View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by NASA Technical Reports Server

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)


https://core.ac.uk/display/42888343?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

L b TR e e T T T e e T T T . MRS

o

-

NASA TECHNICAL NASA TM X-T71762
MEMORANDUM

(NASA-TH-X-71762) PRESSURE DISTRIBU

TION -
’ CONVERGING-DIVERGING NOZZLE DURING t RS RN
(WO-PHASE CHOKED FLOW OF SUBCOOLED NITROGEN

(NASA) 12 p HC $3.25 CSCL 20D Unclas

G3/34 26642

NASA T™M X- 71762

PRESSURE DISTRIBUTION IN A CONVERGING-
DIVERGING NOZZLE DURING TWO-PHASE o
CHOKED FLOW OF SUBCOOLED NITROGEN G150y

by Robert J. Simoneau
Lewis Research Center
Cleveland, Ohio 44135

TECHNICAL PAPER to be presented at

. inter Anrual Meeting of the American

Society of Mechanical Fngincars

Houston, Texas, November 30 - December 5, 1975




PRESSURE DISTRIBUTION IN A CONVERGING -DIVERGING NOZZLE DURING
TWO-PHASE CHOKED FLOW OF SUBCOOLED NITROGEN

by Robert J. Simoneau
NASA Lewis Research Center
Cleveland, Ohio 44135

ABOTRACT

Choked flow ratcs and axial pressure
distributions were measured for subcooled nitrogen
in a converging=diverging noz:ile with a constant area
section in the throat region., Stagnatlion pressures
ranged from slightly above sati:ation to twice the
thermodynamic critical pressure. Stagnation tem-
peratures ranged from 0,75 to 1.03 *imea the thermo-
dynamic critical temperature. The cloklng plane
appears to be at the divergence end of the constant
area throat section. At high stagnation pressures
the fluld appears to stay liquid well into the cone
stant area throat region; however, at near saturation
stagnation pressures it appears that vaporization
occurs at or before the entrance to the constant area
throat region. The throat-to-stagnation preasure
ratio data exhibits an anomalous flat reglon. This
anomaly appears to be fundamentally related to the
two=phase process and not merely to the present
specific nozzle geometry. The fluld appears to be
metastably all liquid below the saturation pressure,
The data are compared to various flow models. No
m ' 1 adequately describen the whole range of the
e: eriment.

NOMENCLATURE

A= Area, om®

u= Velocity, m/sec

v= Specific volume, cm3/gm

W= Flow rate, gnw/sec

x= Quality

z= Nozzle axlal dlstance (z=0 at polnt of
divergence), cm

Subseripts

J= Exit plenum conditions
e= Thermodynamic critical conditions
e= Equilibrium conditions
= Saturated vapor conditions
t= Saturated liquld conditions
m= Momericum

max= Maximm
o= Stagration corditions

sat= Saturatlon conditions
t= Throat conditions
z= At nozzle axlal loc ition z

INTRODUCTION

The fleld of two-phase choked flow has been
extensively explored in the past ten years. This
mmwmuhm surveyed by Hsu (1),
Herry, Grolmes, and Fauske (2), and Smith (3). Only
that work directly related to the present study will
be cited herein. Most of the two-phase choked low
work has been motivated by analyses of the Loss of
Coolant Accident, the so called design base mccident
of the nuclear power industry. In space research the
motivation has been the safe storage and handling of
1iquid cryogens. GSpace cryogens are normally stored
under high » sonetimes well ahove the thermo-
dmamic critical pressure, and they we also fre-
quently at a temperature high enough that during
depressurization of the storage tank saturation cone
ditions will ocecur. Interestingly a pressw-ized
water reactor operating at 600 F and 2000-2200 psia
(590 K and 1380-1520 N/emé) is subcooled and 1s in
the same reduced teupen(;ure anglgmlm? range as
many stored cryogens, =0, and =
0.624 o 0,686). ofTe o e

Curiousgly there has been very little experi-
mental work with subcooled liquids. Henry and Fauske
(4) were only able to cite a few references and most
of these were very nearly shturated and were through
orifices, At Lewls Research Center we have under-
taken to run an extensive series of experiments
covering a variety of flow geometries and a wide
rance of stagnation conditions:

0.75 < To/Ty <« 1.03

Pmt/PO < PJPC < 2.0

Most of this work has already been reported (5-9).
The present experiment focuses on converging-
diverging nozzles., The data include axial pressure
distribution ir the nozzles. Extensive data tables
from this experiment are available in reference 9.
The present paper sumarizes these data, analyzes
them in terms of cwrent theories, and

question of nonequilibrium.

FLOW MODELS

The analytic models presented in this paper
can be fournd in references 1 to 4, Since the paper
includes a cormparison of these flow models to the data,
the highlights will be repeated herein. The basic
assumption throughout 1s that the flow can be
desceribed by the one=dimensional momentum equation,
neglecting friction.




~AdP = d{u W, + Ul (1)
This can be readily manipulated to the form,
=1l = d(Vﬂ'ﬂ) ( 2 )
) dp
where

vml [.J_t.k...tk(l—-X) ][ X.Vg + Kk (1 - X)Vg] ( 3 )

Equation (2) can be integrated, subject to the
condition that A = O when P = Po, to yield

3 P
- ;2__ vmdP
m
P
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Fquatien {I) 1s good throughoub the flow field, By

carrying out the differentiation in equation {2) end
sotting d6/dP = 0, the choked flow condition can be

defined,

2
2 dv
Gm=___1n_] {5)
CL P

The polnt where choldng oceurs 1s designated the
throat, 7T choked flow condition thon ig found by
solving for the intersection of equabion (4), which
1s valid throughout the flow fleld, and equation (5),
which is valld only at the threat., The introduction
of models 1s dnvolved in attempting to define wd to
evaluate dv,/dp,

Of the models avallable for comparison, the

homogeneous isentropic equilibrium model and the ron-

equilibrium model of Henry and Fauske (Y) scemed most
appropriate for inltlslly subcooled flows. This
choice is discussed in more detail in reference (9),
Both models assume no slip, (l.e, k=1).

A departure in the present paper from previous
conputations 18 the uae of enact thermodynamle
properties throughout the flew fleld, In order to
simplify calculations it has bgen very common to
assume that the liguid properties are constant end
that the vepor properties can be deseribed by an
ideal gas.
stagation conditions are well away from the
saturation locus, especially if T is near the
thermodynamie cpltical temperatur®. In the present
equilibrium model v 1s computed everywhere as a
funetion of pressu® and entropy, using a comre-
hensive property program, OASP {10}.

It has long been belleved that a degree of
thermodynamtc nonequiiibrium exists in two-phase
choked flow, Orly Henry and Fauske (4), however,
have attempted to formulate thls belief into a
practical model to deseribe the flow. There are
three baslc assurptlons whlch describe the non-

equilibrium character for an inltially subcocled flow

First, it is assumed that no net vaporization occcurs
beyond the Indtlal quality. ‘Thus for subcooled (low
the guallty is assumed to be zero up to the throat.
The second assumption 18 the ene that really

describes the particular nature of the nonequilibrium

phenomenon, Henry and Fauske propose thak, despite
no net vapor generation up to the throat, there 1s at
the throat a rate of change of quality and this ean
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be related to the equilibrium quality.
Xa

dy] = | TIN & %g < 0,14

aﬁﬁ]t t,e

ﬂ
2 0,14
dBf ¢ e %o

The final assumption 1o that the liquid specific
volume, v,, 18 treated as constant at the saturation
valuo cor%eapondi.ng to the stagpation temperaturae,
is ascurption may not be valld for stagnation
conditions well avay from saturation and for otog-
nation temperatures above the thermodynamic eritical

(6)

temperature. Adjustments were made for this in the |
corputations, This 1s discussed in the RESULTS
seetion,

DESCRIFTION OF EXPERIMENT

Ty experiment was carried out in a "once-
through' type cryopenie flow facility., The facility
is 11lustrated schematically in flgure 1, The
essential elements inelude: a low pressure liquid
nitrogen supply; & high pressure vessel; a nitrogen
gan pressurlzing system; on orifice flowmeter; the
test section; a back pressure valve; a heat exchanger;
and & second orifice flowmeter. In addition the high
pressure nitropen gas system was arranged so the gas
could be used to warm the liquid. The pressure
vessel, primary flowmeber and tost soction were
enclosed in a vacuum envelope to minimize heat leaks,
Muid pressures and temperatures were measured ab
appropriate points in the flow system, as indicated.
Mixing ehambers formed the inlet and outlet plenums
to the test section. The pressure ind tenperature
measuced in the inlet chamber were designated stag-
naticen conditions. Choking was demonstrated by
rocording date at two different back pressure levels
which had the same flow rate and throat to stegnation
pressure ratio,

The test section used in this experime-t, a
condeal converging-diverging nozzle, 1s showm in
figwre 2. It had a 7° half-angle convergence and a
3.5° haelf engle divergence. The small angles were
used in an attempt to avold separation and premature
cavitation. The inlet to the throat wos rounded to
mindmize cavitation., The outlet of the throat wms
sharp to distinetly mark the point of divergence. It
had a gonstant ares section at the thrmat with a
length to +lameter ratio of 3,20, 'The reascn for a
constant area section at the throat was to provide
room for instrumentation. ‘There were 15 pressure
taps along the nozzle wall, mostly clustered near the
constant area throat reglon. The interlor surfaces
were Tinished to 16 rms., For some of the tests the
nozzle was turned around and used in the reverse
orientation.

The orily physical measurements made in this
experiment wera pressure and temperature. Pressures
were all measured by the use of strain gage trans-
ducors. The fluld temperatures were measured
throughout the flow pystem by use of platinum
resistance thermometers, Two thermometers were
located in each of the inlet and outlet mixing
chambers. Flow rates were measured in two locations,
8s shown in figure 1. The primary meter was upstream
ard metered liquid flow., The backup flowmeter was
located downstream of the test sectiorn. and the heat
exchanger and consequently metered pas flow, Error
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eotimtes based on the average over the range of the
variogble neasured are pregented in Toble 1.

The data were pocorded on a central data
acquisition ayatem ond reduced at the test focility
on a time-pharing computer. The thermophyslcal
properties were compubted using the compuber sub-
routine 0ASP (10).

RESULTS
Ilow Rate and Presoure Rotio Data

The dath taken in thio experiment covered a
wide range of stagnation parameters from a highly
gtheooled, very incompressible llquid to a com-
pressible fluld above the thermodynamic critieal
point. In all cases the fluid expanded into the
two-phasae region, The experiment included the
following stagnation conditions:

95 < T, < 130 X
60 < P, < 660 N/om?
10 € (P ~ Pgge) < GOO N/en?

The flow rate and pressure ratio data taken
along 5 separate stagnatlon isctherma in the
condeally eonverglng axisymmetric nozzle are plobted
as a functlon of stapnation prepssure in figure 3
and §, Both the flow rate and the pressure ratio
data exhibit anomalous behavior, The anomaly stands
out mare dn the pressure ratio data, (flg, 4). It is
definitely present, however, in the flow rate data,
(rig. 3). In order to eliminate geomaetry effects
the nozzle was turned arourd and the Tp = 110 and
119 K isotherms were repeatea with {low reversed
through the nozzle. This changed the gonvergence and
divorgence angles and the approach to the constant
area section. The results are presented in
reference 9 and are in substantial apreement with
figares 3 and 4. In sddition, the data from a two-
dimensional nozzle and ancther axisymmetric nozzle
are presented in reference 9 to confirm that this
behavior is not merely a special condition of &
single nozzle. In the earlier experiments, (ref. 5),
the flow rate snomaly was missed because it is emall
ard there were not enough data points to delineate it

Az explained under FLOW MODELS the models
selected for comparison of theory with the data were
2 homogeneous izentrople equilibrium model and the
nonequilibrium madel of Henry and Fauske (%). Henry-
Faugke (4) assumed saturation conditions corresponded
to the initial stagnation temperature, T,. Since in
many of the cases the stagnation comditions are well
away from the saturation locus, the question of the
thermodynamic path to the saturation locus can be
Important. The difference in the valye of the satu-
ratlon pressure can easily be 50 N/ or more. ‘Thus
for the present comparinon of theory te the datn, the
Henry-Fauslce model was gomputed on bobh bases, the
isothermal saturation pressure and the Isentropic
saturation pressure. In figures 3 and ¥ the homo~
geneous equilibrium theory and the lehry-Fauske non-
equilibrium theory are compared to the data from the
conical oxisymmetric rozcle.
th bhmbamtion cendition of T, = 130 K da above

o ynamle eriticnl temperature, (T, = 126,
For all of ths data along s Losthom SIS rosered”
pressure and temperafure in the exit plenup correspend

to saturation conditions., This is the same as all the

other isothermo, and indleaten the flow hecomed two-
phase pomowhere in the nozzle. The mepsured throab
pressure 18 at least 5 percent below the loentroplo
gaturation pressure. The isentrople homogeneous
equilibrium two-phage choked Clew model predicts both
the flow rate and prossure ratic data very well over
the entire T, = 130 K dootherm as ceen in PMgurea 3
and 4. These resulto Imply that two-phase choked
flow can cccur for stagnation temperatures above the
thermedynamie erdtical temperature, and that the
expansion path 1s loentrople. Because of the ¢lose
coprrelation of the equilibrium theory to the data 1t
would be tempting to conclude that the expanaion wao
in thermodynamic equilibrium, However, at high
stagwtion progsures the throat pressure was con-
sistently nbout 5 percent below saturation while the
equilibrium model would predict the throab pressure

to be the saturation pressure. While the cloze '

correlation of the data te the equillbrium theory 1o
good for design purposes, it does not necessarily
resolve the modeling question. On the other hand,
the equilibrium model correctly predicte the exist-
enco of a pealkt In the presaure ratic curve and pre-~
diecto its P, location to within 1.5 percent, The
theory also prediets the rather ropid drop in
pressure ratio followed by a levellng off as b, im
further decreased. If the theory iu correct, ot
sugpests tnat the peok eorresponds to the existence
of net quality at the throat and the leveling off
oceurs when the stapnation entropy exceeds the
thermodyramic eritieal entropy. The Final drop and
leveling off" osceurs when the flow 1s no longer two
phase., It seems clear that, altheough some non-
equilibrium effects may peraist, the two-phase
expansion from T, = 130 K is very neaply in
thermodynamie eqﬁilibrium.

The remaining lsotherms are below the thermo-
dynamio eritical temperature., Flrst, the reader is
directed to the high pressure end of the spectrum.
The Henry-Fauske model, using Pggp m,, first over-
predicts then under-predicts th: floW rate as T
ig increased, The theory always predicts & signifi-
cantly higher pressure rablo than supported by the
data, It should be pointed out that 1t 48 not
posgible to use Pgay r, 8hove the thermodynamic
eritical temperature, Shus there is no theory curve
Tor thls model for the 130 K isotherm. Both the
Henry-Fauske model, using Py ,Sp: and the lsentropic
homogeneous equilibrium mode? are more consistent
with respect to the data. They both over-predict;
flow allghtly and are quite close on pressure ratio,
At the low stagnation pressures the equilibrium flow
rates are g3 much as 30-50 percent below the data,
The {low rate data agree well with the Henry-Fauske
medel ab the low pregsures, In fack, it can be sald
that over most of the entire range of the experlment
the Henry-Faucke model, using Pygg. 8o, prediets the
choked flow rates consistently well, generally about
5-10 percent high.

This is not the cane, however, with the
pressure ratio. As the stagnation pressure decreases,
the data and theory deviate significantly. A1l of
the varlous models indicabte a smeoth vardiation of
throat-to-stagnation pressure ratio as the stagnation
preasure 1s varied along a given isotherm. The data
indicate a clear anomalous [lat spot and this is
where the data and theory depart significantly. In
the previous section it was pointed out that this
behavior exista In all the nozzles tested and must be
a physical phenomenon rather than the pecularity of a
certain test sectlon. The data show that a high P,

=
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the throat pressure 1o ppproximtely econstant at o
value near Puay. g0 At 1ow P the thiont pressuro
10 nloo nearly dofstant at a Yalue well holow
oaturation. In the region of the anomly the throat
preoswre varies between theoe two limits. Also,
while they are not an dramtic, the [low rates
exhibit on anomily and doevinte from tho trend of the
thegry curves, ‘The effect can be as puch oo 265 per-
cent,

Compardcon To A1l Liguid Flow

In order to shed some light on this anomaly
a caloulation was performed which attempted to
examing the Influence of a metastable liquid.
Ignoring the choldng altogether the pressure drop
was computed which for all liquid fiow weuld yleld
the measured maximum flow rate (1.e,,
AP = 0,5 v a2 }. The pressure raticn
rosulting (REF thali¥aleulstion ore shown ns solid
symbols along with the prepowre ratios nt four
nozzle stations in fipure 5, Inspection of this
rigure Indleates this esleulntion ip significunt,
Locking first at the low stapation presoure end,
the alope is such that the pressure which correspords
to the measured flow is approximately conatant
(P, = 180 N/cm?), and is well below the lsentropic
saturation pressure (220-235 N/em2). At the high
stagnation prossure end the pressure corresponding
to measured flow 1s also conatant near Pgpe m,. The
all liquid ecomputation alsc yields on anomalols flat
replon in the middle, Just as the actual data, in
which the pressure ranges between these two constant
limite., This result implies that in order to
produce these high flow rates the fluld must remin
liquid below the saturation pressure. It furbher
implies tb 't there 18 a limit in the pressure below
gaturation «1lch can support a metastable liquid.
It is important to polnt out here that this obser-
vatlon does not say that the fludd remains liquid
211 the way to the throat; o= that the computed
value 18 the metastéble 1im' . In order to discuss
this more Mully it is necessary to examine the axial
pressure profiles,

Axial Pressure Profiles

Before discuspging the anomaly scme general
observaticns are in order, These are best made by
comparing choked and unchoked [low pressure profiles.
For each choked flow date polnt mequired, a complete
preasure proflle as a function of axial position was
also recorded. Very little unchoked data were
acquired, However, during the studles with the
nozzle in the reversed flow orlentation (see flg. 2),
several sets of both choked and unchoked proflles
were obtained for the same stagmation conditlons in
order to better define the choked flow pattern.
These profiles are shown in figures # ard 7. Both
sets of profileg are nominally at 1 -- 110 K. The
data in figure 6 are at_a relatively high stagnation
presusure, P, = 4§70 N/em?, and the data in flgure 7
are at & rega ;lvely low stagnatlon pressure,

P, = 226 N/eme. The measure of this is the relative
location of the saturatlion pressure,

The signiflcant feature of the data in [pure 6
i1s that the stagnation nressure is substantially
above the saturation pressure, The average value of
both the isothermal and isentropic saturation
pressures are indieated on figure 6. The prolfiles in
Clpure 6 are all remarkably simllar up to bhe
diverging end of the constant area, "throat,"

gection, The flrot two profiles (readings 1331 and
1332) are elearly unchoked and all liquid, oince the
lowent presoure 1s 40 N/em? above saturation,
Readingp 1333 nnd 1334 appear to be choked, The
presaure drope dn the constant area region are very
similar in nil four cases., This leads to the con-
clusion that the flow in all liquid to the exlt end
of the constant area reglon. The profilea in
Mpure 7 present n different plcture. 'The [irot
reading, 1350, io very simllar to the profiles In
figure 6 and depending on which thenmodynamic path
15 selected the constant area, "throat," preosures
are either plightly aobove or slightly below the
saturation presoure, 'The flow 1s not choked., The
remaining three profiles are clearly different and
in every case the pressires in the constant avea
reglon are clearly below caturation regardless off
thenmmodynamie path. 'The profile for nitrogen pas
is also shown on figure 7, Tn the conatant area
reglon the gas pressure distribution in very similar
to that for these three profiles, Thio certainly
seoms to Amply that vapor exists in the constant
area reglon for all the noazle profiles except the
firat, reading 1350. The coubination of the data
shown in Flpures 6 and 7 strangly impliea chat
profilec which show a fairly steep pressuie drop

in the constant area seetion muat be considered fo
have vanor present in the flow., Those profiles that
almost level off in the constant area reglon appear
to be a1l Uquid to the point of divergence.

An additional question on which these profiles
might offer some dnaight are the location of the
choking plane or "threat." The flrst observation
that can be made 1o that there must be vapor present
for choking to ecour, Thus for the rlow situation
of figure 6, where the fluid appears to be liquid
throughout the constant ares section, choking must
occur at or near the point of divergence in the
nozzle, For those condltions which indlcate vapor
in the connkant area reglon, fipure 7, substantial
changes in downstream pressures produce ,
ehanges in the constant area reglon, It would appenr
that the choking plane is always at or near the exit
to the constant reglon.

With this backpround we can retwrm to the
diseussion of the anomaly., Fleures 8-10 are axizl
press.ce distributlons in the nozzle for 3 dava
regions on figure 5. The reverse flow profile data
were used to stay consistent with figures 6 and 7.
Figure 8 represents the low stagiation pressure end
of the spectrum where the throat pressure was {ound
to be constant at a value well balow saturabion., It
can be seen from figure § that several pressures
upstream of the throat are below saturation. The
pressure distribution in the constant area reglon
slggests vapor 1s present ab the entrance to or
upstream of this section, On the other hand, an
essurption of thermodynamic equilibrium evaporabion
when P, = Pgo under predicts flow by 30 pereent,
The a1t 11qu%'??ow pressure is plotted as a solid
symbol for reference. Flgure 9 is In the anamlous
flat reglon of ligure 5 ard the proflle shape ls
very similar to figwe B except that the throat
pressure 1s nearcr saturation. Equilibrium analysis
uderpredicts by 9 percent. The equilibrium flow
rate diserepency in both bhese cases suggests the
flow must remain 1quid below saturation which
agrees with the interpretation of the all-liquid
comutation. The profiles indicate vaporization
muist occur at or before the throat entrance. Flgure
10 corresponds to & high stagiation pressure and
yields different results, The profile shape appears

Y
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all liguid to tha exit of the conotont aren reglon.
However, the all Mquid computation (solid symbol)
indicates the throat pressure i too low. Sald
another way, the equilibrium caleulntion over-
predicts flow by 5 percent. A ponolble explanation
1s that the fluid vemains liquid below Pyt S and
into the constent area region as suggested DYy the
data of figure 10; but that when it vaporizes the
amll amount of vapor reduces the [low cross aseobion
In terms of madel fortmation the evidence suggests
that the flow always remind llquid belew Pane oo
but that it can vaporize before the throat. Ef:
mxdel appears subject to the the e reglon of
the stagnation condition and 1t 1s not as aimple aa
previously propcsed, Finally, it should be noted
that only the 110 and 119 K isotherms exhibit all
three reglons, A complete discussion of all
1notherms is beyond the linitations of this paper
and 1s taken up in reference 9,

CONCLUSIONS

A two-phase choked flow experiment was
conducted using subcooled lquid nitrogen, [lowing
in a converging-diverging nozzle with a constant
area scotion in the throat reglon. 'The experiment
covered a range of inlet stognation temperatures
Irom 0.75 to 1,03 times the thermodynamlc critical
temperature and inlet stagnation pressures from
sllghtly above saturation to twiee the thermodynamic
eritical pressure, The data of the experiment
include tae exial pressure distribution at fifteen
stations along the nozzle, While the conclusions
Ifrom these data are only directly applicable to
nitrogen over ¢he stated rangs, it is the opinion
of the author that they are applicable to other
fluids, espeeially simple eryogens, over similar
reduced pressure and temperature ranges. The
choked [low rate and pressure distribution data,
along with tomparisons to various theordes, lead
to saveral conclusions,

1 Under some choled flow circumstances the
flow can be ell liquid into the eonstant area
threat reglon and under other circumstances
vaporization cccurs at or before the entrance to the
constart arez reglon.

2 The choking plane or "throat" is alwaye at
or near the point of divergence firom the constant
area reglon in the nozzle.

3 The data of thie experiment show a strong
anomalous Mat reglon In the pressure ratio data,
This ancmaly appears in the flow rate data as well.
It occurs In other nozzles tested and appears to be
fundamentally related to the two-phase process.

4 The data were compared to the homogeneous
equilibrium theory and to the nonequilibrium theory
of Henry and Fauske, Ab stagnsatien temperatures
below the thermodynamie critical temperature no
theory completely describes the phenomena, especizily
the anomaly cited. However, the nonequilibrium
theory of Henry and Fauske, using an isentropic path
to the saturation locus best describes the flow
rates. It 18 consistently about 5-10 percent high,
exeept 1n the anomalous region,

5 For the stagnation isotherm above the
thermodynamic eritical temperature the 1s. “ropic
homogeneous equilibrium model describes the Clow
rate and pressure ratio very well., The fact that

ORIGINAL PAGE IS
OF POOR QUALITY

e e

the computed preasure ratlo is conaiatently about 5
percent high suggests that miybs & smll non-
equilibrium effect may persist into this reglon.

£ Prespure ratios comuted from the fow
rates on the assunplion of oll liquid flow follow
exactly the trendr in the pressure ratio data,
including the anomlous flat region, An analyais
of thin result leads to the conclusion that there
does exist thermxiynamie nonequilibrium whereby the
fludd docs not vaporize immedintely upon eroosing
the saturation »ressure locus, There does, however,
appear to be & lower limit in pressure that cennot Wi
be exceeded without vaporization. Also, vaporization
can oceur ahead of' the throat, The model for this
nonequilibrium phenomonon is not ag simple as
proposed by Henry and Fauske, Ik scems to be a
functicon of the thermedynamie region of the stagnatio ¢
conditions,
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TABLE 1
Error Eagimate for tho Parameters Measured in This Experiment

Paramoter Range Erpor Estimate
Mgeta‘;;e_en{:f agga Absolute
Prassureat
Stagagion P, 60 - 680 N/em? 40,4 +1,4 N/on?
Throat Py 33 - 275 Nfen? 0.9 ' .
Back P, 20 - 100 N/om? 2.3
Axinl P 30 - 550 N/em? 40,5
Terperatures:
Stagnation Ty 90 - 130 K 0.1 10,1 K
Back Ty B4 - 104 K .l 40,1 K
Mass Flux: a
{95 ~ 125 K isotherms) 1600 ~ 9000 gm/cmesec H1.4 475 g/em? sec
{130 K isotherm) 1760 - 6000 pn/em? Bea +2.1 +80 pn/emé sac
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Figure 1, - Flow system schematic,
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Figure 8, - Axial pressure distribution during choked flow in axisym-
metric nozzle in reverse flow.
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Figure 9. - Axial pressure distribution during choked flow in axisym-
metric nozzle in reverse flow.
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Figure 10. - Axial pressure distribution during choked flow in axisym-
metric nozzle in reverse flow.
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