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TECHNICAL MEMORANDUM X-(4999

ANALYSIS OF NITROGEN CONDENSATION
IN AN EXPANDING NOZZLE FLOW

INTRODUCTION

In a recent report [1], experimental results of vapor-liquid condensation
in small, contoured nozzles were presented. In these experiments, condensation
takes place very close to the saturation point, leaving almost no supersaturation
in the flow. This is in contrast to most of the experimental data reperted else-
where [2-13]. To assess the factors which caused the discrepancics, a flow
analysis based on the condensation model of Griffin and Sherman [14] has
been performed. The discrepancies between analysis and experiment indicate
that there are factors which are not considered in the analytical model.

The two factors known to have a major effect on the flow condensation
are the rate of expansion and the degree of impurities. The former is a fluid
dynamic factor and can be accounted for analytically using the equations of fluid
flow. Using experimental data obtained primarily from supcrsonic and hyper-
sonic wind tunnels, Daum and Gyarmathy [15] obtained a correlation between
the onset of condensation and the rate of expansion of the nozzle. The expansion
rate also affects the droplet growth once the onset of condensation has heen
reached. The second factor is a thermodynamic phenomenon and can be explained
by the kinetic theory of liquids [16]. Experimental studies conducted by Arthur
and Nagamatsu [ 5] indicate that the foreign particles act like additional nuclei
which enhance condensation. TFor flows with large amounts of foreign particles,
condensation may become so rapid that the flow follows the vapor pressure
curve, leaving no supersaturation at all.

The present condensation model uses the theory of nucleation with the
steady one-dimensional equations of motion for diabatic flows. Computer
analyses for {lows in one-dimensional nozzles using these equations can he
found in other reports [17-19].



ANALYSIS

The analysis uses the equations of one-dimensional diabatic flow, the
theory of nucleation, and the droplet growth rate equation. The basic assump-
tions used are as follows: (1) the flow is steady, one-dimensional, and the
nozzle wall is frictionless and non-heat conducting; (2) the vapor is a perfect
gas with known thermodynamic constants; (3) the flow is isentropic before the
onsct of condensation, and diabatic thereafter; (4) the condensed mass is liquid,
and its interaction with the flow is negligible; (5) the volume of the condensed
phase is negligible compared with the total volume. With these assumptions,
the flow equations can be written as [17]:

dp , dU ;- dA
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where p, T, U, A, and p arc flow quantitics mceasured along the streamtube
under consideration; L is the latent heat of evaporation; and g is the mass
fraction in the condensed phase.

Ilquations (1) through (5) serve as the isentropic condition when g and
de arc zero, and the diabatic condition when the condensed phase is present
(g #0). Replacing the differentials in these equations by differences and
rearranging, the following equations for the step change of pressure and tempera-
ture can be obtained:
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are the fractional deviation of pressure and temperature from their correspond-
ing isentropic conditions,  FFrom the measurced flow quantitics along the nozzle,

equations (6) through (5) give the values of Cp and O I'rom cquations (%)
)

and (9) it is obvious that “r ’l for M >1 and Cp < ¢ for M < 1. Henee,
) p

in a supersonic flow the temperature measurements will give better indications
of onset of condensation,

To calculate the increment Ag, the cequations for the rate of nucleation
and the droplet growth rate are used. From the Kincetie theory desceription of
Volmer [20], a condensation nucleus is formed spontancously upon collisions
between clusters of vapor molecules. When the nucleus, so formed, reaches
a critical radius, it will continue to grow upon further collisions with vapor
molecules; otherwise, it will evaporate and diminish eventually.  Assuming that
(1) the collision probability on a unit surfacc is given by an cquilibrium particle
distribution, (2) the saturation vapor pressure cquals that of o droplet of infinitc
radius, and (3) the radius of the droplet is smaller than the mean free path of
the vapor, the following cgrations can be obtained [17]:
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r; = (i—‘;&) RT ln(Lm) : (11)

where Ji is the number of critical drops formed per unit volume per unit time,

k the Boltzmann constant, N, the Avadro's number, u the molecular weight of

A
the vapor, ¢ the surface tension of the liquid, and r; is the critical drop
radius.,

The number of droplets formed in a step increment of Axi is then given
by

- (12)

By a consideration of heat transfer in a rarefied gas, the growth rate of a drop-
let can be found as

1, (kN \Y Ax
2\"? Al ? i
Arj =< _P_(;) (TT) (Ts -T) T (13)

where « is an accommodation factor and Ts is the temperature of the liquid.

By summing up the growth in the step increment ij of droplets formed

in all the previous steps, the uet mass fraction condensed in this step increment
can be obtained as
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The surface tension, o, used in equations (10) and (11) is a function of
the droplet radius. A relation given by Tolman [ 20] is used here:
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where o is the surface tension when the drop radius approaches infinity, The

@
parameter D is the Tolman constant which is closely related to the intermnlecu-

lar distance in the liquid drop. The value of the arder of 107 ¢m has been
suggested in References 21 and 22. However, the calculations used are not
sufficiently reliable to give an exact value., Variations in the value of Tolman's
constant are thus included in this analysis.

To start the calculation, the rate of expansion (distribution of arca A)
of an equivalent nozzle is obtained from the Mach number distribution of the
actual nozzle flow. Using this arca distribution as an input, and with a given
chamber condition, isentropic relations can be used until saturation condition
is reached. The nucleation relations, equations (10) and (11), are then used
to calculate the initial condensation at cach increment of x thereafter, By com-
paring the droplet size with a given critical drop size, the point of onset of con-
densation can also be defined.  The droplet growth equations (12) and (13) are
then included in the calculation providing complete flow parameters at cach
sten Ax.

The effect of foreign nuclei on the onscet of condensation can be included
by assuming that all the nuclei are of the same size, and an equivalent radius

ry for the nuclei can be defined., With a given density Py and mass fraction

n for the foreign nuclei in a flow of mass flux m, this cquivalent radius can be
related to the number flux N | and surface flux S( oi the nuclei by the following

. d |
cquations:
. 3m ,
I 0
B
and
gd J)m .lL_ (17)
Pa ld

Note that the factor my) /”(l eives the volume flux of the foreign nuclei.




By neglecting the interaction between the foreign nuclei and the vapor
flow, the only effect caused by the presence of the foreign nuclei is to provide
additional surfaces on which the vapor can condense. Under this circumstance,
the vapor starts to condense on the foreign nuclei immediately upon reaching
the saturation condition, Homogeneous condensation may still occur later ard
the same procedure mentioned in the previous paragraph will follow,

KESULTS AND DISCUSSIONS

Analysis of nitrogen flow in the contoured nozzie used in Reference 1 has
been performed for two sets of chamber conditions: (1) P = 681.9 N cm?

(989 psia), 'I‘C = 280 K (504°R), and (2) l‘c = 548, 1 N/em? (795 psia), T(_ =

278%. 3 K (501°R). These conditions correspond to Test Runs 9 and 10 in Refer-
ence 1 (Table 1). Results of parametric studics for various valuces of the mass
accommodation factor, ¢, and the Tolman's constant, D, are also presented,

The distribution of temperature, percentage condensed, and the rate of
nucleation for chamber condition (1) are given in Figures 1, 2, and 3. It is
cevident from these figures that the onset of condensation moves upstream as the
vialue of Tolman's constant increases.  An upper bound of approximately D
1.0 - 107" ¢em, however, does exist, beyond which the numerical scheme breaks
down. This may be due to the large amount of condensation which occurs in a
single stepsize that stops the calculation,

The effect on the onset of condensation due to changes in the accommod:-
tion factor is rathcer small. Its main cffcet, rather, shows in the rate of nuclea-
tion. IFrom Figurce 3 it can be shown that for large accommodation factors the
nucleation occurs at high rates over a very narrow region, giving a sudden and
drastic chunge in the thermodynamice states of the fluid, At very low values,
Coffey, o = 0,01, the rate of nucleation becomes so =mall that os clicet on the
flow is compensated by the rate of expansion in the flow., Continuous nucleation
at moderate »ates extends all the way toward the exit of the nozzle,  This
vhenomenon can also be shown clearly in the pressure-temperature distribution
piven in Figure 4 where all the curves approach a parallel to the saturation
curve. The transition from the isentrope to the parallel is where the thermo-
dynamic non-cquilibrium occurs., The diminishing of this transition region for
small ¢ 's indicates a state of thermodynamic quasi-cquilibrium with super-
saturation kept at a constant level,



The results presented in Figures 1 through 4 for the chamber condition
(1) are typical of all chamber conditions. Similar results have been obtained
for chamber condition (2), but are not presented in this paper.

Analysis of heterogeneous condensation with foreign nuclei are per-

formed under six different conditions. These conditions, given in Table 2, cover
a wide range of number density of particles and of particle size distribution.
The resulting static pressure distribution for chamber condition (2) with o =
0.75 and D=4,0x 107" isg given in Figure 7. It is obvious that under such a
chamber condition, the condensation is affected very little by the variations in
the foreign particles.

Experimental measurements of the static pressure distribution from
Reference 1 are presented in Figures 5, 6, and 7 and compared with analytical
results. Results indicate that the flow condensation occurs sooner than predicted
by the analysis. This difference cannot be accounted for even if foreign particles
were introduced in the analysis (Fig. 7). It is thus concluded that certain
phenomena other than the spontaneous condensation of nitrogen exist in these
flows.

The tests conducted in Reference 1 have chamber conditions which lead
to high saturation temperatures and pressures. A quick calculation for an
adiabatic expansion from chamber condition (1) yields a saturation Mach number
of 3.8 and Reynolds number per unit length of 3 x 10 ecm™. For a nozzle with
a length scale of 1 cm as the one used in Reference 1, such a combination
requires the flow to be treated as a continuum [23]. This indicates that the
free molecular assumptions used in the analytical model are no longer valid
under this circumstance. The addition of viscous effect and molecular inter-
action are thus needed to better describe the flow. This observation is by no
means an isolated one, as similar deviation from analysis (Fig. 8) is also
found in the data of Goglia and Van Wylen [7]. Although the deviation was
explained in Reference 15 as due to the possible presence of foreign particles,
it could well be the result of negleciing ihe effect of viscosity and molecular
interaction.



|
‘I TABLE 1. EXPERIMENTAL CONDITIONS [1]
pC TC
Run No. Vapor N/cm? (psia) K (°R)
9/1(1) N, 681.9 (989) 280,0 (504)
10/0(8) N, 548.1 (795) 278.3 (501)
14/0(10) N, 475.7 (690) 281.7 (507)
11/0(8) N, 413.7 (600) 280.0 (504)
13/0(10) N, 344.7 (500) 280.0 (504)
12/0(5) N, 275. 8 (400) 279.4 (503)
TABLE 2. FOREIGN NUCLEI CONDITIONS
Case n(7) rd(cm) ﬁddﬂl’i S em®
s d s
1 0 - - -
2 0.01 5x 107" 9.2 x 101 2,89 x 10
3 0.01 5x 1078 9.2x 102 2,89 x 107
4 1 5x 10°° 9.2 x 1016 2,89 x 107
5 1 5x 1077 9.2 x 1019 2.89 ~ 10°
6 1 5x 1078 9,2 x 102 2,89 x 109
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Distance Along Nozzle, X(cm)

IFigure 5. Variation ol static pressure distribution with accommodation
factor and Tolman's constant (run 9).
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o) Experimental Data 1]
P, = 548.1 N/cmz (795 psia)
T, = 278.3 K (501°R)
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Pressure (N/cmz)

i L
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Distance Along Nozzle, X(cm)

Figure 6. Variation of static pressure distribution with accommodation
factor and Tolman's constant (run 10).

14



“(o1 unx) saronjaed udraaoj yimm uonnqLiisip aanssoauxd onjels jo uoneliey

(wd) ¥ ‘arzzopN Suoy 2dueisiqg

*1o2ansi

0°9 S°s 0°s S'¥ 0¥ S°€ 0°¢ .
T 0°2
[ | I ! I |
- [1] =.rea — o¢
[Ruswitiadxy —O——
w
.
.
—Hor 7
(1
w
w
c
"~
[
— 0°S =
o
mz
X 68" X726 - 01§ 00"7 =~==———— e
(01%68°2 ,01%X26 o
wo_xawmo~o~xuah-o~xm 00'T e ———— =1 0"9
ho—xowNeﬁoﬁxNoo-ogxm oo't ———
ho:ﬁow.m ONoﬂxN..o m-oﬁxm 1050 == === - 0°L
ooﬁxow Z N.—o~%~o ~..n:xm 0’ —————
-- - P O0.0 i e——
s s
wd vm mmo.uvwz AEuvvu (%)
Z
XIrtvos
ST maeﬂa

J00g J0
VNIOIo



jurod a[drny ay) 9a0qE J0LBYI( JISUO UOTIBSUIPUOD uaBoairu jo uostiedwo) g aansig
(M) 2anjeaaduwajy
9L vL L 0L 89 99 ¥9
I | | | I T 02
J
[1] VSVYN I I
UaTA M UBA R EHZOD O =Jo'¢
. - Pllll! O
UO13BSU3PUOY JO JUIOG }dSUQ [PIUdWITIAAXT N o
I
uoneINd[B) JUISIIJ < 4 0%
O\\\\\\\\\“uu\\\\\\uv
\“\\ — 0°S
NZ 2AIn) uoljeRIN} RS 0°9
4oL
408
-2 06

(Zm:)/N) 2Inssaig

16



(92

6.

10.

REFERENCES

NASA-Memorandum, S& E Aero-AA-74-36, Marshall Space Flight
Center, May 6, 1974.

Daum, F. L.: Air Condensation in a Hypersonic Wind Tunnel. AIAA J.,
vol. 1, no. 5, May 1963, pp. 1043-1046.

Arthur, T. B. and Nagamatsu, H. T: Experimental Supersaturation
of Gases in Hypersonic Wind Tunnel. GALCIT Hypersonic Wind Tunnel
Memo. no. 10, July 1952,

Willmarth, W. W. and Nagamatsu, H. T.: The Condensation of

Nitrogen in a Hypersonic Nozzle. J. Appl. Phys., vol. 23, October 1952,

pp. 1089-1095.

Arthur, P. D. and Nagamatsu, H. T.: Effects of Impurities on the
Supersaturation of Nitrogen in a Hypersonic Nozzle. GALCIT Hypersonic
Wind Tunnel Memo. no. 7, March 1952,

Wegener, P. P., et al.: Hyperballistics Tunnel No. 4, Results It Air
Liquefaction. Rept. 1742, U. S. Naval Ordnance Laboratory, White
Oak, Maryland, January 1951,

Goglia, G. L. and Van Wylem, G. J.: Experimental Determination of
Limit of Supersaturation of Nitrogen Vapor Expanding in a Nozzle.
J. Heat Trans., February 1961, pp. 27-32.

Dayman, B., Jr.: Some Observations of Air Condensation in the
Hypersonic Wind Tunnel. Internal Memorandum no. C7, Ilypersonic
Wind Tunncl, JPL-CIT, 1960,

Hansen, C. F. and Nothwang, G. J.: Condensation of Air in Supersonic
Wind Tunnel and Its Effects on Flow About Models: NACA-TN-2690,
April 1952,

Grey, J. and Nagamatsu, . T.: The Effects of Air Condensation on
Properties of I'low and Their Measurements in Hypersonic Wind Tunnels.
GALCIT Hypersonic Wind Tunnel Memo. no. 8, June 1952,



11.

12.

13.

14.

16.

17.

18.

19.

18

KEFERENCES (Continued)

Griffith, B. J., Deskins, H. E., and Little, ™ R.: Condensation in
Hotshot Tunnels. AEDC-TDR-64-35, Arnold Air Force Staticn, Tenn.,
February 1964.

Faro, 1., Small, T. R., and Hill, F. K.: The Supersaturation of
Nitrogen in a Hypersonic Wind Tunnel. J. Appl. Phys., vol. 23,
January 1953, pp. 40-43.

Vas, I. E. and Koppenwallner, G.: The Princeton University High
Pressure Hypersonic Wind Tunnel N-3. Reprt. 690, Princeton, N.J.,
July 1964. .

Griffin, J. L. and Sherman, P. M.: Computer Analysis of Condensation
in Highly Expanded Flows. AIAA J., vol. 3, October 1965, pp. 1813-
1819.

Daum, F. L and Gyarmathy, G.: Condensation of Air and Nitrogen
in Hypersonic Wind Tunnels. AJAA J., vol. 6, March 1968, pp. 458-
165.

IF'renkel, J.: Kinetic Theory of Liquids. Clarendon Press, Oxford,
1946.

Stever, H. G.: Condensation Phenomena in High Speed Flows. High
Speed Acerodynamics and Jet Propulsior.. vol. III, Princeton University
Press, Princeton, N.J., 1858, pp. 526-573.

Sivier, K. R.: Digital Computer Study of Condensation in Expanding
One-Component I'lows. ARL-65-234, Acronautical Rescarch Labora-
tories, Wright-Patterson Air Force Base, 1965,

Harding, L. J.: A Digital Computer Program for Condensation in
Expanding Onc-Component Flows. ARL-65-58, Acronautical Rescarch
Laboratories, 1965,



20.

21.

22.

23.

REFERENCES (Concluded)

Volmer, M.: Kinetik der Phasenbildung, Steinkopfi. Dresden, 1939,

Tolman, R. C.: The Effect of Droplet Size on Surface Tension.
J. Chem. Phys., vol. 17, March 1949, pp. 333-337.

Tolman, R. C.: The Superficial Density of Matter at a Liquid-Vapor
Boundary. J. Chem. Phys., vol. 17, February 1949, pp. 118-127.

Schaaf, S. A. and Chambre, P. L.: Flow of Rarcfied Gases: High

Speed Acrodynamices and Jet Propulsion, vol. III, Princeton University

Press, F.inceton, N.J., 1958,



APPROVAL

ANALYSIS OF NITROGEN CONDENSATION
IN AN EXPANDING NOZZLE FLOW

The information in this report has been reviewed for security classi-
fication. Review of any information concerning Department of Defense or
Atomic Energy Commission programs has been made by the MSFC Security
Classification Officer. This report, in its entirety, has been determined to

be unclassified.

This document has also been reviewed and approved for technical

accuracy.

\\_. ’ - \

; | I ..
J."A. LOVINGOQD
Director, Systems Dynamics lLaboratory

VINAT, PAGE 19

B US GOVERNMENT PRINTING OFFICE 1976 641.255 /403 REGION NO 4

20



	GeneralDisclaimer.pdf
	0011A02.pdf
	0011A03.pdf
	0011A04.pdf
	0011A05.pdf
	0011A06.pdf
	0011A07.pdf
	0011A08.pdf
	0011A09.pdf
	0011A10.pdf
	0011A11.pdf
	0011A12.pdf
	0011A13.pdf
	0011A14.pdf
	0011B01.pdf
	0011B02.pdf
	0011B03.pdf
	0011B04.pdf
	0011B05.pdf
	0011B06.pdf
	0011B07.pdf
	0011B08.pdf
	0011B09.pdf
	0011B10.pdf
	0011B11.pdf
	0011B12.pdf
	0011B13.pdf
	0011B14.pdf

