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A VISUAL STDDY OF RADIAL INWARD ChO KEC FLOW
OF LIQUID NITROGEN
by R. C. Hendricks, R. J. Simoneau, Y. Y. Hsu

Lewis Research Center

ABSTRACT

Data and high speed movies were acquired on pressurized
subcooled liquid nitrogen flowing radially inward through a
0.0076 cm (szll) gap. The stagnation pressure ranged from:
0.7 to 4MW/m (0.2 < P/P < 1.2). The results of this quali- -
tative study indicate:

1. Steady radial inward choked flow appears equ1valent
to steady choked flow through axisymmetric nozzles. '

-2, Transient choked flows through ‘the radlal gap are
not uniform and the dlscharge pattern appears as. nonunlform
impinging jets.

3. Thé critical mass flow rate data For the tran51ent
case. appear different from those for the steady case. On the
mass floW‘rate Vs pressure map, the slope and separation of :

the isotherms .appear to be less for transient- than for steady -.

radlal choked flow,

'SYHEOL LISTA
\°aéréa;fcm2f'r E |
hydraulic diaﬁeter,’Cm
mass flux; g/cmz—ééc
reduced mass flux

Lmass flux normallzlng constant g/cmz—sec.
.‘For nltrogen G“-6010 :

L passage 1ength, cm
M 7 mass, g
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p=P/P.  reduced pressure
T temperafure, K
TRfT/TC ‘reduced temperaturef
Vv } Vblume; cmsi'
y vertical disténcé-,ém 
Z=P/pRT compre551b111ty factor
A  iixf dlfference S '
o density, glen®
T . timé; sec
_ Subscrlpts
bulk .bulk .
c 5cr1t1cal
-0 .. stagnation
éat.-:f_; sgﬁufa}ion‘

IITRODUCTIO

Choked flows are common in gas lubricated bearlngs seals,
‘and in the venting of high energy systems when they 'go R
critical." . However, little .is known .about using a vaporizing
liquid as a-seal or in bearings, or leaks through cracks in
either the transient or steady state cases.

The motivating problem of interest is to be able to pre- .
dict the leak rate and .possible onset of two-phase .flow in- =
stablllty due to maldistribution of pressurized cryogens. dls{
charging 'into space through .a.long narrOW’rotatlng passage E
with heat belng added along the walls and/or generated by the
fluid.

Some of the unique. features of the problem are: the small,
gap heights required (0.0008-0.0013.cm), -L/D values of '
(100-200), and a flow aspect ratlo (passage front/passage
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height) of order 104. These parameters could result in mal-
distribution of vanor and 1liquid. flow, surface capillary
effects, thermodynamic nonequlllbrlum boiling and vapor
entrainment, etc.. While the efforts. of several researchers
have .been dlrected at two-phase ‘choked. flows (refs. 1, 2, 3,
and 4). Little or no research has.been .done on -these ques—
tions within the above range of parameters.

o A quantltatlve study was undertaken to- dellneate some of
the problems associated with radial inward flow through a - )
narrow statlonary gap which. .chokes. and discharges through a
central pipe. The data and accompanying high speed movie
were. taken to explore the problems.

ADPARATUS

The basic apparatus used in thlS study is illustrated
in”flgure 1. Pressurized.liquid nitrogen flowed .through the
radial gap and out of the cryostat. In this study,  the .. '
radial flow passage was formed by .a-glass cover separated
from the stainless steel orifice by three radial wires
0.0076 cm diameter. . (3 mll) Details of the radial gap-nozzle-
are glven on flgure 1. : - . ’

_ A 10 common -wire Chromel Alumel. thermocouple rake was . .
_constructed ‘to monitor .the liquid level .in the .reservoir.
"The rake .frame was made of. bakelite and .the thermocouplev

Junctlonsbwere made at 0.63 cm (1/4 in.) intervals from the
face of the bakelite insert. :

~ The reservoir temperature .was monitored by a platinum .
 thermometer, located. 0.95 cm (3/8 in.) above- the radial gap.
A second platinum thermometer near the top of the thermo- .
couple rake was used as. a check under no flow conditions.’

The vacuum Jacket was usually not better than SOOu, how—
ever_some of the heat. leak was. offset by the evaporated
nltrogen which leaked past the window seals.

STEADY~STATE RESULTS

. In order to obtain steady-state.critical flow data, the
entire apparatus .of figure 1 was mounted .in the blowdown.
facility (fig. 2) with.a reservoir capacity .of 120 liters
which is quite sufficient for.all steady.flows taken :in this
study. = The entire .system could be precooled. from ambient
temperature down to about 80K, which enabled us to achieve



various reduced.temperatures. startlng at. T Since the -
blowdown fac111ty was. sized for:-an order o% magnltude larger

- flow area, the extremely low.mass. flows' could-not 'be metered
to a certalnty greater. .than .5 percent; however, for.gaseous
flows .the two .flowmeters. agreed within 3. percent Peculiar
temperature . inversions were: ‘often noted in the flows from the
reservoir of figure 2 into the apparatus of figure 1. These
may have been .due.to tank.stratification, coupled with gas
residual in the _apparatus.. For:all the data reported herein,
.the flowmeter between the reservoir and the- apparatus was used

_ The crltlcal mass. flow rates for. several fluids can Be
correlated using.the. principle. of .corresponding- states, refer-
ence. 4. The flow rate normallzlng parameter

G* = (p b /2 )Y

reference 4, is usedtto.normaliZe«ihe1flow.data-presented
.herein. The ‘gaseous .data, figure 3 and .table 1, appear to be
in reasonable agreement. with previously determined data for
gaseous: flow through nozzles: .This,. of. course, gives us a
certain degree of confidence.in our results. - The  trends in -
the ‘data for the T, = .0.8 isotherm .are.very similar to those "
of the axisymmetric nozzle .data . (refs. 3 and 4). Solid lines
on figure 3 .are used.to. represent the .data of reference 4.
Data trends for other- isotherms are in equally good agreement,
as can be’ noted in .figure.3. One questlonable area appears to
be the. T, 1.035 ‘isotherm near PR = 1.2." -These data are - -
‘presenteﬁ in table I. : : o

The general agreement between .the data of table I-and.

--'.that of references .3 .and 4 .indicate .that .there is little

dlfference in the critical flow phenomernon between .the axi-"
symmetric’ nozzle and.radial. inward flow through a 0.0076 cm
(3.mil) .gap having .an outer.. ‘to .inner.area .ratio .of ~ 13:4, _
see figure.l. . This is.quite  significant as the geometrles are
very different and .tends to imply the generality or the useful-
ness. in the-application of the technique of reference 4 to odd
geometries.

’fnstfﬁﬁf“iﬁéﬁtTS‘

Because of. the. uncertaintiés. in: .determining the ‘parameters
which make up. critical flow rate, i.e. .density, .area, and
_volumetrlc flow. .rate,. exact values of.G were not: determinedl
However some 1nterpretatlons of the data were’ made and are’



presented in the appendix. In essence, two technlques are
used. to predict transient data with. 11m1ted success. - The

transient tesults depart in.both slope.and.level when com-.
pared to the. steady state results. Further 1nvest1gat10n

of the disparities are required.

PHOTOGRAPHIC SEQUENCES

Transient Conditions -

Motion plctures were taken at 100 400, 5000, and 16 200
frames per second to provide greater deta11 to f£low patterns
and the gas-liquid interface within .the.reservoitr. For all
tests, the back pressure is near ambient and ‘the flu1d is
nltrogen ,

e 5.417 N/mt (33,72 dtim) -
Periticar = 3¢417 MN/m® (33.72 atm);
Teritical =:126-3 K5
pcritiCai =50°3105‘gm/cc.

During the flow transient, thewullage .space: 5 contlnually N
charged with high. nressure nitrogen..gas. at ambient: tempera-
ture. The c¢harge rate is not. suff1c1ent .to maintain constant

- pressure but does provide adequate isobaric subcoollng, i.e.

(Tsat "~ Thu1k) > 0.
The comblnatlon of decrea51ng pressure with 1ncrea51ng temper—

~dture provides .a .spectrum. of floi regimes from subcooled to.
sdturated; to gas- -dropnlet entralnment :

In general the: £1low patterns are irregular and the flow

-area coveted by the single.phase..fluid is. much greater than
the area where two-phase phenomena occur.

Deeeriﬁtieh'ef'SetuD -

Sequences to illustrate the. behavior .of-the gas- 11qu1d i
interface .during transient flow were -taken at 100 frames per
second. The camera viewed. the.interface through the side
windows of the cryostat, and the apparatus is as- “i11lustrated



in figure 1. The thermocouple rake, platlnum thermometers,
glass .cover plate.as.well.as. reserv01r thermals are clearly
.illustrated. These sequences could not be. taken 51mu1tane—
ously with those v1ewed from the top

- To obtain.more. deflnltlve plctures 0of radial 1nward
choked flow as viewed from the .top and raise the liquid level
. the single 3/8 in.-thick glass cover plate of figure 1 was
.replaced by a.stack of three.3/8.in.-thick. glass.plates, and

. the.camera.speed increased to. 400 frames.per second. . The

. plctures were. taken.while maintaining. the upper .portion of
~the tank,_ namely.the .camera. viewing.window, .above.the.conden-

. .sation temperature,.and. .filling. .the.dewar only to -the level

. of . the. stacked. glass plates.. Previous. experience. indicated

. that. ullage. gas would.condense.on the .window.and other; parts
~of the dewar, form liquid drops and/or rlvulets Wthh obscured
dlrect observation. : : :

. . In thefquest"forﬂmerewdefinition5 top&viewed'sequehces'
‘were taken with.top and side lighting at. an effective camera
speed. of 16.200. frames pér.second with an. equivalent. shutter
. speed of 152.000.frames. per second.. This was achieved. by
..runningﬁthe;cameramatmlewaramesmper .second and recording
cvan. 8. .mm-~split frame..image. as.viewed.'through. a.narrow-slit.
At these speeds. the.entrainment.of. voids. can: be.studied: but
camera speed.of.another order. of magnltude 15 required to
study the choklng 1nterface : : ~

' | 'Description.of Film Sequences = .

F11m Sequence 1

. " To 111ustrate the flow. patterns in. subcooled subcrltlcal-
nltrogen ‘the: stagnation. Bressure -and. temperature in the:..cryo-
stat . is.set at .0.79 MN/m® (114.2 psia) and 87.1 K respectively
which represents:..a. subcoollng of .13 K. . At the opening.of the
. valve, the..fluid surface. vibrates..and. a.white .central two-
.phase’region begins. to.form.. Note.that the flow. discharges.
. as an array.of nonuniform. jets. .. The flow patterns..are..not
stable..and the . jets .extend. inward far. beyond: the nozzle .edge,
. the minimum area, where choking should occur.. Such behavior
..indicates. a. substantial. degree of. none%ulllbrlum The average
pressure during. dischaxrge. 1s:0.75:MN/n4. (109.psia) with a
. depressurization .rate. of.-0.0035 MN/m%-sec .(-0.5 psia/sec).
While. the .gassliquid . interface. remains.quite calm, thermals
as. well as. flow patterns of.the. fluid approaching. the.nozzle
can be seen.. At the reduced llquld 1evels, the temperature of



the. fluld enterlng the.nozzle. approaches saturatioh and the -
. .jet sources'.begin.to.extend .outward.....The effecCts of small
..surface. .defects .(pits.or.sites)..cdan be.noted. in, addition to
.the nonuniformity of..the_ two-phase. front.... Further: reduction
in.the. level.permits..the. visualization.of strong surface.
. tension.effects,..the.entrainment .of. gas.and.a.rapid.develop-.
..ment of a fan pattern which flnally fills: the radial gap-
nozzle. S -

'Figure 4(a)ufepfeseﬂtsmthis'fiiﬁ”sequence.A

Film: Sequence 2

In direct.contrast .to.the.subcriticdl pressure _patterns
..0of . Film Sequence 1..this..sequence represents.fluid nitrogen
~in. its.supercritical. pressuri state...The stagnation pressure
. and temperature are 4.2 MN/m%..(609.2. psia) and.121.8 K .

..respectively. Here..the transposed critical temperature*.ls

130, 7.K,. so :the fluid.is.in.a sense.subcooled. nearly: 9.K.. . At
. the. Openlng of .the_wvalve,..the:central. two-phase Tegion. (whlte)
.develops. rapldly -The .region_is.not..steady.nor. does it have

:,peTlOdlc osc111at10ns .and .distinct. jetting. is. difficult" to

. -0.47 MN/m

determln .The. average pressure.during. discharge is

4,0 MN/m %579 psia). with .a.depressurization.rate of .
sec..(=68. p51a/sec% during.the initial phase of

_the. tran51ent and ..=0..096 MN/ms-sec..(~13.9. p51a/sec) during:

- the-major portion.of. the. dlscharge cycle.. .A.view: of the gas-

. fluid interface.reveals. the formation .of.a. 'milky! 1layer..

d.“approx1mate1y 1.cm.thick....By.carefully following. the proce-
. dure.described. in. Description. of Setup, the. thickness.of this

.layer was - m1n1m1zed and plctures of the floW"patterns were .
: obtalned O , .

Flgure 4(b) represents ‘this f11m sequence. :As. the,run .
.progresses,‘the reservoir.pressure.decreases. and. the. liquid -
..temperature increases. .due.to.héat. transfer. through. the-ullage
gas.from. the.make up.;gas. . .At. the.beginning. of. the. fan.pattern

7. the. pressure.is. 3.86 MN/m2.(545.2. psia).and. the'temperature

measured. at. the.platinum. thermometexr..level which is: 0.95 cm
. (3/8 in.?) above.the.radial.flow.plane.is.129.1.K... This. temper- .
- ature. 1s cﬁaracterlstlcmof the mixed. gas condensate interface -

— *The_transposed cr1t1ca1 temperature is.a. p01nt corres-
_wpondlng to_a sharp.peak. inuspecific.heat,.C ... .It. is..a.function

..of. pressure.... At.this..temperature..the. den51%y changes -rapldly
.from high to’ low density.. .In.a.sense. it can. bé.thought’ of as

a "supercritical saturation temperature equivalent.' -



and the.fan patterns.which.follow are. presumed to be ''mist
flow." _Note the multiplicity of.wvariations in.the cnoklng
front as temperature.increases and préssure decreases.. The-.
appearance. of .inner. and outer ring.patterns suggest. that two
~fronts exist in.the nozzle. At 1east the picture suggests
multiple. reglons with large gradlents.-

. Seguence 3

During the course of a. run at.the‘4.MN/m2.pressure.level,
a ‘nonhomogenity which looked. like a. bubble was entrained into
the nozzle. The reduced.pressure.and temperature are approxi-
mately 1.2 and 9.96 respectively. Bubbles should not form.
under these conditions. The picture sequence is expanded in
order to view the nonhomogenlty

.Sequence 4

. To 111ustrate fIOU"Datterns mear. the thermod namic
critical point, the initial pressure is 3.48 MN/m“ (506.2
psia) and the temperature i5.126.9 K. .These conditions are
Just above the thermodynamlc critical. p01nt ‘The temperature'
is guite close to the. transposed. critical tenperature of 127 'K,
consequently the ”subcoollng” is smaller than the previous
sequence. -Note the aperiodic. oscillations. of the two-phase
region which appears. white.. Further note that on an area basis,
most of the flow field within. the nozzle appears nonoscillatory
~and liomogeneous. The average pressure during discharge is . =
3.3 M/m 5400 n51a) ‘with .an initial depressurization rate Sf .
-0.38. MN/m“~-sec (-54. 5 psia/sec) and average of -0.092 MN/mé-sec
(-13.4 931a/sec) As the reservoir empties the fan'pdttern is
observed. .-The pressure has decreased to 3,26 MN/m (472, 2 . S
psia). wa1ch is rless. than critical: pressure ‘vhile:"the temner—j“' )
ature has increased.to.127.8 K.at the platinum thermometer,
0.95 cm above the nozzle plane. The mist flow regimes: becomel
apparent, even though the. conditions are quite, close to the ‘
crltlcal point. _

Sequence 5

In the following three sequences the flow patterns are
illustrated for three selected subcooled- subcr1t1ca1 pressures.
" At the openlng of the valve the pressure-is 2.82.MH (409.2 .
psia) and the temperature is.113.6 K. This represents’' a sub-
cooling. of 9.4 K. This level of subcooling persists over most
of the F1lm seauence, however at the devclopment of the fan




pattern the tenperature is. Ulthln +1 h of. the saturation
temperature. The. average.pressure. is. 2. 7.MN/m%- (38% psia)
with an initial -depressurization.rate of -0.22 MMN/mé-sec
(-32.5 psia/sec). and an average rate of -0.045 MN/m4-sec
(-6.5 psia/sec). The oscillations of the two-phase region
become more apparent and.the- choking front begins to’ extend
outward, however the majority of. the nozzle is still -in-
homogeneous nonoscillating flow. At the onset .of the fan
pattern evidence of an-interface or surface ten51on effects
on the entrained flow can be detected. :

As time progresses, the entrained mist flow transitions
to high density vavnor flow.

Seouence 6.

As the Valve opens the pressure is 2.16 Md/m (313.2
psia) and the témperature is 96.8 K.. This. represents. a sub-
cooling of 10,2 X.. As:the f1ow rate has- diminished consider-
ably, the pressure- temnerature time nroglles are: nearly .
linear. The average pressure 1s 2 M] (294: psia) and the
depressurlzatlon rate is -0.037 LN/m —sec (-5.3 psia/sec).
Oscillation in the two-phase region 1is commonplace and.the -
nonuniform two-phase front.has.extended in an erratic manner
into the'nozzle. Most of the nozzle on an area basis is still
in uniform. flow. As the radial fans appear, the effects of
surface tension.are noy easily observed. The pressure has
decreased to 1.95 MN/m% (283.2 psia) and the temperature at
the platinum thermometer above the nozzle plane is 117.5 K.
Again the nozzle flow transitions through several flow re-
gimes from subcooled saturation, super saturation, mist flow
and finally cold vapor. - Within. these latter frames one can
. visualize what the nozzle flow would look like.if it.were
flow1ng--steady state--in each of these regimes;. furthermore
. the picture sequence illustrates- the transition boundaries

between these states. Peripheral waviness.noted in the pic-
tures. is.due .to light reflections from the 1ntcrface and does
not represent nozzle characterlstlcs,f : : :

SequenCe.7'

At 1.5 MN/m% (217.2 psia) and 94.3 K the. reservoir is
subcooled 5.9 K. .As the valve ‘opens, the development of the 2
choking region.is observed.. The average pressure is Ll. MN/m
(205 psia) with a depressurization rate of -0.0147 MN/m”-sec
(~2.12 psia/sec). The two-phase region is oscillatory in
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nature and the front extends erratically into the nozzle. :
While most of the nozzle aprears homogeneous, the. erratic two-.
phase radial spikes seem.to.make.the uniform circular.two-
phase choking front.model a. mathematical concept .whose useful-
ness is.fortultous, The .time temperature pressure profiles
are quite linear and diminish.to 1.39 MN/mé (201.2 psia) and
109 K at the platinum above.the nozzle plane . as.the fan pat- .
terns begin.. The effects of surface tension are clear and
appear to exert considerable forces. on the flow field. The ‘
nozzle.is clearly not in. equilibrium and. combinations of drop-
lets, cold vapor and liquid are seen to,.coexist within various
sections. ' ‘ | ' ' '

Sequence &

. To 1llustrate the flow characteristics of a saturated
fluid, the. 1.5 Mi/m*® pressure was chosen because of its rela-
tion to a seals vroject at Lewis. Pesearch Center.. To view the -
phenomena more clearly” the frame .rate .was..changed.to. about,
5000 frames per second .and..the nozzle lighted from the top and
the 'side. Note the extreme. irregularity of the interface
which is delineated by the two-phase.streaks.toward. the nozzle
center.. It would seem.that the.two-phase choking interface
‘per se does not exist but rather a highly nonequilibrium non-
steady transition between.liquid..and vanor. _As:bubbles.are
ingested, large vapor rays separate the 11qu1d and plunge into
the_oriflce exit.

Sequeﬁce 9

In order to- study these bubble streaks. better, the frame
. rate -is- 1ncreased to 8100 8 mm- snllt ‘frame images per. second,
equivalent to. 16 200 Lrames/sec .One can. now see that bubbles
are elongated as they .approach the entrance of. the nozzle and °
are sucked through. . The leader seems to be spherical .and non--
steady, but progresses in a_linear manner to the "interface"
or choked front. In this stop frame secguence one can see the
‘advance of a bubble about 30° off the bottom. of the picture
(counter-clockwise).and. shortly. after this bubble .is halfway
across. the nozzle a.second bubble enters at 10° (clockwise)

. from. the bottom. .The vanor- streamers persist -for quite some
tlme before the gap 1is closed :

Plgure 4(c) represents thls film sequencef
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Sequence 10

To 111ustrate the 1nf1uence of: surface DltS and. scratches,
we. see here the actlvatlon of .a.site . about’ :30°. counter- clockw1sc
from the bottom.and.midway across the nozzle. The camera speed
is 16 200 frames per ‘second. P

SUUMARY~MOTION PICTURES
In: . summary, motion plctures have been taLen whiclh illus-~-

trate several aspects of rad1al lnward choked flow oF fluld
'nltrogen. L

uequence 11

ThlS SDllt frame sequence compares. radial. lnward cnokea
flow at supercritical and subcr1t1ca1 pressures .The: reduced
pressures are approximately P '1.17 and Pp- = 0 22 respec-
tively. It does appear that. the flow field is more. homogeneous
for Py >. 1; because of its.erratic nature the '"choking! inter-
face. appears “larger for.Pp < 1.,  Both flow: fields are. osc1l-
latory; -for Ppr< 1 the. amplltude and osc111atlons are more
clearly deflned . .

Sequence 12

, The erratic nature of two-phase  interfaces leads one to
. .believe that. choking is.a. result of nonequlllbrlum nonsteady
- tran51t10n prom 110u1c to Vanor. '

Sequence 13

Motion pictures at 16 200 frames/sec reveal that bubbles
are elongateéd and.sucked.through.the gap in.a.radial manner.
The. leader appears spherical and.nonsteady. .Higher frame
rates are necessary to study the choked interface.

Sequence 14

A wide variety of flow regimes (subcooled, saturated,
separated, mist, and transitions between these reglmes) were
111ustrated as the 11qu1d level dropped.
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CONCLUSIONS

The cuantitative.study undertaken.to determine some of
the.problenms. associated with discharging nressurlzed cryogens
~throucn a, radlal gap has revealed that

1. Steady radial 1nward critical mass flow rates appear--
eoulvalent to cr1t1ca1 nass flow rates through ax1symmetr1c
nozzles.'

2. . The radial flow of two- nhase and supercritical mix-
tures through a narrow gap is not uniform. - For subcooled
flows the surface area covered by single phase. fluid.is much .
greater than that covered by the two-phase. discharge. As-sub=
cooling. dlmlnlshes the two-phasé area .approaches the single
phase area. Over a broad range.in quality. (including the near
_critical region), the ‘basic. flow patterns. are made of radial
jet streams which may occuny a segment of. the radial gan-
nozzle or the whole gap.area. Flow maldistribution is .quite
common -and oscillations in c1rcumferent1a1 and radlal dlrec—
t10n are obv1ous. . S
'»3. The crltlcal mass . flow rate data for the transient
. case’ anpear different - from those for the steady case. -On
the mass ‘flow rate as a function.of pressure map the.slope
and separation of isotherms for transient radial ‘choked. flow .
appear.to be .less than for steady radial choked flow. Further
work .and quantitative data are required to resolve the dis-
parities between steady and tran51ent critical rad1a1 1nward
flows. :

]
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APPENDIX-TRANSIENT RESULTS

The reservoir. tenperature (lower thermometer of fig.. 1)
nressurec and- thermocouple rake were nmonitored on.strin -charts.
To record data, the rescrvoir was filled and nressurized;
the recorders started;'and an_electronic. timing mark placed .
on each chart; the exit valve was then opened. -At low re- . '
. duced pressures, a loud 'crack" signaled. the onset of flow
out of the vent stack. The liquid.level.couwld be monitored .
visually (even for P > P_) and the run was terminated .when
the liouid- gas interface reached the lower nnrt of tne olass
see flcure l,.

The'tlermocounle rake.was calibrated using 1-1-1 tri-
chloroethane and. 0)serv1ng the merging.of. the. refracted and
reflected images. of the wire-while metering.the expelled.
liquid. " With this volumetric calibration, and.tae.response )
of the thermocouple rake, the.fluid volume’CV) exhausted-as_f7
a function of time. (T) was determined. -Evaporation .of ‘the.
licuid off the thermocounle wire. as .the:licuid vapor inter-
face passed usually gave a sharnly. defined constant time
temperature trace from.which .one. could.determine the dewar
.level variation with time,. see figure 5. Either the onset
or termination of .evaporation. llauld and. gas. indicators
.resnectively could be used.to.deternine. the.volume.. ). vs
.time.- curveS"generally, the.onset of _evavoration (liquid
indicator) .was used. A tynical series.of dewar. volume Vs
‘time. curves are given.in . figure 6...Although.the:data do.not
-always. indicate a linear relation. between Veoand 1, the .uncer-
tainties did not.merit the use of a higher deoree ‘curve. It
appears that for a olven '

e ,T.9, %% = '.c'on'stant .

. O

glves a nearly accurate descrlntlon of tﬂe V07umetr1c cnange“7"’
in the dewar. : :

From. the experimental data

- av
® ’Toé H?’A)

values for the transient critical mass.flow.rates can be
.calculatecd and commared.with those for. the‘steady flow case. .
If the critical mass flow rate is expresseu as

c (- dW/dT)/A(T)l ‘ o (1)

r

jAs]
(op fopi
]



. Is

. where 1 = pV, the mass of. fluld remalnlng in the reserv01r o
and A(T) 1is the area of the choking front one can see immedi- .
ately some of the problems in interpreting the data. ' Even
though tle rate of change of Vvolume was reasonably: constant
the average den51ty of the fluid is difficult to determine
because the pressure and temperature chdange with time, -and
‘temperature also may change in space.. A value for the -average
den51ty was calculated assuming. that the temperature-time
proflle also represented the temperature space proflle.

et -
p(P,T)dy

Rl

’~'f;E2)Jh

_ p(t)

The den51ty correSpondlng to the stagnatlon pressure and .
assumed temperature was found using. a generallzed thermo-"j'”
phy51ca1 properties program GASP (ref..5).. Typical. hlstorles
for reduced.. stagnatlon pressure dnd temperature are given.in
flgure 7. Note that this procedure assumés the bulk fluid to
be in equ111br1um i.e, den51ty uniquely determined by the
1nstantaneous values of pressure. and. temperature in the bulk;
‘an assumptlon not necessarlly valid in the transient. case.

'vFlnally, the actual location and area of the choking front

cahnot be 1nstantaneously determined. Consequently the abso-
lute values for transient. critical mass flow rate cannot be .
defended, They do prov1de the basis for the comparison with
_ the steady flow case, where again the.actual choking frofit

~ area had to be assumed. The Vvalue used for A was. based on
‘the inner dlameter and passage lieight.

‘ A typical variation of . G/G* = Gp with time is, 111ustrateda
on figure 7. Values of G/G* = Gp along selected 1sotherms
are shown on flgure 8, as a functlon of reduced. pressure.

of flghre 3 show definite changes with. TR Furthermore, the
slope of these 1sotherms (AGR/APR) is considerably’ less than
for the steady- state case; figure 3, .

An even 31mnler approx1mat1on to the tran51ent reduced
cr1t1ca1 flow rate 'is shown, in. flgure 9. Here the fluld
.dens1ty at any time is 51mp1y taken to be that calculated
from the, stdgnation pressure and temperature,’ To(r) and Po(r),
‘rather than attempting td correct for spatial var1at1ons
through the fluid volume. .
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_ A tynlcal Varlatlon of equatlon (3) Wlth tlne is- glven
in figure.7. 'While.the slopes.of the isotherms. on flgures
8.and 2 are nearly the. same, _the. level. chanoe between .iso-
therms is-much: greater. In figure .10, .a comparison .is made,
between the steady. Tesults,. flgure 3y and ‘the tran51ent re-
sults, flgure 9,.for reduced temneratures of .0.6.and 0. 9 ‘
Dev1atlons in both slope and levels are to. be. noted
: The. d15crepanc1es may arise from. the dlagnostwc 1limi-
.tations of the.bresent, .basically qualitative. experiment,
They. may on..the other: hand stem from.phenomena. associated
with the.transient condition--such.as.noneauilibrium density .
.in. the fluid,.or.rapid changes in.location.and area.of the
...choking front... In either. case, further experimentation with .
more elaborate apparatus is needed to - resolve the- questlon.-

The tran51ent data obtalned ain thls 1nves 1gat10n are
prescnted in table IT. : . .

[N
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“'TABLE I,-RADIAL:INWARD,CRITICAL FLOW
| STEADY STATE DATA. |

Run - p T

R R
407 . S 0.603 - .- 2,24 . .- 0.0909
408 . - .603 ... 2,24 S L0913
409 o 1.202 S .705- <. a1.18§
410 - 1.022 . .- . .706 o< 1,056
411 0 .816 Sy 708 0 .907
412 o .606 L L712 T . 766
413 o 426 R 717 L615
414 - . 255 R L7180 o .377
415 -, .251 L719 - - . 301 .
416 - 1.218 Co 793 . 1.107
417 .032. .793 . - .942
418 .818 ' . .798 ‘ 814
419 .611 : .799 " .666

T

420 o 411 - .805 LY VL AT

421 ~ . .248 : 804 .0342
423 .206 . .918 . .818
424 - .019 - .898 .729
425 - .815 .900 A .603
426 .59 .902 .391
427 .572 . +.900 , .140
428 . '.556 ©.891 a 062
429 _ . 485 ' .891 : .058
- 430 _ .,599 . . . 2,05 -~ ,0907
431 . .599 - - 2.05 . .0004
432 1.218 ; . 867 .950
433 . . .985 Lo .869 .800.
434 S T794 o T T 870 .1 .659
435 .592 o .874 J475
436 _ © .592 .872 .475
437 L 445 .877 . .0945
438 . .190 - .988 .568
- 439 .121 : .967 .589
440 L1177 .966 . .5895
441 S .034 .965 .523
442 .995 .. 965 .. 489
443 ~ .958° - .966 . . 459

==
NN

= e

aQues-ti'onable'. '
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TABLE I.-COMNCLUDED.-RADIAL INWARD CRITICAL FLOW

Run

444
445
446
447
448
- 449

450
451
452
453
454

aQuestibﬁéble.

Ll e e N ey

. 878

. 260
.267
267
.205
.128.
.052
.025
.927
.844
646

e

e e e !

STEADY STATE DATA

R

.970 -
.975
.044
.042
.032
.023
.011
.007
.990
w975 -
.934

R

0.192

. 314
.314
.291
. 262
236
.226
.190
.163

101 -
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. NITROGEN GAS.
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(c) REPRESENTS FILM SEQUENCE 9.

. Figure 4. - Photographs which represent selected film sequences of the accompanying motion picture.

CS-67126
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Figure 5. - Typical time temperature proﬂles of the ther- . cs-emisz
v mocouple rake. R
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Figure 6. - Variation of dewar volume as a function of time for several Initial
pressure levels. - Cs-67135
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REDUCED PARAMETER..

Lo—
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B & dr TRANSIENT FLOW TECHNIQUE
PolV gy .
oA & SIMPLIFIED TRANSIENT FLOW
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Figure 7. - Variation of paramete'rs‘with time for-an
initial stagnation pressure of 600 psig. ©5-67130
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Flgure 8 - Trans:ent radial inward flow data
" basedon G- /A('l') o Cs-67129
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Figure 9(a). - Transient radial inward critical flow for selected

isotherms based on G = pldv/dti/A.

REDUCED CRITICAL FLOW, Gp = G/G*

CS-67133
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Figure 10. - Comparison of transient and steady reduced
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