoo’f\\: (. 5 )
C T e . ‘g P
A e <G =-5---P-r a (15)
e Ty LR ., D P g P ,

A ctsmpuer program ‘was developed to calculate « for the minimum squared
é&viatwn of the data. ’ ¢

< ~ <

<

An experzmental determmatwn of the partu:le density,
mzajytic ltechmques, ghowed tha.t ;

<

o pp (carbonyl irod) = “7.26 g /cm

using standard

o

p {mckel)a . 8,52 g/gm

o

o,
° ty wit;xin 1710 of 1%. S

O

spes % i
S o ae ¢ ,.
‘ The gas deénsity was culculated from the temperature and pressure ,
< " ~ o 5
' msacuraments in the: tracking chamber, using the equation of state for-an
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, L The remainin, parameter, rp, was found from the data obtained by .
¢ means of the velocity-measuring section., Representing the particles as
spheres, one can rewrite equation 3 &s . e
°f ¢ i Lo ’ <
5 1 /3 : < ’
: ZK« r = _:i’_. _q__Y__ (16) °
P \2r p 2 « e
o pu
Z“\*«F ﬁ - o,
: The measurement of q, V, and the particle velocity, uf, has been dis- (
o cussed ahove,
N 9 I3
o | Values of M and Re were calculated using the average particle velocity,
" i.e.,, the distance between the first and last trackiug cages divided by the
,»f transit time. : .
gy | e
M 4.2 ERROR ANALYSIS .
%‘_; The accuracy of the calculated drag coefficient depends on the accuracy
.. i with which p,, pg » Tpa and @ can be determined., The variance {0°) of
S F the drag coefficient is related to that of the independent variables through
2 52 2 2 5
5 C Tp Tr o, :
“o il D __g, B, 2 (17)
o ~2 2 rZ aZ' « .
e “p P P o
o % where the contribution due to pp has been neglected because of the high ac-
) :. ﬁ curacy with which it was determined. Following standard statistical proce-
S | dures, the variance, or standard deviation, can be related to the magnitude
oo of error at a chosen confidence level,
e o
e :
R The variance of @ is determinable from the tracking-section data. It
&'60 \;l .
S j x is related to the variance of the time deviation (o-:’ ) about the least square
25 éurve by . K o
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] R .
B < @ o . - .
5 e, T " ° ° N / 2
° . N N < 2 3 aa
2%, he ~ ¢ a. = o‘xt 2 St ; (19)
g1y .0 - K K=1\"K i
:&f ¢ - . 9 T . . . :
g ¥ con be shown that the sum of the derivatives of a with respect to tK ’
> H o o . .. N
. cidxjcet to the constraint of & minimum sum of squared deviations about the
| + &
?s < C Aina, i? ) ;
B - A o .
o o o ‘ |
) E . ‘N 2 N |

® ¢ . t o o~
0 INT K/ A
<, Y o 2
e . where R - : .
o 7 ‘e <
£t3\4 o . . ‘
S - N &n. \2 oy o

o ’ . cIgR \ee K=1 da/ g=) \ o
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« M u K=z] oNoC K=1 K=1
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Q
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. ‘ the Subsctipts K refer to the varioas distance stations, and N is the number
fjo . of 8tei’tians:jn. the tracking section.
o b o -
g The best estimate of the variance of the time deviations is

(20)

(21) .
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because of the three degrees of freedom remcved by fitting the data with a <° '
three-parameter curve, Thus, the variance of @ becomes
Z + ) - 7 ¢ -
N / N s
- aa b | S 2 : s o
LK—-—at) Z (tx - ¢ :
2 K=1\"K/ K=1 N
= D
UQ N - 3 i (006)
The variance of the particle radius, o-i , was obtained from
P
o2 - 2 2 4c¢? SR
rp 1 .O'q O’V u, -
i—..‘rZ' = -é- —E- + vz + uz (2\3)
p q f 3 ¢
The values of waarge q and acéelerating potential V were determined from
a single reading and, consequently, no information was available on their
variance, However absolute errors; AV and Ag, were known and were ]
used as upper limits of the variance S
2 & -
g < (A ) ¢
q q) .
2 2 '
o <
v <@V
The variance of the veiacity can be found by fitting the time-distance data in
the velocity- measuring section to a straight line and perfermihg the same
operations as above for ai ., Thus
f
N
2 2 2 M 2
T T ) 2 2 Ye N’v Z ) (tK - 8
P__P. . L)Ag AV K=1 .
=4z “9\e) " 3
r T 4 N N \ -‘
P P hax y o2 v .
(N, - 2N, 2 sy - sy j )
K=1 K=1 )
(24}
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e wfi:»:?':z@ »I iz the number of stations in the velocity-measuring section, For
4 . . . . < R .
)L’ o o Abn dotn &i the predent tegts it waz found that
‘(; . v G N N .
W : o < 2
2 2 ” .
} ° o T T
\r s ® < o P B IEE‘ < < L asad
RI. - ‘ r (3 (25)
) T i P max
| oo b omd hocrrer in. rp cauld be neglected
i o “ < 0 ¢ .. » o
.. The varicnee of thﬂ fas denaxty is related to the uncertainty in pressure .
: awd tes mmm z:mmumments by
“ P - o A ° X o
R ) N RS J 2 / )
- g E . £¢r [ I 2 I 2
) S . ) pg < AT - AP V(26)
o p ' T P
N ¢ © A A : » ‘ ' R
L 4 ’ ’ ’ o
" > ,Quze apndn it vms f«:mnd that this variance is much smaller than\(..ﬁ ) and
o < B & . [4'3
, o cce':slé"h“ nc'xlcetede . e ‘ o
‘° i /./") ‘ " N O“
’ / &lms, t‘hc variance of the drag coeffacxent becomes simply
’ “~ ’ / “
Ao e e \2
ploe ‘ ° " o4 o, \
‘ T o . —B} =%
e, s~ ° ¢ s . C_ N\ @ | (27)
o ERNS] S o e y - °
“ o e v L, e R ¢ )
T e and the ervor is- .
. o . o e B
i . o K ! <IACD» ala
R LT - ( »(—E—— - a2 (28)
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; where @ waﬁvdetarnuned from the Student -t Lstmbutxon for the 75% con-
¥ ﬁ&*ma lavel, - : . ,
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o ég 3. REI}UC?IQN OF A DATA POINT FROM A TYPICAL TEST
| 52 ¢o
%3 'Ena trace fxnm a typical test, using ca.rbqnyla;ron particles in nitro-
W - - gen, is chown in figure 15, The small time divisions represent 50 psec,
9 ” the lorger divicions 0.5 msec intervals. The'voltage calibration repre-
;" . e sapts 10 mv.  The pressure for this test was measured as 2,24 cm of
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Siffesion s "’Wﬁ’ﬁp oil, the temaperoturce was ?5 5°C, and the potential on the

\ “ e widﬁﬁ?@‘f&lﬁuaf was 26. 0( velte. \ :
je . - °

y

s T2 £ oft pazamotexr calenlated was the particle radms which was detcr-
v B E L G e dota of the velocity measuring section, In measuring the dis-
i 20 $enoa hetween the two grounded cages and relating it to the time
gt widors, it e found that the particle traveled 1 em in 70 psoec or had 2
o .oy of 143 mfsee. Multiplying the elccstromctm voltage by the calibration
5 fuslng f@‘a‘ the voltage divider, 1,981 = , gives an accelcration potential
o of 81,56 v, The magnitede of the pctential mduced on the tubular Faraday
. exrs ic smaogured as 11,35 mv from the trace and the particle charge calcu-

A °

. Juie § fora equntion 4 is g = 6.5 x 10 14 coulombs, Substitution of these
&40 cud \i:i'za,de;sai?y of carbonyl iron into equation 16 yields
. < e T r, = 2,2 microns

I
< o H . 4

<
-

. ‘Theo gon Q@nsz&y is derived from the pressure and temperature measure-
mpatz, Tha dongity of the diffusion pump oil was measured to be 0. 9825 g/

<

. cms},srns, thorafore, 2. 24 cm of ol is equivalent to 1.62 torr, or 2,16 x 10

. SyRe e‘.[{cma; Thig value a.nd a temperature of 25.5°C give

Fecding the time-distance data measured from the tracking- section
, sigeal trace into the computer program to determine o and the correspond-
wvf c;,;-mu Irada to  ° -

<, N . . ‘@ = 0,00858 £11%

NP 2N ) o
at'e 769 confidence level.’. -

N

.+ Substituting the above values into equation {5 results in

’ ¢ Y ‘ °© i' - o°° ‘ : O‘, ’ ?‘ = - 3 o
' el - ©. e . ) CD‘ ls'oil_llo

,The average velﬁczt‘y in the trackmg sectzon was found to have beon

134 m/ sec which yxel&s T :

“
<

= 0.081 and M = 0,38
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B

®

L
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{
The corresponding Kn is 7.1, and is related to M and Re by '

Kn = 1.26 V¥ M/Re

P

6}

(29). -

After completion of the experiments, it was discovered that a leak had
developed ia the tracking section and the lower-pressure Freon results were.
appreciably affected. The magnitude of the leak was determined by comparing
nitrogen and F.son data, whick overlapped in certain flow regimes, and all the
i - 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 6.3+16%
4 0.25 0.09 4,1 17x13%
5 0.18 0.042 6.4 2867,
6 0.11 0,032 5.1 526% ‘
7 0,061 0.014 6.5 90+22% ,
8 0.45 0.19 3.5 9.9:14% ‘;
9 0,21 0.22 1.4 21:11% '
10 0,37 0,45 1.2 11+£9%
11 0.16 0.14 1.7 27+14%
12 0,11 0.010 16 61£11% ;
13 0,18 0.067 3.9 30£10% ¢
14 0.62 0.11 8.4 8,37 ’
_ 15 o 0.53 0.11 7.2 12+139%
‘e 16 0.84 0.13 9.6 7.7£17%
X 17 0.38 0.080 7.1 15£11%
g 18 0.30 0.045 9.9 18+16%
ol 19 0.48 0.15 4.8 9.9+11%
i 20 0,13  0.073 2.7 38+13% |
: 21 0,25 0.13 2.8 21£10% (
22 0,82 0.21 5.8 6.8+2% t
: 23 0.092 0,075 1.8 62+12% i
24 - Carbonyl-Iron 0,060 0,032 2,8 79+9% N
25 Nitrogen 0.28 0,020 21.4 2128% |
|
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. . ¢ . SUMMARY OF EXPERIMENTAL DATA (Continued)

° T L Paxtisld Type Particle
. W Lalen . cnd Gag M Re Kn Drag Coefficient
o B Coxbonyl-Iron, . 0.65 0.33 2.6 8.0x12%
CRT Freon 1.48 0,97 2.0 3,7£12% .
s FAS . 1.77 G.69 3.4 4,0211%;
b oLt e c 0.97 0,23 5.5 5.848% |
- | N 0,78 0.41 2.5 7.8212% -
LR \ 0.96  0.82 1,55 5.327%
. *.32, , <Carbenyl-Iron 1.3 1.20 1.42 4.924%
- = N ._Freon . 1.22 0.064 26 6.6x18%
' o34 Niclel 0,048 1.18 0.061 21+10%
35 e Mitrogen 0,067 - 0,82 0,11 30:6%
. 36 b 0.22 1.25 0.26 16:4%
¢ . 3 0o 0.27 0.91 0.44 162£9%
K , 0.10 0.43 0.35 31%15%
o . v R , 0.036 0.087 0,62 98+13%,
40° . 0,058 . 6.10 0.86 82£10%
41 < b 6,22 0.32 1.0 25x11%
> 42 Nickel < 0.14 0.27 0,77 29:11%
oo e 43, Nitrogen 0.046  0.23- 0.30 63£13%,
o . &g o Nickelr . 0,23 0.67 . 0.48 20£139,
* e, 45 Freon 0,29 0.41 0.93 18+10%
: @ . 0.30 0,30 1.32 142:6%
c . a7 o T 0.19 R 0.11 9.8%x14%
TR SR o e s 0.58 3.0 0.26 6.1+8%
4% o : 0.16: 2.3 0.089 11, 7:8%
£ I NickeY 0.40 5.1 0.10 5.,3+:10%
*81  , _, Freon, 0,57 1,63 0.44 8.5%4%
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5.0 DATA ANALYSIS

N

Sherman( ) has shown that drag coefficient dataw % 19) of smhere" T

high M (M > 4) can be reduced to a nondimensional drag coefficieat which

depends only on Kn, i, e., the ratic of the mean-free path of the gac moleeving,

to the particle diameter. The nondimensional coefficient is

Cp - CDI ,

Cp = 5 - ¢, - 69

FM I .

where CD % is the drag coeflicient for Re - and CD the free- °
1

™M
molecule-~flow value,

Ballistic- range data(n) at high Re indicate a constant drag coefficieut of

0.92 for M greater than 2, This value was used t. ° CD in this M range.’
I ¢

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

of drag coefficient with M at Re ~ 105 , shown in figure 16, will be used
for the C in equation 30,

D
1 : .
The drag coefficient of 2 sphere in free-molecule flow, assumisn; diffuse \
reflection of the molecules, is given by !
4 2
c, =2RESLH 53{2) 1+ 25%) + B2 228 " 1oes) 4 Zr(sn
FM Jr s 2s ‘

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

°

s= [Tu | ¢2)

37 ¢

e o eaa B ¥ . §©




o
e Y =

R

SLENG ) Hn f
: ZoqiumN YoRIN SNEIPA D °9f #InBiI :

. W “8EGNNN HOYW

a2

» L4 L4 ’ 20 ‘o e '
: 2°Z Z'L. ok - &0 90 y0 . 2TO 0
. byraies wcnavevaine ot Py B T T T 0 .
e tiadtsiies 1 siisietistoatintin: 1 |
. e H HHE . |
, et i B = .
Easia : %\ e % : L \
gt : : LB ,
2 5% 3 3 .
. Hecedy HE ﬂ:.ha 3 et ;ﬂ L ,.y.x“unuu"uw. = s
3 : P 3 i3 3 , .
[ % At 3222 233123 i i 35 S . .
. i : SAgazis : Had Bt H 3 2 31 .
, .- . e 5 % SEia i i £ : 3 £t asattalt . ,
L - e SR i e o | .
Hetion i ot uuwﬁu.ﬁﬁ.""wu H ¥ 5 i , .
2 548 SR ¥ -3 % e ., . v
% 3 ..&.,..hn : Heitiil Ly N - »
iR H ¥ it i ' . .
S T 32ie: 35 : oy
pas TITT "
T3asiiiiisg 3 e ¥ 7 -
L : o S [o B : .
5 HIHa ARt | - . S "
3 : P 33 35 " : . Yoo~ -
Y FLRIiA 3338 AP PR gt 3 SN : . - . >
£ B 22 Here 7 15 : ¥ zicsts v p > .
3238na et et R T et it 3 3% ] et B - . et
B e M O R B : 0 . QY o "
33 Tt 4 i T 1 ey bk ' T
3 4 g 3 : et iesessls B . A 1= & N N
25 t ¥ R Hhed - -
2 ; #,m T ﬁu W e . O i RN o
; . S L SR ;e ARG I
l RE ﬁ.w = ] y 3 siAtars oy - 0 o wla
53 b HTHS H 3 : : ihted fagaiitisis s 7S N o v, °
Lo ; e Fet e2asiatuiaiiy! 3patitd TR LT &7; €y I
& s 33T R b Hh e & &
my.. § ; 3 Hin f R I 2 I | NG
A : i L i 2
H .,
188 Htig H PRt ik e 1
z St H o
Teaidl W it ¥ Akt [y (2}
, T -,
2 = 11 ¥ Se ,w "
H it 4 £
i t H S
b 5y
F i ; i .
it : : e A
3 : ke ' s
i >
< N
' & =
foadye Wt e Ty : gt Joe
it P 3, B e f ; - g . . " 3 " % i w W v
° - B3 v & ¢ X ¥ N [ -
- & Z ° T ' S .
- v mw o o , 9 N . o~ v, So,e 0%;? 29 . ,/4 ¥ , ° o
o ¢ - . - N v . - e e & L
c T e e e L& B o L2 s » ’ N ,,z.A
i ~ > -7y M o A ~ & . o *
° B 4 -4 N oo
¢ . o - Lo DN
M © < v o o ° m.»Mu LR N v ¢ . v S g
P N - N & N N ~
< » (=% . 00 < o N > Il . o N ,
v : T » ° RO
o <o . v PN s - - N * s T L N ° .
. ) © " v, ‘g 5 ¥ o, . s e
L0 . e T e M R , % §v . R TN e,
- PRI T P e e ek , L.l L 5, AN A




oot » ”f
. N o e e
. = é | e et E R R | A SR e e e e P e S s et e a4 3 e, 20 e \ffv:n'"—:lh‘%%"ﬂ("‘- e
o ' e

A s
3;0’;1: i ' ,‘4?

ol AU
SR The above equation assumes thermal equilibrium between the particlgs oo,

- the gas. For low M it can be shown that »
T y <, - 5.3 i (M << 1) o eﬁ‘;&;,@v’
N “rM ﬁM n‘ \
LR ¥ N |
: N
[”"‘f Drag coefficient data obtained in the present experimental studies ho ve i
A 1 8 been reduced to the nondimensional pazameter given by equation 30 and are -
e d ” plotted versus Kn in figure 17, Data from other experiments at high , )
N 9,10) ... 12 Caed
| % M,‘B’ » 10) Millikan's results( )from the classical oil drop experiment, az&d .
I B . . 3
1 ) low Re data collected with a magnetic suspension system“ ) are shown on the
o same graph. At high Kn, the data converge to one value, the free molecula- .
- flow limit, Alseo, for decreasing Kn the data for high M tend to group argund .

a single curve. However, the drag coefficients corresponding to low Re tend _
to break away from the high M limit with decreasing Kn. ,

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

24 T
= 22 34
Cp " ®s (34).

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

s

- 24 JTM .
o~ d 3 !
’ C;'D 3 R 3Kn (35)
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
o _ CDinc - 0.48 )
J Cp = Kn Re 3 (38)
- .
oef;, ' where CD is the drag coefficient for incompressible flow.
% inc
s
Sopf s No theoretical analysis is available which provides an analytic expression |
.%‘Oé ’ for the variation of ED with Kn and Re. Some ana“yses(m’ 1) have been .
;‘ g published assuming near-free molecule flow, but these are valid only for Xn ,
R 39 -
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e B of witity and’ gre‘.ter. A complex Monte-Carle technique has been developed
, i AP
L ; . Y:N Vorenite, et al., (16) to treat flows from continuum to free- molecule flow,
- ’i‘f;u tudﬁnin.iuc sucececsfally predicts the measured drag coefficients at high
= ¢ MY vs« dees not Yiaid an analytic eypresmon for C versus Kna.
A A R
Vo Vo iz mtergwtmv to note that Vogenitz, et. al., predict a drag coefficient
. at- Kn = 100 svrnewhat higher than the analytic result calculated from the
k< .
N can: fantxanul free- molécule-flow analysis. The same tendency is observed in
- ths xocults of the predent study. Mxxl;kan s results fall somewhat below the
$ - gmdicﬁzcd CD s which is probably attributable to specular reflection from
, 0 :co "c FM hd -
. © Y the Fsmaoth oxt drops. Tee
D° c‘ : ’< , e} *
° ‘ (Axi émpirical expression which reasonably fits the high M data .s :
% ﬂ o < ¥ y s r - ©
—_— %”* v Cs,:;'_;i‘ . g _ : . 1.1 . s Gn (37)
o ol o © B 1 -0.3 172, ~
] . 1 + 1.1: -
NS B o ML t 1.1 Kn exp (-Kn""")
o : and is shown in figure 17. It is assumed that the CD approaches 1.1 as the
& ;‘ « Bn ,e:;tends o infinity. o ’ ‘ :
‘o ; o, ‘c K i ° <’ o : °
. ‘f’} °. In ovder to obtain an equation representing all of the data, equation 37
:«» Y - ¢an ke multiplied by an ‘empirical factor expressing the break-away of the
ot low Re cur¥es, In the low Kn region, the function G{Kn) is closely repre-
PSS seqﬁed by © :
%‘ i : 9 ’ « ° i .
a . o ap e 043 =3 -1
o iy o , f ‘G(Kn) &~ 0.8,2\1{11 T (10 T < Kn < 10 R (38)
R e L ‘
%o 1] - By cemparmg equatwns 38 and 36, it is seon that at low Kn the empirical
= % fdctor must approaclv ‘
N gf o @ < . g
E 2 i : ° - . -
; KO e - 0.48) Re
Eﬂc - R R N . D. .
4 ‘ . Q R _— © t{HOa'Z o me- , N
T ) 6.6
ov &':j < ¢ ’ B . o “
4 to give the correct asymptote. A factor incorporating this feature and previd-
5; \:?2 oo ing 'agjgccegtablé fit with the data is (
RN i e . . [ ] - i 3 "
VO@' - ' j:’ ) ) ) K CD' - O. 48 Re
il “ . DiEm, Re) = |1 - exp |<Kn e RS (39)
.. o ! “o° - 1. i ¢
- .j o o < . L T )
Q ;‘%; h & Y ¢ .
:'., JOE < i N 40
Py IRV VL B AIREEE SEEES EEEEE T
St IR
’ooé-’ '0 » g «
®F ‘~ ) T, ! )
{“‘é Tl E‘ /,:4 - < -
i . \(_ 7 . - .
| S e
:3': (:» - » 5 < - g “ - - )

N
3
.e S W
¢
“
g
1
X

!
|
q
t
£
'
S
<}
P

|\“4




< * oo«

. Ko dona $ L0 121 N | ~ = N - o
A Y : 5 N 5
x < o J
. . z '
— ﬁ b € O w H Nty o s
< g O x N
hv4 \ > O V
- & Qo .
= — v_h
+ \ 85 <
¢ = \ <z B
"a Dt £ - |'®
T.,v | het NN -~ ba
R : 7.
|VA, Rt \ Y -
” N flV, - =
~. 20 Ny NI\ n
- ~—1—— 2
[ o
NEEAE)CTARNN
/ M 7 -
o
O
ol <+
v =
t w
[ 0
O 19
]
[
ju .
e e <9 QARNV @ T o o ~238388 3 3 & 5
- ™ ~ —-0000 O & o o OO.MMM .nuu n0v M M S
a .
O 'LIN3IDi 430D OV¥a TYNOISNIWIAGNON
- - . - . e n T S BV ST A GO g N R IR L
\.M!» ) . v ¢ Lot onw, @ oy (r = Ao.b N oe\\o 3 & ?é Py %‘.006 so%o,vo MW\:»W o%ﬂ .
" 50 ot ’ . <, ® >acw. & ® @ \.3 %mﬁ .5. H - o,no, S ey ST o,rm . woo

107"

1073

KNUDSEN NUMBE

o W




}o ;4 o‘« o ) " °F ’ ~
. : . e e -3
w6, N i
o o “OO
- i ¢
~ N
o O - [
o« oé o : l
%02 =
A § : i
cf' . B
o | ‘
- 1.1 . , . '
D e 11 Kn 0" exp (oKn /2 \ \é J)’d Q é A "
P &f‘? A A :\A.;UHAS 5 CmC R KaTzo T
; el ?i .- ) % {SFI_“'. | m: . [aioainiolin)
S 4 } . @— B o .k 6 + k' 1
é ‘ @é'_c‘zr;;r g \
[ iee— - 'Q  Carbonyl-iron, Nitrogen {0.06< M<1, 0.01<Re<0.5) -} 4—

G B ©  Nickel, Nitrogen (0.03<M<0.3, 0.09<Re <1.25) A :
{i:j/ A Carbonyleiron, Freon (0. 6<M<1.8,0.06<Re<1.2) '
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& 1 " Thus, the complete empirical equation for ED is
ya C,, = Gl(Kn) + D (En, Re) (40) "
} Empirical curves for Re = 200, 10, and less than unity, calculated
= from equation 40, are shown in ﬁgure 17 Agreement with the available data ‘
o is gocd and equa;xon 40 is recommended for calculating the drag coefficients 5
7 : - of particles in a rocket nozzle, - ;
;3 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
o 7 By :
Nk Kn = 1,26 (41) 5
‘o - 2r_ p a
P.g
Q}la where ‘p.g is the gas viscosity and a the local speed of sound, Because the .
A o :
% gas density decreases monotonicaily with distance through the nozzle, the Kn .
A monotomcally increagses, The Kn of a 3-micron particle in a 200-psi rocket
o 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 P
‘ Kn ~ 0.06, and proceeds back toward the Re < 1 curve with increasing
Kn, traversing the whole flow regime covered by this study.
,f; It is interesting to compare the data with expressions devised for drag |
" . coefficient versus M and e before the data. ‘were available, Crowe(z) pro-
” posed
E‘fo’a . - ¢ Re
T e ‘ . . ) "M '
s C, = (¢, - 2)exp|-3.07F Lgref+ M M, ;4 :
- Q, D D. S, Re 71/’2 M
- ) inc : . s
53 : .
‘1 $° <4 . - .
L"i, where 1(;,_g‘10 g (Re) = 1.25 {1‘ + tanh (0.77 log10 Re = 1.92)] )
ﬁf © and’ . )
R 1/2 o .
e h(M) = [z 34 L7 (T /T) ] 2.3 tank (1,17 log,, M) g
4 :
. ¢ ot
¢ o
‘f'f ;\‘;: < y ]
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Tp/Tg is the particle temperature — gas temperature ratio which, for this 1
comparison, is unity, Carlson(n) suggested the formula "
: N J
SpRe (1, 0,15 Re® O8)|1 4 exp(-0, 427/M% 3 exp (- 3/Re0" %8)] (@3) °
= . - o
24 1+§I‘%[3.82+ 1.28 exp (-1.25 Re/M) | s
. . ‘s . (18) . .. '
based on various analytic and empirical trends, Kliegel , 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 K : O
CD - CD ‘ (1 + 7.5Kn}{1 + 2Kn) + 1,91 Kn (44) .
inc|(F + 7.5Kn)}(1 + 3Kn) + (2.29 4+ 5.16 Kn) 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 3
an Re of unity. It is noted that all the curves become parallel with the ¢
asymptotic line for Stokes flow at low Kn (CD @~ 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, the drag coeificient expres- k
sions used by Carlsén and Kliegel diverge significantly from the data; The '
expression proposed by Crowe shows better agre¢ment but displays ar unde- 4
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 recommendsd,
b
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el 6.0 CONCLUSION e
v . ¢
N ¢ Drag coefficients for spherical particles were measured over a range of )
v . M and Re correspondingto flow regimes encountered by particles in a rocket .
‘ * nozzle, The data were reduced in terms of a nondimensiovnal drag coefficient .
) and correlated, together with available data obtained under other flow condi- )
yo? k@ . 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
E use in calculations of gas~particle flow in rocket nozzles,
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