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FOREWORD

This technical report was prepared by the College of Engineering, The
University of Michigan, Ann Arbor, Michigan on Contracts AF 33(657)-8867 and
AF 33(615)-2307 for the Aerospace Research Laboratories, Office of Aerospace
Research, United States Air Force. The research reported herein was accom-
plished on Task 7116-01, "Internal Flow Research, ' of Project 7116, "Energy
Conversion Research, ' under the technical cognizance of Mr. Everett Stephens

of the Thermo-Mechanics Research Laboratory of ARL.

This report represents a continuation of the work reported by James L.
Griffin in ARL 63-206 and terminates the present phase of the work being done,
under the above contracts, on computer techniques for studying condensation

phenomena.

ii



ABSTRACT

This report discusses a digital computer program for calculating the vapor
condensation that occurs in expanding, one-component flows. A discussion is
presented of modifications made in Griffin's original program. Emphasis is
placed on the reasons for the modifications and their effect on the numerical

results.

The results of a parametric study (using the computer program) of condensa-
tion onset in nitrogen flows are presented and compared with experimental data.
Several methods of presenting and correlating condensation onset data are used.
One of these produces a remarkable correlation of the numerical results. The
comparison between the experimental and numerical data shows that the computer
program is able to reproduce satisfactorily the qualitative features of the con-
densaﬁon produced and to yield a relatively good quantitative picture of condensa-

tion onset in nitrogen.’
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1. INTRODUCTION

This report is concerned with the current form of a digital computer program

that was devised to permit study of condensation processes occurring in expanding

vapor flows. The original program was formulated by Griffin and is described

inRef. 1. Since the completion of Griffin's work, a number of program modifi-

cations have been made. These modifications have improved the program's

numerical accuracy (i. e., improved the agreement between the numerical results

and experimental data) and increased the range of application, convenience of use,

and running speed of the program. A detailed description of the program, from

the computer programmer's point-of-view, is presented in Ref. 2. A summary

of the mathematical model used for the program also is presented in Ref. 2.

The principal features of the program may be summarized as follows:

1.

The general, "steady, one-dimensional, diabatic flow equations are used.
These equations account for the heat added to and the mass removed
from the uncondensed vapor due to the condensation process. The ar-
rangement of these equations follows in detail the discussion given by
Wegener and Mack3, except that the problem has been specialized to

the case of a one-component vapor.

- Originally the program considered only homogeneous condensation; i. e. ,

all condensed drops were formed initially by homogeneous nucleation.

The program now permits the consideration of a simple case of hetero-
geneous condensation; i. e. , when the vapor passes its saturation point,
condensation begins by growth on a single class of foreign nuclei having

an arbitrary number flux and arbitrary, but uniform, radii.

Manuscript released June 1965 by the author for publication as an ARL Technical
Documentary Report.



All condensation is assumed to take place from the vapor to the liquid
phase. The homogeneous nucleation process, represented by the
Becker-Doring theory as given by Frenkel4, is critically dependent on
the value of liquid surface tension. To improve the nucleation rate pre-
diction, the variation of surface tension with drop size is approximated

by the relation given by Tolman5.

The vapor pressure curve is approximated by a quadratic curve fit to
empirical data (in the form of 1/T vs log p) above the triple point and
by a straight line below the triple point. The latter approximation is
equivalent to a Clausius-Clapeyron curve fit and is useful for extra-

polations of the vapor pressure curve to low temperatures.

The drops are assumed to grow according to the free molecular growth
law given by Stevere. In this calculation, the drop temperature is taken
to be equal to the equilibrium saturated vapor temperature corresponding

to the local ambient pressure of the vapor.
Agglomeration of the drops is neglected.

The condensation calculations are carried out in a stepwise manner through
a fixed, straight walled nozzle (either wedge or conical). The step size

is automatically varied to keep the amount of vapor condensed (and, hence,
the condensation-produced changes in the flow variables) near some

suitable pre-selected value during each program step.

At each point where results are printed out, the stagnation pressure be-
hind a normal shock wave is computed. This computation is based on

the local values of ambient pressure and Mach number in the condensing
flow, but the computation completely neglects the effects of the condensed

phase being carried by the flow.



9. At each point where results are printed out, "isentropic' values of
ambient pressure, ambient density, ambient temperature, normal
shock stagnation pressure, and Mach number are computed. These
values correspond to the flow that would have existed, at the point in
question, if condensation had been absent; they are computed on the
basis of local area ratio only. These values are compared with those
computed for the condensing flow for a running indication of the extent

of condensation caused deviations from isentropic flow.

The principal program modifications (to Griffin's original program) are dis-
cussed in Section 2 below from the points-of-view of both the reasons for the
changes and their effects on program operation and results. Section 3 presents
the results of a parametric study of nitrogen condensation, that was made using

the program, and shows the comparison of these results with experimental data.



2. PROGRAM MODIFICATIONS

2.1 Approximation to the Vapor Pressure Curve

Griffink program1 incorporated a Clausius-Clapeyron relation, i. e.,

Inp=B - C(lT) (2-1)

to provide vapor pressure data for the calculations. The constants B and C were
evaluated by satisfying Eq. (2-1) at two empirical data points. Although this pro-
vided a convenient method for supplying vapor pressure data to the program, it
often represented a poor approximation to the empirical data. As an example,
vapor pressure data for nitrogen are shown in Fig. 1 plotted in the form of

log p versus 1/T. These data are typical of all saturation curves in that the
curve is very nearly bilinear with a significant slope discontinuity at the triple
point. Obviously, a single linear fit to these data will not be a generally good
representation. This is particularily true for extrapolations to very low tempera-
tures; a common situation in view of the large supersaturation that often occurs.
This situation is indicated in Fig. 1 by an extrapolation based on the straight

line between the critical and triple points.

To improve this situation, the vapor pressure data are now represented by

two curves fitted to the empirical data:

(1) a quadratic approximation,

1 2
T = A1 + B1 log p + C1 (log p) , (2-2)

is used above the triple point (the quadratic term approximates the

slight non-linearity that is usually found above the triple point) and



(2) a linear approximation (essentially the Clasius-Clapeyron equation),

1
T-A2+B2 logp , (2-3)
is used below the triple point.

The latter approximation was chosen so that extrapolations to temperatures be-
low the range of available data could be based on a relation of the Clausius-

Clapeyron form.

2. 2 Surface Tension Correction and Evaluation of the Tolman Constant

The numerical results presented by Griffin1 showed good qualitative agree-
ment with the experimental data of Nagamatsu and Willmarth7. However, an
arbitrary nine percent decrease (at 40°K) in surface tension was required to
yield a reasonable quantitative agreement. For those calculations, Griffin
assumed a linear variation of surface tension with temperature (essentially an
E8tvb's-type relation for surface tension), fitted to empirical data, and also
assumed that the surface tension of a critical drop (drop nucleus) of condensate
would be that of an infinite plane liquid surface. These same calculations showed
that the critical drops have radii of about 1. 3 times the diameter of a nitrogen
molecule. Thus, at the point of maximum nucleation rate, these critical drops
are far from having infinite radii, in terms of the molecular diameter, and some

significant effect on surface tension, due to drop size, must be expected(l).

(I)This approach completely ignores the arguments’ 9, 10, 11 that the classical
Becker-Doring nucleation theory, and its dependency on the macroscopic properties
of the liquid, may have no validity in the cases where the critical drop size is of

the order of the molecular diameter. The objective here is to adjust rationally the
calculations based on this theory such that the resylts will have some practical
value. Furthermore, the program is constructed ‘;uch that a major change in the
nucleation theory can be introduced without major changes in the rest of the program.



To approximate the effect of drop radius, the approximation given by Tolma.n5

was added to the program; i. e.,

o=—2 (2-4)

where

o, = surface tension of an infinite plane surface,

r = drop radius,
and

D = a dimension closely related to the intermolecular distance in the

liquid drop.

Tolman argues that D will be reasonably constant over a wide range of drop sizes
because of its close relationship to the intermolecular distance in the liquid. A
value for D on the order of 10_8 cm is suggested in Refs. 5and 12, However,
Tolma.n5 points out that the theoretical computations are not sufficiently reliable

to give exact values of D.

In view of the uncertainty about the value of D that should be used, Eq. (2-4)
was assumed as a surface tension correction for the program and D was taken as
a constant to be evaluated from experimental data. To do this for the case of

(1)

and compared with the Nagamatsu-Willmarth data. The results of these computa-

molecular nitrogen, a series of computations'’ was made, at various values of D,

tions, for values of D from 0 to 1. 5 1078 cm, are shown in Figs. 2and 3. It

was concluded that a value of D of 0. 65 x 10-8 cm gave a nucleation

(1) The physical properties of nitrogen used in these calculations are summarized
in Table I and are discussed in Section 3. 2 below. The other input parameters are
listed in Table II
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"break' which best approximated the experimental data. (Surface tension is im-
portant only to the nucleation phase of the condensation process and therefore D

can influence only the location and sharpness of the nucleation break. )

It is noted that the value of 0. 65 x 10™° c¢m for D is of the order predicted
by Tolman, In the vicinity of the nucleation break, critical drops have minimum
radii of about 4 x 10-8 cm, Thus, the Tolman correction reduces the surface
tension by a maximum of about 15% from the plane surface value. It should be
noted that there is no evidence that this value of D will apply to vapors other than

molecular nitrogen.

2. 3 Variable Step Size

In the original programl, a constant (but arbitrary) step size was used
throughout a given problem. (Here, a step represents a given increment in the
distance along the nozzle.) However, the rate (per unit distance) of condensation
does not remain constant throughout the expansion. Initially, nucleation is very
slow. These initial nuclei represent only a negligible amount of condensate but
are important because of the condensation-through-growth that occurs on them,
As the expansion carries the state of the vapor deep into the region of nucleation,
the condensation rate rises abruptly to some maximum value. The energy re-
leased by this condensation heats the remaining vapor and causes the vapor state
to move out of the region of nucleation and toward the vapor saturation curve
(see Fig. 2). The growth process now becomes dominant and the condensation
rate decreases continuously as the vapor state approaches saturation. As a
typical example, Fig. 4 shows the computed condensation rate history for the
Nagamatsu-Willmarth expansion. In view of this history of condensation rate,
it has been found that a step size that is sufficiently small to avoid significant

errors in the stepwise approximation to the condensation process when the rate



is high, may result in an unnecessarily slowly running program where drop growth
is dominant., In addition, the selection of a step size, appropriate to the maxi-
mum condensation rate for any given problem, requires prior knowledge of what

that value of condensation rate is.

To relieve this situation, the program now has provisions for automatically
changing the step size as the condensation rate varies. Essentially, the program
tests the amount of condensate formed during a given step. If this amount ex-
ceeds some preselected maximum value, the step size is halved; if it is less
than a preselected minimum value, the step size is doubled. Selection of appro-
priate limits for the amount condensed per step results in as fine an approximation
as desired. Typically, condensation of about 0. 1 percent of the total mass flow
(obtained, for example, by minimum and maximum limits of 0. 05 and 0. 15 percent

per step) has been found acceptable.

The condensation rate is extremely low during the initial phases of nucleation.
However, significant errors can result by taking large steps during this portion
of the process (see Sec. 3.3 below). To handle this situation, the program con-
tains a control which prohibits changing the step size until some minimum amount
of condensate has accumulated. This permits the necessary detail in the calcula-
tion during the initial nucleation phase, while allowing necessary step size ad-

justments when condensation rates become high and when growth is dominant.

2.4 Heterogeneous Condensation

The computer program is concerned mainly with homogeneous condensation.
However, heterogeneous condensation (i e., condensation on particles, or foreign
nuclei, in the flow) can produce major changes in the condensation history.
Wegener13 briefly compares the processes of homogeneous heterogeneous con-
densation. In the latter case, the vapor begins to condense on the foreign nuclei

as soon as the expansion crosses the vapor pressure curve and the vapor becomes



supersaturated. If enough nuclei are present, the resulting condensation effects
may prevent the vapor from reaching a state where homogeneous nucleation can
occur. In the limit, the condensation can be rapid enough to force the expansion
to follow the vapor pressure curve. The results of an experimental study of

these effects are presented in Ref. 14.

To approximate the heterogeneous condensation process, Griffin's program
was modified to accommodate foreign nuclei. Provisions were made to introduce
into the problem a single family of particles having a radius of r d and a flow rate
of N d particles per second. Growth of these particles is computed in exactly the
same manner as for nuclei formed by homogeneous nucleation. In particular,
the gas dynamic interactions between the particles and the flow are totally neglected.
These particles are given as initial data and begin to grow as soon as the vapor
becomes supersaturated. However, the program continues to search for homo-
geneous nucleation and, in general, the calculation includes both heterogeneous

and homogeneous condensation.
(1)

are shown in Fig. 5; a ""clean' (homogeneous condensation only) expansion is in-

The results of several heterogeneous nitrogen condensation calculations

cluded for comparison. For these examples, the selection of r d and N q Vas made

on an "equivalent'" mass flow basis; i. e.,
. 3 4 3
"m‘Ndpg(§"rd) (2-5)

= equivalent mass flow represented by the flux

of foreign nuclei

(I)The physical properties of nitrogen used in these calculations are summarized
in Table I and are discussed in Sec. 3. 2 below. The other input parameters are
listed in Table IL



where

1 = equivalent mass fraction of the vapor flow occurring as

foreign nuclei.

The nuclei number flux then becomes

o 3m 7 _
N_41rp —3 (2-6)
Qrd

In selecting values of 1 for the calculations, the results of Ref. 14 were used as a
guide. Those results suggested thatn =1 x 10_4 would produce a negligible effect

on the condensation process, whilen =1x 10-2 would produce a major effect.

The results presented in Fig. 5 show that, although the equivalent mass flux
of foreign nuclei is an important parameter, the size and total area flux of the
particles are more impo}'tant to the heterogeneous condensation process. The
rate of mass condensation through growth, during any program step, is directly
proportional to the total flux of surface area, é, of all the drops present. Initially,

in the case of the foreign nuclei (all having the same size),

. 2 .
Sd-47r ry Ny (2-7
The relation between N P and r d is given by Eq. (2-6) and Eq. (2-7) can be written
54 %IP' = (2-8)
¢ d

Thus, for a given value of 1, the initial heterogeneous condensation rate will vary
inversely with particle size, Furthermore, the growth of initially small drops will

result in a more rapid increase in surface area and a corresponding increase in

10



condensation rate. This is illustrated by noting that, during any given step, the
change in area flux due to condensation on drops formed on foreign nuclei is given
by

r Ar = Zéd‘—r—) Ar (2-9)

The results presented in Fig. 5 illustrate these effects. For the two cases

with equal values of § | and, therefore, equal initial condensation rates, only the

one with the smaller Sarticles (and, incidentally, a smaller value of ) exhibits a
growth history such that homogeneous nucleation does not occur. This is directly
due to the rapid change in surface area as the smaller particles grow. The three
constant n cases are illustrative of the effect of initial particle size on the flow
process. The smallest particles result in almost a saturated expansion; the largest

in almost an "'all homogeneous condensation' expansion.

11



3. CONDENSATION IN EXPANDING NITROGEN FLOWS

3.1 Introduction and Condensation Onset Criterion

Primarily as an example of the utility of the condensation computer program,
a parametric study of condensation in expanding nitrogen flows has been made.
The study had as its objective the evaluation of the effects of initial pressure
and temperature and of geometry (geometric expansion rate) on the supersaturation
that occurs. To provide a uniform standard for condensation onset for com-
parison of the results from the various calculations, it was assumed that a signi-
ficant (and experimentally detectable) amount of condensation had occurred when
the ambient pressure of the flow had risen one (1) percent above the corresponding
isentropic pressure that would have existed in the flow in the absence of condensa-

tion. That is, at the point of condensation onset

p

pi, c

A c
p =

=1.01 (3-1)

3. 2 Physical Properties of Nitrogen

The values of the several physical properties of nitrogen, used in this study,
are summarized in Table L The linear approximations for surface tension, latent
heat of vaporization (liquid/vapor phase change), and density as functions of tem-
perature, were obtained as "eyeball" straight line fits to data given in Ref. 15.
The quadratic and linear vapor saturation curve approximations were obtained

| from manually calculated least squares curve fits to the data given in Ref. 16.

The value of the specific heat at constant pressure, cp, was calculated from

the relation

R{ vy

== |—= 3-2
¢ u( ) (3-2)

where it was assumed that y = 1. 4. This relationship between cp and y was

12



necessary so that the velocities computed from the two equations,

U=v2c (T_-T)
p o

- and

R
U=Mj/yﬁ'r ,

would be in agreement. Use of values of cp corresponding to the low vapor
temperatures that can occur in condensing expansions, would have required the
use of a variable value for y. This refinement was considered to be an unnecessary

complication at this stage of program development.

The accommodation coefficient, @, was taken as 1.0 in the absence of infor-
mation suggesting a more appropriate value. This selection has little influence
on most of the results reported below since @ plays a role only during the growth

A
process and nucleation is the major process involved in reaching p = 1. 01.

The constant D, used in the Tolman drop size surface tension correction,
was given the value of 0. 65 x 10-8 cm, determined from the Nagamatsu-Willmarth

data as described in Section 2. 2 above.

3.3 Selection of AX, and €

Early in the study, it became evident that the results were being influenced
by Axi, the initial step size, and by €, the sensitivity parameter used to determine
the onset of significant nucleation (see Ref. 1, pgs. 11 through 15). A number of
runs were made to indicate the form and extent of these effects. The results are
presented in Fig. 6 for nitrogen at supply conditions of 100 psia and 2980K, and

with conical geometries having expansion half-angles of 5 and 30 degrees. These

13



results were obtained with Ax held constant at its initial value. It is apparent that
Axi produces the major effect. The choice of € produces large effects only when
Axi is too large. When Axi is sufficiently small (on the order of one percent of

T), the choice of € is essentially unimportant.

Although the choice of Axi can change significantly the initial phases of the
computed condensation history, the effect decreases rapidly as condensation con-
tinues. This is illustrated in Fig. 7. For the case shown, the effect of Axi
becomes negligible by the time the pressure has risen to about 10 percent above
the isentropic value. Also shown in Fig. 7 are examples of the effect of changing
the step size after an initial part of the condensation has been computed with step
size Axi. These results indicate that no significant changes in the results occur
due to increasing step size if the initial phase of the process has been computed

using a suitably small Axi.

The computations, leading to the results shown in Figs 6 and 7, indicated
that 175 to 200 steps of Axi were required to achieve/f) = 1. 01 when Axi was

suitably small and € = 1 x 1078,

This was taken as the criterion for selecting
Axi for all the studies reported below. Checks of the validity of this criterion
at supply pressures of 1000 and 5000 psia showed that it was, if anything, con-
servative. It is therefore concluded that the results reported below have not

been inﬂuenced by the choice of Axi.

3. 4 Results of the Parametric Calculations

The parametric condensation study consisted of several series of calculations
that investigated the influence of initial vapor conditions and flow geometry. These

calculations were organized as follows:

1. Variations of geometry with initial pressure and temperature fixed.
2. Variation of initial pressure with geometry and initial temperature fixed.

14



3. Variation of initial temperature with geometry and initial pressure fixed.
4, Variation of both initial pressure and temperature such that the initial

vapor state remained on the same isentrope. Geometry was fixed.,

The input data for these calculations are listed in Table II and the results are
summarized in Table III. The results are also compared with the nitrogen vapor

pressure curve in Fig. 8.

The several series of calculations are discussed in more detail in Sections
3. 4.1 through 3. 4. 4 below and condensation onset data, in terms of the isentropic
supersaturation temperature decrement ATi o are presented in Figs. 9 through

)
12. This temperature decrement is defined as

AT, =T _-T. : (3-3)

Note that this decrement is measured along the isentrope established by the initial
vapor conditions. This isentropic decrement differs slightly from the actual

temperature decrement,

since

1]

A
T=,—'rr— 1.01t0 1.02 for p =1.01
i

However, the data are presented in terms of ATi c because this form is more
)

easily applied to the general problem of estimating the supersaturation in nozzle

flows.

3. 4.1 Variation of Geometry

The unit area gradients for straight walled, inviscid nozzle flows can be

written as

15



A& raE (3-4
conical r*\[A7F
and
1 dA 2
(_A— a_x_) wedge ) h(A/A%) -9
where
T =r*/tan 6
and
h = h*/tan 0

Thus, these unit area gradients are functions of the geometry of the nozzle only
through the reduced throadt radius, T, for conical nozzles or the reduced throat

height, h, for wedge nozzles.

The calculations reported here were made for conical nozzles only. The

geometries used in the calculations were as follows:

r, cm r* cm d*, inches 9, degrees

1. 46 0.127 0.10 5. 00
.72 0. 127 0.10 10. 00
.41 0.127 0.10 15. 00
.35 0.127 0.10 20. 00
.22 0. 127 0.10 30. 00
.12 0. 0635 0.05 5. 06
.72 0. 254 0. 20 19, 42

1.44 0. 254 0. 20 10. 00

3. 60 0. 635 0. 50 10. 00

These selections provide over one order of magnitude variation in r as well as
several checks with nozzles having very different throat diameters and expansion

angles but equal values of r.

16



Calculations of condensation onset for the above geometries were made for
initial pressures of 100, 1000, and 5000 psia. All calculations were for an initial
temperature of 298°K. The results, in terms of ATi, o are presented in Fig. 9.
These results demonstrate that r is the correct parameter for describing the effect
of geometry on supersaturation. As expected, an increase in expansion rate
(through decreasing r) results in greater supersaturation. This occurs because,
along a given isentrope, the nucleation rate can be considered as a function of the
ambient vapor temperature only. (In the vicinity of condensation onset, the nuclea-
tion rate is increasingly extremely rapid with decreasing temperature.) It has
been found that, for a given initial vapor state, the amount of condensate required
to produce onset (ﬁ = 1. 01) is essentially independent of expansion rate. Increas-
ing values of geometric expansion rate are associated with decreasing residency
times for each temperature along the isentrope and, therefore, correspondingly
decreasing amounts of condensate are formed at each temperature. As a re-
sult, the expansion must continue to lower temperatures (for higher expansion

rates) before sufficient condensation has occurred to produce the onset effect.

3. 4.2 Variation of Initial Pressure

The effect of initial pressure on condensation onset was investigated by making
calculations for initial pressures from 5 to 7500 psia. All calculations were
made for an initial temperature of 208°K and an T of 0.72 (d*=0.10 inches and

6 = 10 degrees).

The results of the calculations, presented in Fig. 10, show a general in-
crease in the supersaturation temperature decrement with decreasing pressure,
for the range of pressures considered. This trend must ultimately reverse itself
at lower pressures; e, g., in cases where the vapor becomes saturated at a tem-
péi*atures below, say, 250K, ATi, c cannot exceed the saturation temperature

even if the condensation reaction becomes ''frozen'.
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Figure 10 also indicates that the supersaturation will decrease to zero
as the saturation point approaches the critical point. This result is interesting
in that no feature of the program or of the various input data identifies the

()

A Ti c decreases rapidly toward zero is the range in which condensation
, .
onset points occur at temperatures above the triple point temperature. There-

critical point as being in any way unique The pressure range over which

fore, this is a region of certain vapor-to-liquid phase change and one in which
there is no uncertainty in the vapor pressure data used to compute the onset
point, (Vapor pressure data for temperatures near the onset temperature

are obtained by extrapolation for cases with initial pressures below about

900 psia.) In addition, the calculations show that the critical drops are very
large in this region; their diameters increase from 14 X for the 2000 psia
case to 34 X for 7500 psia. This suggests some validity in the classical
nucleation theory since- macroscopic physical properties may apply to such
large nuclei. These arguments lend support to the validity of the rapid de-

crease in supersaturation, at the higher pressures, shown in Fig. 10.

The "flat" in the data shown in Fig. 10 is associated with initial pressures
where two conditions prevail: (1) the saturation points occur above the
triple point and (2) the onset points occur at temperatures below the triple
point. A discontinuous change in the slope of the vapor pressure curve
occurs at the triple point; the slope is higher below the triple point. This
results in a more rapidly increasing nucleation rate (with decreasing tem-
perature) and an earlier condensation onset. This effect apparently balances
the tendency of ATi, c to increase with decreasing pressure and results in

the constant value of A Ti o Over this range of pressures.

b

(1) The program does not consider the real gas effects occurring at the higher
initial pressures and in the vicinity of the critical point.

18



3. 4.3 Variation of Initial Temperature

A very short series of calculations was made to investigate the effect of initial
temperature. These calculations were made at initial temperatures of 298, 450,
700, and 1100°K with an initial pressure of 1000 psia and an r of 0. 72 (d* =0.10
inches and 6 = 10 degrees). The maximum temperature, 11000K, was selected
to place that point on the isentrope defined by the 10 psia, 298°K case. The re-
sults are shown in Fig. 11. The increase of A Ti, c with increasing To is analogous
to the increase in ATi c with decreasing 198 (Fig. 10); both effects are associated

H
with decreases in the initial density of the vapor.

3. 4.4 Constant Initial Entropy

The effect on the supersaturation temperature decrement of varying initial
conditions, while holding the entropy constant, is shown in Fig. 12. The fol-
lowing results were obtained for the isentrope determined by the initial condi-
tions of 100 psia and 298°K:

T, M_, T, % M _ AT, ,% (l% ,10% sec™!
o’ sat i,c, i,c i, ¢’ A dt c
55. 5 .18 33.6 1.81 216 4.91
60. 0 .66 33.5 1.99  21.7 5.03
100.0 2,02 33.8 3.13 214 4.170
208.0  4.69 34.6 6.17  20.5 2. 66
1000.0  9.26 35.8 11.61  19.4 1.19
2000.0 13.28 36.5 16.41  18.7 0. 74
(T, = 55.16°K for all cases)
sat

Since for each expansion the state of the vapor at saturation is the same, the ef-
fect shown in Fig. 12 is thought to be that of geometric expansion rate alone. The

last column in the table above shows that the unit time rate of change of area de-
creases with increasing supply temperature (due to an increasing Mi c and,

)

hence, increasing A/A* at condensation onset) and therefore the decrease in

A Ti c with increasing To shown in Fig. 12 is analogous to the decrease due to

)

increasing r shown in Fig. 9. 19



In running the two lowest temperatures in this series, no computer problems
developed as a result of having subsonic saturation Mach numbers. In the mini-
mum temperature case, the Mach number at which the € (= 1.0 x 10-8) test was
satisfied was about 1. 2 so that no computations were required in the neighborhood
of M = 1. Figure 12 shows that ATi, o reaches a maximum of about 21. 7°K at
the saturation temperature; this gives 1. 80 as the minimum onset Mach number
for this isentrope. Although no problem was experienced here, computer diffi-
culties would occur for initial temperatures near the saturation value at higher

pressure levels,

3. 5 Correlation of Condensation Onset Results

With the extensive condensation onset data available from the parametric
study, it appeared desirable to search for some form of systematic correlation
of the results. As shown in Secs. 3. 4.1 and 3. 4. 4 above, a definite relation
exists between the supersaturation temperature decrement, A Ti, o and the
geometric expansion rate. One would expect, however, that the rate of change
of some state variable would be more representative of the expansion kinetics

(1)

that lead to supersaturation, In the case of density" ’, the time rate of change

can be written as

1dp 1 dp dM dA dx (3-6)

Assuming a one-dimensional, isentropic flow and using the area gradients given by

Eqgs. (3-4) and (3-5), the reduced time rate of change of density becomes

(1) Pressure or temperature could have been chosen here. However, density has
the advantage that the final form for (1/p) dp/dt does not depend explicitly on the
ratio of the specific heats, y. On the other hand, for example, the pressure and
density rates are related by the expression

ldp_, 1dp
pat =7 5 at)
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2

1dp 2UM
pat =t (3-7)
conical (M“ - 1) r VA/A*
or
2
1dp _ 2UM 3
pat S R (3-8)
wedge (M™ - 1) h (A/A¥%)

The results (in terms of A Ti, c) of the parametric study have been compared
on the basis of the unit rate of change of density in Fig. 13. As an aid to applying
the results to the prediction of condensation onset, (1/p) dpo/dt has been evaluated
in terms of the isentropic flow variables at the onset point, i. e., Mi, c and Ui, ¢
The area ratio A/A* is a function only of the point along the nozzle at which
P = 1.01.

It is obvious that this presentation of the onset results does not provide a
general correlation. However, an inspection of Fig. 13 provides two interesting

hints:

1. Ther - variation curve for P, = 100 psia and the constant entropy (but
varying 198 and To) curve are essentially coincident. The common factor
between these two curves is that their initial conditions lie on a common

isentrope.

2. A factor of roughly 10 in - (1/p) dp/dt exists between the 100 psia and

1000 psia r - variation curves for equal values of ATi .
H

These observations lead to the consideration of the parameter

p
_ [1dp /_0
%ic® (p olt)i S35 (3-9)
’ 0
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as one appropriate for correlating the condensation data. The factor po/ TO3' 0

was selected because (1) it is constant along an isentrope (for y = 1. 4)and (2)

it contains the effect of po suggested by observation (2) above.

The result of correlating all of the computed condensation onset data on the
basis of the above parameter, is shown in Fig. 14. A significant collapse of the
data has occurred. With the exception of the very high pressure conditions
(saturation temperatures above about 900K), all of the data fall within a ATi c
band varying in width from + 1%K for values of Zi . around 1010 to about + O., 5°K

12 ?
for Zi c greater than 10" .
b

The reason for the success of the correlation is not known, but its utility is
evident. As an example an isentrope is included in Fig. 14 for the following
conditions:

p0 = 5000 psia

T, = 1000°K

d* = 0. 050 inches
6 = 15 degrees

The intersection of this isentrope with the condensation onset band predicts a

supersaturation temperature decrement of 21. 4 + 0. 7°K.

3. 6 Comparison with Experimental Data

Figure 15 shows a comparison of the results of the parametric condensation
calculations with condensation onset data from several different hypersonic nozzles.
The data by Vas and Koppenwallner and the data by Griffith, et al., are presented
as given in Refs. 17 and 18, respectively. The Daum data were taken from Figs.

2 and 3 of Ref, 19 and are presented using (1) the supply temperature at condensation

onset as given and (2) the supply temperature at Whichlﬁ =1.01. The application

22



of this onset criterion is seen to improve the agreement between Daum's data and
the numerical results. The Nagamatsu and Willmarth points were obtained also
by applying the /I;c = 1, 01 criterion to the data presented in Ref. 7. Finally, the

onset curve from Ref, 19 is also shown.

The agreement between the experimental data and the numerical results, as
presented in Fig. 15, is reasonably good. Because of the serious questions about
the validity of the computations at low condensation temperatures (e. g., the ability
of the nucleation theory to represent the vapor/solid state change, the small
size of the nuclei, the extrapolated vapor pressure curve), this favorable com-
parison anywhere below the Nagamatsu-Willmarth points must be considered
fortuitous. The trend of the experimental data at the lowest temperatures (all
of which are for very high Mach numbers) suggests an effective ""freezing' of the
condensation "'reaction’ which has not been indicated by the calculations reported
here. (Some unreporied early test calculations, along lower isentropes, showed
a sufficiently slow ""reaction" to suggest that the computer would also show a

trend to "frozen" condensation as the onset temperature decreases. )

The onset curve from Ref. 19 clearly does not agree with the numerical re-
sults. The suggestion is very strong that this onset curve, up to the point at which
it approaches the Daum data, primarily reflects the effect of heterogeneous con-

densation.

The experimental data are presented in Fig. 16 as A Ti o versus the correlation
)

parameter Zi c The comparison with the numerical results are now far less en-

b
couraging. The high Mach number data are uniformly in poor agreement with the
numerical results. It appears that, on this basis, the numerical results represent,

at best, a conservative estimate for A Ti

H
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Calculations, of the supply temperature, Toc’ at which/ﬁ = 1. 01 at the nozzle
exit, were made for two of Da,um's19 cases. The input parameters are listed in
Table II. Daum's experiments were conducted in air. An estimate of the difference
between air condensation and nitrogen condensation was made for the M = 15
nozzle case by making calculations using (1) the full pressure of 700 psia and (2)

the partial pressure of nitrogen in 700 psia air. The computer results are:

M = 10 Nozzle T - 541°K = 975°R
C

M = 15 Nozzle (700 psia) T_ = 883°K = 1590°R
C

M = 15 Nozzle (574 psia) T_ = 860°K = 1550°R
(¢

The values of A Ti, c corresponding to these calculated onset supply temperatures
are shown in Fig. 16. As expected, these points fall within the parametric study
band. More detail on the rise of the static pressure, at the M = 15 nozzle exit,
with decrease in supply temperature is presented in Fig. 17. These results show
the similarity in the initial pressure rise curve between the experimental and
computer results. The partial pressure case gives the better agreement. This
actually may approximate the physical process better, since a test run with oxygen
(at its partial pressure) showed that its greater surface tension and lower partial
pressure resulted in greater supersaturation than for nitrogen. This suggests
that for the case of homogeneous condensation in air, the process will be started

by nucleation in the nitrogen component.

Figure 17 shows also that after the initial pressure rise, the numerical re-
sults show a pressure rise that exceeds the experimental one. It is felt that this
is directly due to a poor growth law and for this reason, the computer has not

been used to predict quantitative results beyond nucleation.

Additional detail on the comparison between numerical and experimental re-

sults is shown in Fig. 18. In this figure, the computer results are compared with
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the data from Nagamatsu and Willmarth7, Runs 9-5 and 23-1. The/ﬁ data were
calculated on the basis of data given in Figs. 13, 14, and 16 of Ref, 7 and are
subject to relatively large errors for /ﬁ near 1.0. Unlike the Daum case, the
initialﬁ rise histories are not similar. Furthermore, when viewed in this detail,
the ‘selection of D = 0. 65 x 10°° cm on the basis of Figs. 2 and 3 is seen to be
incorrect. A value between 0.9 and 1. 3 x 10-8 cm is required to provide agree-
ment atg = 1.01. Such a selection would lead to uniformly smaller calculated

values of ATi c but would not change the overall picture of the numerical results.

H

A last method of presenting (and correlating) condensation onset data has been
suggested by Vas and Koppenwallner17. They point out that it should be approxi-
3/2

. The results of the

parametric study and the experimental data discussed above are collected in this

mately true that log (pc/p;)o c) is a linear function of Tc—
)

fashion in Fig. 19. The correlation appears remarkably good. The linearity is
excellent except for' conditions having saturation points near the critical point.
However, to illustrate that this is not a very sensitive correlation, two isentropes
have been included on Fig. 19. It is clear that the correlation curve and the
isentropes are very nearly parallel at their intersection. Thus, condensation
onset can occur over a rather large range of temperatures along the isentrope

while appearing to fall, very satisfactorily, on the correlation curve.
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4, RESULTS AND CONCLUSIONS

The digital computer program discussed above has been found to be a con-
venient vehicle for making numerical studies of the condensation processes
occurring in expanding, one-component flows. Within the limitations of the
nucleation and growth theories, upon which the program is based, the program
is able to describe, satisfactorily, the qualitative features of condensing, one-
component flows. By adjusting one program constant so that the numerical
results agree with one set of experimental data, the program was found to give
a relatively good quantitative description of condensation onset in molecular
nitrogen for a wide range of initial pressures and temperatures and flow geo-

metries.

The following results and conclusions have resulted from the computer
studies:

1. The determination of condensation onset requires very careful calcula-
tions during the initial phases of nucleation. The practical application of
this result requires the use of very small steps along the nozzle at the
beginning of the nucleation calculation, Later increases in step size have
only small effects on the results. Also, it appears that the initial step
size can be large if only the later portions of the condensation history

are of interest,

2. The growth law appears to yield condensation rates which are initially
large compared to the corresponding experimental rates. A better growth
law will be required to permit reliable calculations of the entire conden-

sation process.

3. The program has qualitatively described the heterogeneous condensation
process. The effects, on the condensation history, of size and number
flux of the foreign nuclei have been shown.
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A parameter has been found that provides an excellent correlation of all
the computed condensation onset results for nitrogen, except for those

expansions which have saturation points approaching the critical point,

The computer results indicate that vapor supersaturation approaches
zero as the saturation point approaches the critical point. This result
occurred without providing information, identifying the critical point, in

the program or in the input data.
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TABLE I

PHYSICAL PROPERTIES OF NITROGEN

1

* =1 666x10™2 - 3. 218x10”° log p - 1. 015x10™° log2p

below the triple point
1

T

2

- 1. 655102 - 2, 787x10"°

log p

30

Physical Property Value Source
o 1.0 —_—
Y 1.4 S
c 1.036x10", dyne-cm Eq. (3-2)
p gm- K
U 28.02, gm, Ref, 15
o 23.94 - 0.1933 TQ, dyne/cm. Straight line fit to
data from Ref. 15
-3 3 . e
P, 1.181 - 4. 8x10 Tﬂ, gm/cm Straight line fit to
data from Ref. 15
L 2.90x10° - 1. 17x10" T, SYBE=CM. o4 oicht line fit to
data from Ref. 15
Vapor pressure —
above the triple point )

Least squares fits
to data from Ref, 16
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Figure 1. Nitrogen Vapor Pressure Curve
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p, psia

Figure 2. Effect of Tolman Constant, D, on Computed Condensation
History: Pressure vs. Temperature.
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Figure 4. Calculated Condensation Rate History in Nitrogen
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Figure 11. Effect of Initial Temperature on Calculated Super-

saturation Temperature Decrement, ATi o
)
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10} y Va
/ O Nagamatsu-Willmarth
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/ (2-dimensional wedge nozzle)
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T L | l | | |
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Figure 15. Comparison of Calculated and Experimental Condensation
Onset Results: Pressure vs, Temperature,
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Figure 16. Comparison of Calculated and Experimental Condensation
Onset Results Using the Correlation Parameter Zi o

)

/A Nagamatsu-Willmarth, Runs 9-5,13-2, & 23-1, Ref. 7
(2-dimensional wedge nozzle)
- Daum, Fig. 2& 3, air, Ref. 19
10~ ¢ Basedon T, given by Daum

¢ T based onp =1.01

O Griffith, et al., Ref. 18
O Vas-Koppenwallner, Ref, 17
5 Calculations of Daum case (Table II)
Full initial pressure
& Partial pressure (p0 = 574 psia), M = 13. 1 only
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