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NORMALTZING PARAMETERS FOR THE CRITICAL FLOW RATE
OF SIMPLE FLUIDS THROUGH NOZZLES

by Robert C. Hendricks

NASA Lewis Research Center
Cleveland, Ohio 44135 U.S.A.

SUMMARY

Two-phase critical flow of simple fluids through a nozzle has been shown
to nearly obey the principle of corresponding states, Quantum fluid depar-
tures from the principle were resolved as a function of temperature for para-
hydrogen and helium.

The critical flow rates were normalized using

*
G = ‘/QCPC/ZC

which nearly reduces the calculated equilibrium values of critical flow for
classical fluids methane, oxygen, nitrcgen and argon to a single isothermal
curve. For the quantum fluids, p-hydrogen and helium, the normalizing perem-
eter becomes dependent on the isotherm and quantum fluid of interest, The
normalizing parameter

G* [l + WQ]

where V5 = O for classical fluids, nearly reduces the critical flow rates
for all simple tluids to a single isothermal curve.

Experimental data for classical fluids nitrogen and methane for reduced
pressures to 2.5 and reduced temperatures from 0.8 where taken and have been
reported elsewhere, Experimentdl data for p-hydrogen, reduced pressures to
4.5 and reduced temperatures from 0.87, were taken and analyzed herein. These
data support the procedurec for normalizing two-phase critical flow of simple
fluids, including quantum fluids, through nozzles.

INTRODUCTION

The concept that there could be several thermodynamic processes which
n:arly obey the principle of corresponding states was advanced in Ref. 1 and
e.cended to two phase choked flows through nozzles in Ref. 2. The critical
flow rate for several simple fluids, c.f. methane, nitrogen, oxygen, and
argon, were normalized using the parameter:

G" = c (1)

“here the values of G* for several fluids are given in table I, The calcu-

144" normalized critical flow rate (G/G*) for the above four fluids were
nearl; collapsed to single isotherms, Experimental data for nitrogen and

*Isentropic, equilibrium expansion of a fluid through a nozzle was assumed;
tnis does not advocate any particular theory but facilitates the establishment
of normalization procedures.



methane verified the normalization procedure.

The question of how to apply this procedure to normalize the critical flow
rates of quantum fluids para-hydrogen and helium is addressed in this paper.

SYMBQL LIST
f,g functions defined by WQ empirical deviation function
eqs. 5 and 6
g collision diameter
G critical mass flow
rate @ mass flow rate
G* o [Pcfe  normalizing param- Subscripts:
Ze eter for G
c thermodynamic critical condition
P pressure
He helium
m molecular mass
o] stagnation condition
T temperature
sz para-hydrogen
YA compressibility
P.G. perfect gas
A de Broglie wavelength
R reduced
€ intermolecular force
constant 0,1 reference conditions
p density
ANALYSIS

Gunn et,al. [3], found that quantum deviations in the reduced Joule-
Thomson curve could be expressed in terms of the de Broglie wavelength

—h_

" o0¢/me

(2)

The inversion curve was then expressed as the sum of the classical corre-
sponding states part fy (Tg) and a quantum deviation fy (TR, A%)

2
Pr = f; (Tg) + £, (Tg, A°) (3)
In this report the physical thermodynamic critical constants, table I,

will be used. This represents a departure from Ref. 3 where the constants
were modified for quantum effects.



The isentropic equilibrium calculations for para-hydrogen and heliwm
were perrormed using the techniques of Ref. 4 and the thermophysical proper-

ties program GASP Ref, 5 for para-hydrogen and other fluids and HELP (inter-
nal NASA-Lewis Research Center program) for helium,

In Fig. 1, the reduced critical flow curves for the classical fluids
methane, nitrogen, oxygen and argon and the quantum fluids para-hydrogen and
helium for Tg = 1.0 are given. Also presented are Tz = 0.8 and Ty = 1.2
isotherms for nitrogen, para-hydrogen and helium. For the TR = 1.0 isotherm,
while the critical flow rate G varied nearly a factor of 10, the reduced
curves for the abovr simple fluids deviate + 7% at low pressure to ¢ 1% at
PR = 4, This success impliies that the normalization procedures of Ref. 2 can
be extended to quantum fluids. Departures along other isotherms are pronounced
and dealt with subsequently,

Reduced critical flow rate plots for para-hydrogen and helium for selected
isotherms were constructed, Figs.” 2 and 3, respectively. Fig. 4 represents
the reduced critical flow rate plot for classical fluids (..~ i v - un.
oxygen). , |

Fig. 1 and overlays of Figs. 2 to 4 reveals considerable differences
between para-hydrogen, helium, and the classical fluids except near T = 1.
The problem now is how to resolve these differences. Assume that the reducing
parameter for critical flow rate may be expressed as the sum of the classical
reducing parameter and the quantum deviation:

G+ V) (4)

It was found that while Eq. (4) is a function of both temperature and pressure,
the pressure dependence appeared to be minimal see Fig. 1. Selecting a re-
duced pressure of 3 (Ph = 3) as best representing the range of interest, one
forms the following functions:

(G/G*)Pﬁz
£(Tg) = " -1 (5)
(G/G )classical
G G* H
slrg) - —oo ey (&)
(G/G )classical

where classical refers to nitrogen, oxygen etc. Using Figs. 2 and 4, f(TR)

was found and plotted as Fig. 5. Similarly using Figs. 3 and 4, g(Tg) was
found (see fig. 5). If the functions f(Tg) and g(TR) are valid, i.e. pres-
sure independent, one should now be able to reduce the critical flow rate of
say para-hydrogen and nitrogen to a set of single isotherms. To verify the
Fret Loms f(TR) and F(TR) the critical £330 o 1 pava-hydv ¢ Loana boa o
were caleulated using



|

! - .

REPRODUCIBILITY OF THE ORIGINAL PASE i

G

pH.. G

O = z ~ and GR = 59 (7)
L+ £(Tg)1G (1 + g(T5)16"

and the results are given as Fig. 6 along with.nitrogen. The 2 reement betweer
calculated isentropic equilibrium flow for classical fluids (dashed lines)

and para-hydrogen (. he cizcles) is quite good, with the exception of the region
quite close to the saturation bouadary for TR <1l. Similar results were found
for g(TR), eq. (6) (crosses on Fig. 6).

COMPARISON WITH DATA

A limited number of tests were run with para-hydrogen in the blow aown
facility described in Ref. 4. The data and associated calculated parameters
are given as table IIL.

Camparing the normalized flow rate (G/G*)pH2 in the data section to that
in the Calculated Parameters Section, reasonably good agreement can be found.
A few selected data points from table II can be compared to the calculated
isotherms of Fig. 2, see Fig. 7. As is the case with nitrogen and methane,
the calculated isotherms lie sbove the data ~ up to 10% for Ig = 0.8, to
being close at Tg = l.; to 5-10% below for TR > 1; and good agreement pre-
vails in the gaseous regime.

In Ref. 2 critical flow rate data for nitrogen and methane are compared
at selected isotherms. The equilibrium calculations serve as convenient
reference lines and their use does not advocate any particular model; the
comparison is between the data., Unfortunately the para-hydrogen data are not
along equivalent isotherms, consequently no direct comparison with the data
of Ref. 2 1s made. The indirect comparison between calculations for classical
fluids and experimental data, similar results for para-hydrogen and the agree-
ment illustrated in Fig, 6, establish Eq. (7) as a technique to normalize the
critical flow rate for simple fluids.

CONCLUSIONS
The normalization parameters for two phase flow of simple fluids through
a nozzle has been investigated. Quantum fluid departures from the classical

fluids were resolved as functions of temperature,

The generalized normalization parameter for simple fluids is;

Gy = G
*
{1+ WQ]G
where
0 for classical fluids
WQ =¢f(Tg) for para-hydrogen °
(TR) for helium



* pC!C .
G = 7 Pas Poy ZC are the physical

c critical Constants

¥*
Along the isotherm Tg = 1, V. is quite small and Gg = G/G . While the
critical 1low rate G varied neargy a factor of 10, the reduced curves for
simple fluids deviate + 7% at low pressure to + 1% at PR = 4,

In general, the agreement between calculated characteristics and experi-
mental characteristics for para-hydrogen is quite good. The prediction of the
critical flow rate for nitrcgen or oxygen and the prediction of critical flow
rate for para-hydrogen also showed good agreement.
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TABLE I. - CRITICAL CONSTANTS USED IN THE REDUCING PARAMETERS

FLUID P, Te Oc Pg G*
2 le = RT 2
MN/nm K am/ce Peftlc] gn/emésec
c
Nitrogen 3.417 126.3 .3105 .2937 6010.4
Oxygen 5.083 154,78 . 4325 .2922 8673.9
Methane 4,627 190,77 .162 . 2889 5093.7
Argon 4,865 150,7 531 .2921 9404.,2
Para-hydrogen ] 1.2925 32,976 ,03143 .3023 1158
Helium 22746 5,2014] .06964 . 5023 724

TANLE II. - HYDROOEN CHOKED FLOW DATA

¥, = 1.2028 /e’ T = 32,978 Kg CALCILATED PARAMETERS
oc = 03143 gu/cc; og
o~ 1use
]
DATA

fua Py Y %o TR | PSR G & 1Y P Pe/Fy | Bo/Bo)n [+ 2 1+ ¥g(Tp) = 1+ 2(1Ty)

/a2 x o/cx?sac & 1on/sec | /22 | (P/P,)P.0, &n/caPsac o-).u,
1200)3.3 | 2582) 27,25 | .e26f 236 | 18m1  |1.618 | .28 | 304 .22 .1034 | 1960 1926 |'1.662 0.957
1200112.84 ] 208f 3223 977} 2 | 1as frozn .2 e 495 | .28 L5248 ez 12784 1.0
a02f2.00 | 1.507] 000 | 2,222 .08 2058 | .247 | .02 [1.02 963 | .4776 | .%056 29 | za 112
1203 | 4.202 | 3.25 fesa.s | 883 | .97 260, | .24 | .0%07 | 2,27 980 | .sn7]1.008 262 | ,ez6
1204 ]| 5,216 | 4.034f285.8 {867 | .50 sa.8 | .278 | .oa78 | 2,67 969 | .58 11,008 325 | .280
1205, 2,508 | 1.590f273.5 | a.29 | .s32 16,6 § ¢ | .02e7 [ 23951 1,009 | .s832]1.0m 185 | .42
1208 3,908 | 2.71]-29.45 | 33| .2e98) 1853, 1.6 | .25 | .ess 360 1 .89 262 1694 1636 0.974
w0712.779) 225 s0.32. ] .99 L2278} 1ses | 1.352 | .zse7 | .eds 4% |.an} 1517 1382 0.983
120§ 2,488 | 1.92¢f 37,37 | 1038 | (27 o538 | .2 | 2ea | em2| .l 1127
1209) 2,084 | 1.573) €531 | 1.9 | .4654] s07.6 | .268 | .0057 | .2e9 .80 |t} sn 28 | .es7 1127
12100 4,604 | 3.569) 20.65 | .ee9 ] .2008] 2207 1908 | .328 § .ee3 150 | .0821] .1587 2217 | 1,965 0,967
tennf e8| .28 29,1 | .es2] .ue2| 2050 [1.770 {.s05 | .es3 .21z | .1043| L1078 2l2a  |1,633 0.m
1212} 4208 | s.2e2) 28,75 | .e72| .2065] 2088 |1.803 | .22 48 202 | .0951| .1803 2186 | 1,859 0,968
131348 | 2.677] 20,46 | .o93 | 24200 2835 lise |.21s | Lame 21 | e} L2865 1878 11,820 0.974
1224] 2,387 | L.essf 31,06 | 941 .2884] 1265 |[1.008 |.186 | .sls 547 | (3455 L6550 2w Lo 0.991
12158150 | 1.218) s2,25 | .98 ] .erez] ese.7 | L1ra | 133 | L7e8 .908 | .6303 | 1.195 756 | 683 10
1206 5.797 | 4.404] 28,57 | 866 .0766| 2506 ]2.184 | .375 | .ese 245 ] o876 | L1088 2599 f2,242 0,966
1a7] s.11e | s,82f 0,32 | .9 | .1300 1.7n8 .28 | .53 .~ 1253 | 2875 200 | L.788 0,961
182,752 | 2.27) 32,84 | .om| .zeve] a5 jiamf.a2 | o.ne .50 | .2887| .5s69 s 1,288 0.987
1219 | 3.002 | 2.786] 30.56 | 928} . 1833 |i.se8 | .22 | .87 3 1567 | 2971 1609 | 1,613 0,983
122012005 2.07 | sk32 | .98 | .236| 1su7 |30 | 225 | .ese a1 ze} s 1528 {1,318 0.995
aajenar] d.esef s2.20 | o 12 | uas  laoes | v | .esos] 592 | .aes| (7859 usz {0,977 1.0
1222] 5.724 2807 ] .es1] omse] 202 jeam 3z | .o A6 10839 ) L1023 2601 | 2,245 0.963
1228 | e.15¢ | 3.218] 29,79 | .903 | .1222 1784 | .3 .508 232 | ue) 28 2007 1,801 0.977
122¢| 2,709 | 2,008] 31,20 | .oaa| .2398) 195 Ji.2m | 222 | .es 455 [ .2589 | L4000 1490 |1,288 0.995
umizese| 2.0 fzr.e0 | ees] 75| 1696 [1.4e5 |22 | a8 200 1 .e0e} 2871 13 | L.e03 0.961
u9e]2.00 | 67} 20,05 § Lo | .2438] 1398 1,208 | .208 | .508 .68 | 25551 4840 1855 {1170 0.969
us7]1ase | .ezz) 30,72 | .92z 3939 eez 77§ ases | a7 147 | .nalias0 s | .se2 0,987
uss|s.en { 2,00 036 [ 1,203 | m26] 1339 1.5 §a09 Jra .598 1.257
Uesf2.9m2 | 2.200] 38,4 | Loas | 2reef 2487 [1.207 |Lmave | Lms .521 | .2069 | .56%0 1459 | 1,288 1,035
194 §2.017 | 1.5 {269, | 8,18 | .54 135 A1 ] 020 f1a00 ) 1.085 | .saseflon w9 | e
n9s]e.701 | s.esefem.2 |o.58 |..58 292 .252 | .0a3¢ | 2,427 978 | .530¢ {1,008 295 | .258
ez {3,802 2.066):8.8 |6.45 | 528] 2m 199 | .0344 | 1,98 .98 1 ,5319 11,008 233 | .200
191 5.785 | z.908]277,3 | 8,41 | .52¢ 230 .208 { .035¢ | 197 98¢ | 5819 |1.008 238 | 208
usofz.e8 ) 2.08fa76.6 | 839 | .53 187 a6 | oz 10 1.0 | .ss%0 200 167 | .14
100]2,50 | Losijees. | a1 | .8 108 an | .ozoe | 1.4 1,088 | .sss8j1.01 165 | .42
s8] 4,304 | 8.337f218 8.28 | .52¢ 3z6 .z02 | 004 | 2.28 996 | 5304 |1,008 215 | .es?
187]2.978 | 2.308jz0.3 o2 | .53 227 .16 ] 0337 | 1.8 1,016 }.58 Jlon 181 | ,lsé
186 f3,006 | 2,380fe72,1 fe.2s | sm 228 99 | o889 |16 1,007 | .s32¢ 1,000 93 | as7
uss|e.en | s.5e7jzes, 1873 | . sa .204 | 007 [ 2.3 976 | 5304 | 1,006 6 | .247
n8415,47 | 2.684j208, | 873 | 82¢ 258 221 | .03 1. 994 | .5320 1,009 28 | 186
088]8.45 | r.ee9. sa, [ 8.7 | .52 251 .27 | 0873 1.8 994 | .5316 |1.008 e | .18
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Figure 1. - Reduced critical flow for several fluids along
selected isotherms,
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Figure 2. - Critical flow rate of para-hydrogen computed
by isentropic equilibrium expansion.




Pr = Po/Pc

Figure 3, - Critical flow rate for helium computed by
isentropic equilibrium expansion.
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PR Po/Pc

Figure 4, - Critical flow rate for nitrogen and oxygen
computed by isentropic equilibrium expansion.
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Figure 5. - Quantum deviation functions for critical flow

of para-hydrogen and helium through a nozzle based on
isentropic equilibrium expansion,
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Figure 6. - Calculated classical (nitrogen-oxygen) para-
hydrogen and helium critical tlow rate along selected
isotherms,
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