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Possible Water Vapor Condensation in Rocket Exhaust Plumes
BENJAMIN J. C. Wu*

Yale University, New Haven, Conn.

In an attempt to explain the observed radiance in the exhaust plume of an Apollo engine, the possibilities of any
condensation by homogeneous nucleation under the conditions in the plume flowfield are examined. It was found that
only H2O could condense, the other species present in the exhaust, H2, remained unsaturated. Under the assumption
of steady-state homogeneous nucleation, the accumulation of condensate as a function of the streamline coordinate
has been computed from the Oswatitsch integral with empirical information gathered in previous experiments.
Condensation is thus estimated to occur at about 45 m downstream of the nozzle exit. However, it has been
found that the steady-state nucleation assumption may not be valid here, and the previous estimate may be too
optimistic. Condensation under nonsteady homogeneous nucleation conditions would result in delayed condensation
onset or none at all. A potentially useful alternative way of estimating condensation in plumes is outlined. Finally,
keeping in mind that condensation may be induced by binary or heterogeneous nucleation, both of which favor
earlier condensation onset, we conclude that condensation is not impossible in this exhaust plume.

Nomenclature
A — stream tube area
cv = constant volume specific heat
g = condensate mass fraction
J = nucleation rate
k = Boltzmann's constant
L = latent heat of condensation
m = molecular mass
M = Mach number
n = number of molecules in a cluster
N = total number density of clusters
p = pressure
^ = partition function
Q = mass flow rate through stream tube
r = radius
T = temperature
u = flow velocity
v = molecular volume
x = coordinate along the stream tube
y = mole fraction
a = mass accommodation coefficient
F = correction factor, Eq. (1)
6 = nonisothermal factor, Eq. (6)
p = density
a = surface tension
T = characteristic time

Subscripts and Superscripts
c = condensate
class = classical
iso = isothermal
noniso = nonisothermal
r = relaxation
rep = replacement
rot = rotational
tr — translational
v = vapor
oo = bulk saturation properties
* = critical cluster
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I. Introduction

WHEN a vapor undergoes adiabatic expansion, it may
become saturated or even supersaturated, provided that

the latent heat of condensation is greater than the enthalpy
of the vapor, L > cpT.1 In the absence of sufficient foreign
surfaces, condensation of the vapor is appreciably delayed, and
considerable supersaturation may be required before actual
phase change can take place. This nonequilibrium condensation
is induced by nucleation, which may be homogeneous or
heterogeneous depending on whether the nuclei are formed by
the vapor molecules themselves or upon some foreign particles,
e.g., aerosols such as smoke, dust, salt, ions, etc. The nucleation
process is important here as it is the first indispensable step
which leads to condensation. Adiabatic expansions of vapor with
or without inert diluents which cause condensation have been
observed in the operation of Wilson and diffusion cloud
chambers, in supersonic flows in Laval and steam turbine
nozzles, in high intensity molecular beams, in the rarefaction
wave in the driver section of shock tubes, in Prandtl-Meyer
expansions, etc.2

Another situation of practical interest where condensation
may play an important role is the question of the origin of
observed radiance of the high altitude, sun-lit rocket exhaust
plumes outside the Earth's atmosphere. Here, the process is not
the same as in the widely studied condensation phenomena of
rocket exhausts or jets discharging into the atmosphere, the
formation of condensation trails, etc., where turbulent mixing
and vapor diffusion in a temperature gradient are the primary
causes of condensation. The subject of this paper is to assess
the possibility of condensation of certain species in the exhaust
plume of an Apollo engine where such irradiance has been
observed.

Homogeneous Nucleationf
Homogeneous nucleation theory is presently in a state of

controversy3'4 over the energetics of cluster (condensation
nucleus) formation whereas the classical steady-state kinetics5'6
of homogeneous nucleation is generally accepted. Moreover, in
all variants of the homogeneous nucleation theory, the nucleation
rate depends strongly on the questionable value of surface
tension a of extremely small clusters (r « 5 A). Fortunately, the
various models of the homogeneous nucleation theory, be it the
"classical theory" based on thermodynamics5'6 or the "statistical

t As comprehensive reviews of this subject are readily available,
references to the early, original papers are omitted here.
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mechanical theory"7"11 all retain the qualitative feature of an
"onset of condensation," while differing seriously on the value of
the "critical supersaturation" at which onset occurs. However,
an unambiguous theoretical solution for the critical super-
saturation is presently not available due to uncertainties in the
surface tension of small clusters and energetics of cluster
formation.

Condensation in Supersonic Nozzle Flows
Vapor condensation in supersonic nozzle flows has been

studied extensively since the pioneering works of Stodola12

with steam turbine nozzles, and Oswatitsch13 with wind tunnel
nozzles. Since recent reviews are readily available,14'15 the
phenomena will only briefly be described. Initially unsaturated
vapor expands isentropically with accompanying temperature
and pressure drop in the nozzle, and becomes saturated either
in the subsonic or supersonic section. Owing to the high cooling
rate prevailing in most nozzles (typically 105 to 106°C/sec),
condensation does not take place at saturation; instead, the
vapor continues to expand and becomes supersaturated. Finally,
condensation occurs in a catastrophic manner and the vapor
returns to equilibrium. This sudden collapse of the super-
saturated state is qualitatively well described with the notion of
"critical supersaturation" in the theory of homogeneous nuclea-
tion. Quantitative agreement has not, however, been obtained
unambiguously for all substances.

Experimental studies of condensation phenomena in super-
sonic nozzle flows are abundant and, in particular, condensation
of water vapor has been studied extensively. Detailed measure-
ments of H2O condensation have been made using moist

and using pure steam.1 Hill14 provided anair,"
authoritative critique of all the data available at that time. Onset
of water vapor condensation has been determined in the tem-
perature range 200 < T* < 500K, and the pressure range
1 < p*H o < 3 x 104 torr. All these experiments correlate reason-
ably well with the classical theory of steady state homogeneous
nucleation. If we express the nucleation rates as determined from
static pressure measurements in these experiments by

•* ~ * •'class (1)
where the classical rate is given by

f 47tr*2\
~ 3kT )

with the critical radius defined as

1/2

(2)

] (3)
then we found23

10~4 < F < 106 (4)
depending on the temperature at onset point. Using in addition
the nonisothermal correction factor 0 for homogeneous nuclea-
tion theory derived by Feder et al.,11

•'noniso = "•'iso P)
with

0 = (6)C.//C + 0.5 + [L//cT-0.5-(l-d In ajd In T)In (pv/Pao)~]2

Barschdorff et al.24 have shown that the lower limit on F is
brought up to 10~2. This nonisothermal treatment of nucleation
kinetics accounts for the finite transfer rate of the latent heat
of condensation from the clusters during their formative period,
and it is important in condensation of pure vapors or in systems
where carrier gas is not present in large quantities. In the moist
air experiments of Pouring16 and Stein17 the water vapor is
carried in an excess of air which contributes greatly to heat
transfer, which makes the isothermal treatment of nucleation
kinetics a good approximation. It was found17'21'23 that the
onset point determined in these experiments (with 200 < T* <
250K) can all be correlated by assuming a = a^^ and F ~ 106.
Thus, this may be regarded as an empirical correlation for the
estimation of onset of condensation of moist air flows in super-
sonic nozzles.

The above discussion is based on the assumption that the
nucleation rate may be computed from the steady state theory,
while in expansions, the flow is unsteady in the Lagrangian
framework. However, if the characteristic flow time if of the
vapor element is much longer than the build-up time ir of steady-
state nucleation, one may assume that, once the fluid element
reaches a new position along the nozzle and assumes a new
thermodynamic state, the steady-state nucleation rate is instantly
achieved. Therefore, the steady-state theory may be used to
calculate the nucleation rate in this situation. The time of flight
of fluid elements from saturation to onset of condensation may
be taken as rf, while ir may be calculated from

1 n*2
r ^ 0 ____ ____________ f7)r 4nr*2

 Pv/(2nmckT)112 { )

which is implied in Kantrowitz's treatment25 of nonsteady state
nucleation theory. Typically, under conditions of Stein's17 experi-
ments, J we have if ~ 100 /xsec and ir ~ 1 //sec. Thus, the quasi-
steady-state assumption is justified for the calculation of nuclea-
tion rate in this instance.

Condensation in Molecular Beams
The situation is quite different for high intensity molecular

beams issuing from nozzle sources. Here, extreme expansion of
the test gas occurs in tiny nozzles (0.1 < d < 1 mm) and the
total time of flight is usually of the order of microseconds.
Beyond the nozzle, the gas eventually expands to such low
pressures and temperatures that collisionless flow occurs, and
these conditions are generally in the coexistence region. Con-
densation of the test gas may occur if its saturation line is
crossed early in the expansion, well before the transition to
collisionless flow. Then, collisions between the supersaturated
gas molecules may cause clusters to form which will be practically
"frozen" once the gas flow becomes collisionless. Experimental
evidence of this phenomenon was first reported by Becker
et al.26 for A, N2, and H2. Since then, the families of noble
gases and alkali metals, as well as N2, CO2, H2, NO, etc., have
been studied by many investigators.27

Of special interest to us are the studies on water vapor by
Leckenby et al.28 using mass spectroscopy, and by Stein and
Armstrong29 using electron diffraction. All the experiments to
date dealt with the size distribution of clusters or the structure
of these clusters. Hence, the only information available is whether
condensation has or has not occurred somewhere in the free jet
flow but the location of the onset is not known. That steady-
state nucleation theory is not applicable to the extremely fast
expansions in nozzle beams has long been recognized,30 since
if < ir in these flows. Thus, results from molecular beams
represent data taken under non-steady state nucleation con-
ditions, in contrast to those from most supersonic nozzles
operating at continuum conditions.

Considering the thermodynamic states accessible from a pre-
scribed supply (source) condition and based on variations of
expansion rates with nozzle size, etc., Hagena and Obert31

deduced a set of similarity scaling laws to correlate the source
parameters (T0, p0, d) of the molecular beam flows that show
the same condensation effects § for a given gas. Moreover, in
analogy to the law of corresponding states they introduced the
notion of "corresponding jets" which enabled them to correlate
a large number of experimental data of some noble gases,
namely Ne, A, Kr, and Xe, where relatively large clusters (n ~ 103

assuming singly ionized clusters) were observed. Their empirical
scaling laws were partially corroborated by Golomb et al.32

However, the latter authors favored a three-body collision model
for the formation of smaller clusters, and they deduced a scaling
rule based on this model. This three-body picture appears to
be intuitively correct, since it is necessary for a third body to

{ Mach 1.8 nozzle, about 1 cm2 throat area, 6 cm long, atmospheric
inlet conditions.

§ By "same condensation effect" these authors mean the production
of clusters with a specific mean size in the nozzle beams.
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remove the excess energy during the formation of a dimer. In
summary, data of condensation in high intensity molecular beam
experiments with noble gases can be correlated reasonably well
using Hagena and Obert's31 scaling rules when large clusters
(n ~ 103) are formed whereas the modifications of Golomb et
al.32 should be used when small clusters (n< 10, say) are
expected.

II. Condensation in Rocket Exhaust Plumes
Bowyer33 was probably the first to study the possibility of

homogeneous nucleation and condensation of water vapor as an
explanation for the radiance of sun-lit rocket exhaust plumes.
He applied Tolman's34 theory of curvature effect on surface
tension to the classical steady-state homogeneous nucleation rate
equation, and used the approach of Oswatitsch13 to calculate
the H2O condensation rate in the exhaust plume of an unnamed
rocket engine. For the conditions assumed for the flowfield, he
found negligible condensation, and concluded that homogeneous
nucleation could not have caused the scattering of sunlight
observed. More recently, Hoffman et al.35 used a similar
approach to calculate the condensation rate of species like H2O
and CO 2 in the exhaust of bipropellant rockets. The purpose
of their study was to estimate the effects of condensation on
contamination of sensitive surfaces.

During the flight of Apollo 8 in late December 1968 extensive
optical observation of the spacecraft was made.36'37 Particularly
interesting are the series of photographs taken by the Smith-
sonian Astrophysical Observatory (SAO) in Hawaii when the
translunar injection burn of the Saturn IVB engine took place.
In these pictures, a bright region is seen in the wake of the
rocket when illuminated by the sun. It has been suggested that
light scattering of condensed particles in the exhaust plume may
be responsible for this luminescence. Kung, et al.38 made a
detailed study of the SAO photographs by using stellar photo-
metric standards and concluded that a cloud of about 109 H2O
particles/cm3 having an average radius of about 70-100 A could
cause sufficient sunlight to be scattered and registered on the
film.

Analysis of the Apollo 8 Exhaust Plume Flowfield
Our study was undertaken to ascertain whether condensation

by homogeneous nucleation was possible in this particular
situation, if so, where in the plume the onset of condensation
is to be expected. Table 1 lists the variations of pressure p,
temperature T, density p, flow velocity u, and stream tube area
A in the center stream tube in the plume flowfield of that
Saturn IVB engine as functions of the distance from the exit
plane of the nozzle. These data were calculated by Teare39 and
co-workers assuming chemically frozen, but vibrationally
relaxing flow beyond the exit plane, and they are considered

Table 1 Variables in the center stream tube of the Apollo 8 exhaust
plume flowfield0

x (cm) p (Torr) T (K) p (g/cm3) u (cm/sec) A (cm2)

169.5
199.7
235.9
277.7
325.7
396.2
480.5
603.5
756.0

1017
1417
2117
3788

10100
17320

125.4
83.37
54.51
35.89
23.78
14.37
8.717
4.805
2.655
1.207
0.4980
0.1690
0.03508
2.475 x 10 -3

5.765 xl(T4

1417
1311
1202
1101
1008
900.5
803.3
698.4
605.4
498.5
398.6
302.0
200.8
100.8
69.0

1.86 x
1.33
9.53 x
6.849
4.958
3.353
2.281
1.446
9.214
5.087
2.624
1.175
3.67 x
5.158
1.755

10'5

1Q-6

xKT 7

1(T8

xl(T9

4.170 x lO 5

4.254
4.332
4.401
.4.463
4.531
4.590
4.652
4.704
4.762
4.815
4.864
4.914
4.964
4.979

3.010
4.108
5.655
7.745

10.55
15.37
22.30
34.72
53.86
96.38

1.848 x
4.084
1.294x
9.119
2.671 x

102

103

104

150 200 300 400500600 8001000 1500
TEMPERATURE °K

Fig. 1 Onset of water vapor condensation. *, calculated for this work,
F = 105, steady-state theory. Experimental data and sources: Q» from
Ref. 22; •, Ref. 19; O, Ref. 21; 9, Ref. 44; +, Ref. 45; V, Ref. 46;

A and A, Ref. 16; x , Ref. 17.

good approximations to the real flow far downstream of the
exit plane. The exhaust gas is a mixture of H2 and H2O, with
constant mole fractions of 0.3071 and 0.6929, respectively. The
partial pressure of H2O, pH o, is easily computed from Dalton's
law and it is plotted in Fig. 1 as a function of temperature.
The intersection of pH20(T) with P^H O(T), the saturation vapor
pressure of water, marks the saturation of water vapor in the
exhaust plume. This occurs at 225K, about 32 m downstream
from the exit. Hydrogen remains unsaturated in the region of
flowfield given. Assuming one-dimensional flow in the stream
tube, the mass fraction of the condensate may be computed
from the Oswatitsch integral13

36
(8)

x0 being the saturation point. Here, r(x, 0 is given formally by

" Data taken from Ref. 39.

(9)

where dr/dx is the droplet growth rate. The nucleation rate in
Eq. (8) is computed from the empirical relation, Eq. (1). The
droplet growth rate is computed from the free molecular
equation14'23 which accounts for the simultaneous heat transfer
from the droplet. The free molecular assumption is satisfied
here because the droplet radii are much smaller than the mean
free path of the exhaust gas.

Results and Discussion
Equation (8) was integrated numerically in the flow direction

using the gasdynamic conditions of the flow in Table 1. Figure 2
shows the accumulation of g along the center stream tube as a
function of the empirical correction factor F here indicated in
powers of ten. In these curves, the qualitative feature of onset of
condensation is clearly exhibited with the sudden appearance of
the condensate. This qualitative feature is also present in many
observations in nozzle flows and it does not, of course, depend
on the choice of F. The flow time of fluid elements originating
at H2O saturation is shown by the time of flight scale at the
bottom of this figure. Defining the onset of condensation as the
point where the mass fraction of condensate g = 10~3, we plot
the calculated point of onset in the center stream tube in Fig. 3
as a function of the correction factor F. This practical definition
of onset. was found useful in previous experiments with con-
densation of moist air17'46 pure stream40'45 and other sub-
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0.6X103

0.4x10'

0.2X10-3

r=io15
Table 2 Thermodynamic states at the onset of H2O condensation

40 42 44 46 48 50 52
I

54 x (m)

1.5 5.02.0 2.5 3.0 3.5 4.0 4.5
TIME OF FLIGHT FROM H2O SATURATION (msec)

Fig. 2 Mass fraction of H2O condensed in center stream tube of
Apollo 8 exhaust plume. Steady-state nucleation, a = cr x lce. Solid curves,

a = 1.0; •, F = 105 and a = 0.1; A, 105 and 0.01.

stances.41 In such work, light-scattering signals are detected once
a cloud of droplets formed by homogeneous nucleation has
attained roughly the quoted mass fraction. Moreover, due to the
very nature of the onset of condensation the location of onset
along x is not particularly sensitive to the value of g chosen for
the definition of onset. For example, for the case F = 105 in
Fig. (2), g = 10 ~4 occurs at x = 46 m while g = 10 ~3 occurs
at x = 47 m. The theoretical limits for F are likely to be

1 < F < 1014 (10)
where the lower limit corresponds to the classical theory. The
upper limit is estimated4 from

r = #r#ot/<??ep (11)
where g*ep, the replacement factor, is given the value 103 as
proposed by Lothe and Pound8 in their statistical mechanical
model. The translational and rotational partition functions,
qfr and q*oi, are computed from well known formulas from
statistical mechanics. This upper limit on F is much higher than
the empirical estimate, a discrepancy found before for water
vapor between Lothe and Pound's theory and experiments.
Other models for q*ep (e.g. Dunning9) yield values of F that are
much lower. However, we recall that none of the theories
proposed is yet in a state to be applicable to engineering
estimates. We note in Fig. 3 that the range 1 < Ftheory < 1014

corresponds to the range 41 < xonset < 55 m calculated for
steady-state homogeneous nucleation theories in the center
stream tube. In view of this uncertainty, we shall simply use
empirical knowledge gained in previous experiments.

Therefore, the choice of F = 106, a = a^CQ = 96 dyne/cm,
and a = 1.0 seems appropriate to estimate the onset of con-
densation of H2O, when an excess of inert diluent is present.
In the plume problem, however, we have yH o = 0.6929, a high

LOG I0r
15

10

LOTHE-POUND THEORY

I

- MOIST AIR EXPERIMENTS

EXPERIMENTAL VALUE WITH
NONISOTHERMAL CORRECTION

/CLASSICAL THEORY
J______________

40 45 50 55 x (m)

Fig. 3 Onset location as a function of F.

p (Torr)
PH2o (Torr)
T(K)
M
PH20/PooH20
r*(A)
/i*
N(cm-3)

Computed for
plume with

F = 105

1.95 x!0~2

1.35 x!0~2

173
12.8

1500
3.6
6

IO10

Typical experiment
condition0

219
1.11

214
1.36

120
4.4

11
IO13

" Data taken from Ref. 17.

value that calls for the nonisothermal kinetic treatment of
nucleation. A simple calculation using Eq. (6) reveals that
0.02 < 9 < 0.024, for 32 < x < 47 m in the center stream tube.
Hence, the nonisothermal nucleation factor is found to be a
constant of the order of 10~2. In other words the nonisothermal
nucleation rate is only about 1 % of the standard one, therefore
we estimate IO4 < F < 106 for our problem. From these calcula-
tions, we finally find that condensation of water vapor may be
expected in the plume at x zz 47 m in the center stream tube,
which is roughly 45 m downstream of the nozzle exit plane. Some
thermodynamic variables at the onset of condensation computed
for F = IO5 are compared with typical experimental conditions
in Table 2. The onset point is plotted in Fig. 1 together with
the available data from nozzles. These results and comparisons
reveal that the classical steady-state nucleation theory with
empirical corrections predicts the condensation of H2O in the
plume at a pressure and temperature far removed from the region
of available experimental data. This result may, however, be
physically reasonable. Although onset temperatures of 170K are
much lower than those obtained in previous nozzle experiments,
evidence that water vapor can condense at temperature as low
as 130K exists.42 Critical supersaturation of IO3 as computed
here are not uncommon.16'17 The effects of droplet growth rate
on the onset point are found to be unimportant. This observation
is borne out by Fig. 2 where the results of artificially changing
the droplet growth rate by varying the mass accommodation
coefficient in the range 0.01 < a < 1.0 in these calculations are
also plotted. The data points for F = 105, a = 0.1 and 0.01 are
seen to follow closely the solid curve representing results for
F = 105 and a = 1.0 with the position of onset being practically
unaffected.

Under the assumption that the stream tube area variation is
not influenced by the heat addition to the gas stream resulting
from condensation, calculations of droplet growth beyond the
onset point were made for F = 105. The results show that at
x = 150 m, g = 0.105. The droplet size distribution was calculated
by following the growth process of particular classes of droplets
as they are carried downstream by the gas flow. We estimate at
x = 150 m, that the mass mean radius, f = 17 A (corresponding
to n = 600). Roughly 80% of all droplets fall in the size range
of 15 < f < 20A, and 98% in 14 < f < 21 A. The droplet size
distribution is therefore very narrow, a qualitative feature found
before from laser light scattering.41 Finally, the total number of
droplets of all sizes, computed from

N(x) = ' (12)

is found to be in the order of 1010 cm~3 at x = 150 m.
The weakest link in the preceding analysis may lie in the

assumption of steady-state homogeneous nucleation. An
examination of the thermodynamic state and flow variables in
the supersaturated region reveals that the steady-state assump-
tion may not be valid. The flow time if from saturation to onset
(F = 105) is about 3 msec along the center stream tube (Fig. 2).
Yet the build-up time for steady-state homogeneous nucleation
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under the existing thermodynamic conditions, estimated from
Eq. (7), is about 14 msec. The value of the Damkohler para-
meter, Ty/rr, is 0.2, cf. a typical value of 102 for condensation
of H2O in the nozzle17 quoted before. Since the condition
(T//Tr) > 1 must be satisfied to insure a steady state cluster
distribution, there is probably not enough time for the steady-
state nucleation rate to be attained. The actual homogeneous
nucleation rate may be lower than the steady-state rate used in
these calculations. Hence, a calculation involving nonsteady
homogeneous nucleation rate may yield onset of H2O condensa-
tion further downstream from that found here, or in fact, it may
predict no condensation at all. On the other hand, condensation
by homogeneous nucleation cannot occur upstream of the onset
locations found here. Conversely, had these calculations pre-
dicted no condensation, homogeneous nucleation could have
been categorically ruled out as a possible process to explain the
observed plume.

Thus, the major shortcoming of the calculations presented
here is the inadequacy of the classical nucleation theory in
dealing with nonsteady state situations. To overcome this
difficulty one may use empirical knowledge of condensation
obtained from molecular beam experiments which have roughly
the same value for T//Tr. This approach was taken by Oman
and Calia43 who used the scaling laws of Hagena and Obert,31

and based their estimate of H2O condensation on the experi-
mental data available for N2 and CO2. As these scaling laws
correlate only those source conditions which will result in the
formation of clusters of a certain mean size, Oman and Calia
had to make further estimates about any additional droplet
growth that might occur because of the more favorable supply
conditions in the plume for condensation than the source con-
ditions in the experiments. For p0 = 50 atm, T0 = 4000K and
d — 39 cm, Oman and Calia found the mean cluster size to be
f % 90 A with n ^105.

This estimate is, however, extremely sensitive to the supply
temperature. Taking the supply conditions extrapolated from the
conditions in Table 1 at constant^ ratio of specific heats
(p0 = 12.2 atm, T0 = 5140K), we found different values; i.e.,
r « 8 A (n % 102) using Oman and Calia's procedure.

The most serious uncertainty in Oman and Calia's43 estimates
may concern the application of simple scaling laws deduced
for monatomic molecules to condensation of water, a substance
with complex structure. In view of the vast range of extrapolation
involved (from d = 0.1 mm to 39 cm, T0 = 400K to 4000K, for
experiment and plume, respectively), the present results from
scaling law calculations are highly ambiguous. However, the
procedure remains useful because the Damkohler parameter is
implicitly taken into consideration here.

III. Summary and Conclusions
Onset of water vapor condensation in plumes induced by

homogeneous nucleation has been calculated assuming steady-
state nucleation theory for nonisothermal cluster growth and
using empirical information gathered in numerous previous
studies at higher temperatures and pressures. The results of this
calculation show that H2O condensation may take place about
45 m downstream of the nozzle exit plane in the center stream
tube at a temperature of about 170K. Calculations of the con-
densation process beyond the onset point, using the stream tube
area distribution of noncondensing flow lead to an estimate of
the droplet size distribution. It is estimated that at x = 150 m in
the center stream tube, about 1010 droplets/cm3 are formed by
homogeneous nucleation. The mass mean radius of this cloud
of droplets is about 17 A.

^ Note that Hagena and Obert's work is based on the assumption
of constant ratio of specific heats. It is true that the actual expansion
of the gas in the rocket nozzle does not take place at constant
specific heats, and the extrapolated supply conditions are different
from the actual ones. However, the extrapolated stagnation conditions
serve to define a fictitious supply, from which a frozen, isentropic
expansion of an ideal gas will lead to the flow described by Table 1.

It must be emphasized that the previous conclusions are
derived from the crucial assumption of steady-state homogeneous
nucleation. Further examination of the flowfield reveals that this
assumption does not appear to be valid for the problem at
hand. The build-up time for steady state homogeneous nucleation
is estimated to be 14 msec while the relevant flow time is only
3 msec. Thus, it is seen that the flow is probably too rapid for
the steady-state nucleation rate to be achieved. Consequently,
H2O condensation induced by homogeneous nucleation may
occur at locations farther downstream than estimated or it may
not occur at all. On the other hand, condensation by homo-
geneous nucleation cannot be ruled out at this time since the
steady-state theory provides only the early limit for its
occurrence.

The unsolved problem of time lag in nucleation may be
circumvented by using similarity rules derived from and experi-
mental data of H2O condensation taken in high intensity
molecular beam flows. In such experiments, the parameter
relevant to nonsteady nucleation, the Damkohler ratio tf/ir, may
be simulated. Empirical relations may then be used to scale the
other parameters, geometrical dimensions, etc. to arrive at an
estimate of the condensation effects in plumes. However, the
theoretical work in the area is as yet incomplete and prediction
of H2O condensation is uncertain. More experimental work on
H2O condensation in molecular beams is needed before any
empirical information useful for engineering estimates can be
extracted.

We must finally emphasize that homogeneous nucleation is
not the only mechanism capable of initiating H2O condensation.
The processes of heterogeneous and binary nucleation are also
possible. These mechanisms both favor early phase change and
they warrant intensive further study.
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