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Abstract

A study of the condensation of a metal vapor in an inert carrier gas is made.
Superheated zinc vapor is generated in a hot shot wind tunnel in a helium
carrier gas and expanded in a converging-diverging nozzle. Static pressure
measurements along the length of the nozzle are made to determine the
location of the onset of condensation. A conical nominal Mach 5 (helium)
nozzle is employed. The amount of supeicooling before the onset of con-
densation is found to be approximately 430 K, measured along the isentrope
over a range of initial zinc mass fractions of .35 to .70 for saturation partial
pressures of zinc between 10 psia and 70 psia. The measurements are com-
pared with results of an analysis based on the classical liquid drop model of
nucleation. The computed results agree reasonably well with the measure-
ments.

§ 1. Introduction

Condensation is important in the analysis of many dynamic
systems. Early interest was related to the condensation of water
vapor in steam turbines [1], where blade erosion as well as turbine
efficiency was affected by condensation. The problems become even
more acute today when metal vapors are considered for the working
fluid in the turbine [2]. Prevention of condensation has become an
important design requirement in the extension of operation of
wind tunnels to high supersonic or hypersonic velocities [3].
Stagnation temperature, for example, is usually limited to that just
high enough to avoid condensation in the test section. New pro-
pulsion schemes also require a knowledge of condensation. Conden-
sation of metal vapor is employed to produce the charge carrying
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particles of an EHD Energy Converter [4] and has been proposed
as a method for producing the extremely small and numerous
particles which make up the working fluid in a colloidal-electro-
static engine [5, 6]. New designs of nuclear reactors also require a
knowledge of condensation parameters. Condensation affects the
limits of operation of the Kantrowitz-Grey type of molecular
beam [7] and of the free jets employed for the high Mach number
rarefied gas studies of shock thickness, rotational temperatures,
wake flows, etc.

Condensation is also of interest in combustion problems. One
example of this is in detonation waves. Quite a few years ago
Kistiakowsky and Zinmann [8] noted a rise in the Chapman-
Jouguet Mach number of detonation for acetylene-oxygen mixtures
as the fuel rich detonation limit was approached. This was deter-
mined to be due to the condensation of solid carbon. Recently
Miles, Munday, and Ubbelohde [9] and Munday, Ubbelohde and
Wood [10] encountered the formation of solid carbon or carbon
polymers in the detonation of oxygen and furan (C4H40) and
oxygen and cyanogen (CgNg), respectively. There is a large energy
change in this condensation process and the question remains
as to whether the nucleation and condensation processes can occur
rapidly enough to help support the detonation and thus alter the
resultant velocities, pressures, temperatures, and species. It is
reasonable to believe that similar phenomenon can occur in conden-
sed explosives.

Condensation occurs in the transient formation of carbon particles
in a hydro-carbon flame. Heterogeneous combustion will usually
occur via the vapor phase. The rate of heterogeneous combustion
will depend to a large degree on the rate of condensation in the
system, since the latent heat liberated during condensation can be
appreciable. If the rate of condensation could be predicted, the
results could be used to predict: combustion efficiency, laminar
burning velocity, choking of flow due to heat released, and spectral
radiance of the continuum radiation emitted from hot product
particles.

When a superheated vapor is expanded in a nozzle or free jet,
the initial decrease in the pressure and temperature can be regarded
as isentropic. In general, the vapor pressure curve (in the p-T plane)
is steeper than the isentropic curve and the expanding vapor at
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some point will become saturated (Wegener and Mack [3] give an
excellent discussion of this). If the expansion is rapid and the
gaseous mixture is relatively “‘clean”, sufficient surface will not
exist for the condensation necessary to maintain equilibrium
(po = Poo) and a supersaturated vapor (p, << p.,) will result. As
the supersaturation continues to increase, small droplets will be
formed {rom the vapor through a process of spontaneous (homo-
geneous) self nucleation [11]. As the nucleation rate increases, a
point is usually reached where enough droplets exist to provide
the surface necessary for the faster condensation through particle
growth required to return the vapor to equilibrium, and the super-
saturated state ““collapses”. Subsequent to this collapse a negligible
number of new droplets will be formed and the existing particles
will continue to grow until the supply of vapor is exhausted.

Condensation, in general, has been the subject of considerable
research through the past several years. Several comprehensive
reviews of both theoretical and experimental research exist [3, 12,
13, 14]. Much of the early work involved the condensation of
steam [1, 15, 16, 17]. However, with the observation of conden-
sation in a supersonic wind tunnel, much of the emphasis changed
to air [18, 19], water vapor in air [20], and nitrogen [21]. Measure-
ments were also made in carbon dioxide [22] and ammonia vapor
[23]. It is still not possible however, to predict condensation
conditions for any given system. There is a dearth of both experi-
mental and theoretical information.

The purpose of this paper is to present new measurements and
computations made for the condensation of metal vapor in an inert
carrier gas [24].

§ 2. Experimental arrangement and procedure

One problem which arises in the study of metal vapor is the pro-
duction of the extreme conditions of temperature (at reasonable
pressure), necessary to obtain the superheated conditions required.
The choice of metal vapor and carrier gas therefore depended
largely upon their suitability for laboratory measurements. Toxity
and high chemical activity made the use of some of the metals

unfeasible. Zinc was chosen as one metal with fewer difficulties
than most. It has a saturation temperature at reasonable pressures
that is not inordinately high and it has physical properties which
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are well behaved in both gaseous and condensed phases. It has
constant, or near constant, specific heats, ratio of specific heats,
and latent heat along with well known and reliable physical data
(such as vapor pressure) which make analysis of results much easier
and comparison of theory and experiment much more meaningful
(since fewer approximations must be made). The low vaporization
temperature meant that it would remain superheated at lower
temperatures and thus operation problems would be minimized
by minimizing energy transfer into the stagnation chamber. Zinc
has the added advantage of structural strength and convenient
handling and machining properties which made possible the use
of the test metal as part of the arc chamber electrode arrangement
as explained below.

The metal vapor was generated in the University of Michigan
hot shot wind tunnel facility [25]. The tunnel is a blowdown type
of facility. It makes use of energy initially supplied by a 150 HP
motor and stored over a “long” period of time as kinetic energy
in a heavy flywheel. The stored energy is transferred to a magnetic
field of a large coil by means of a unipolar generator designed to
deliver high current at low voltage. The energy is discharged
through an arc across electrodes inside the high pressure stagnation
chamber. The arc is initiated by means of a zinc fuse switch arrange-
ment which was redesigned [24] so that the desired amount of zinc
vapor would be obtained during the arcing process. The stagnation
chamber was initially charged with the desired amount of helium
so that when arcing occured, the transfer of energy at constant
volume raised the temperature and pressure of the vapor to the
desired superheated state. The resultant mixture of superheated
zinc vapor and helium was expanded through a nominal Mach 5
nozzle to room conditions. The tunnel is capable of storing up to
approximately 1.5 X 107in.-Ib of energy in the energy storage
coil. The energy is transferred to the working fluid at efficiencies
of the order of 509.

Helium was chosen as a carrier gas because it is light, inert,
monatomic and will not condense at the temperatures commonly
reached in the laboratory.

The specific energy, e, necessary to heat, at constant volume,
a mixture of metal and gas from a charge temperature T, to a
final temperature, Ty, vaporizing the metal in the process, can be
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approximated by:
¢ = Co(T5 — Ten) + (1 — f)Len (1)

where Lgp is the latent heat of vapor defined at charge condition
and the mixture constant volume specific heat C,, is defined by:

C'Uc - fcv,z + (1 - ]c)C’Uv (2)

where f is the mass fraction of carrier gas, and C,, and C,, are,
respectively the carrier gas and vapor specific heats.

For a given volume V, the total energy E required to reach a
final pressure $; and temperature Ty is

g biVe m
RTy 1—f+/a

where V is total volume, u, is the molecular weight of the vapor,
a 1s the ratio of the molecular weight of the vapor to the molecular
weight of the carrier gas and R is the universal gas constant.
The total energy required to raise a zinc-helium mixture from
298 K to 5000 K, and 5000 psia in a volume of 65 in.3 (tunnel arc
chamber) is shown in Fig. 1 as a function of helium mass fraction f.

(3)
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Fig. 1. Energy required for production of a zinc-helium mixture at 5000 K
and 5000 psia as a function of mass fraction of helium with an initial
temperature of 298 K.
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It can be seen that the amount of energy required for moderate
operating conditions, lies between 4 x 105 and 8 X 10%in.-lb
depending upon the amount of zinc vaporized. Thus, the hot shot
is easily capable of furnishing the energy for the operating con-
ditions necessary to obtain the required superheated zinc vapor-
helium mixture. In addition, the hot shot provided a ready means
of introducing the zinc vapor into the flow by means of the arcing
process employed to transfer the energy from the main coil to the
working fluid.

Typical Transducer Installation
.1294 Throat Dia. ' 4

. 389 Exit Dia.

—

oot b

i
Static Pressure Probes

Fig. 2. Schematic of mach 5 nozzle.

A Mach 5 (helium) nozzle (Fig. 2) was designed for making static
pressure measurements and was fabricated from beryllium copper.
This nozzle has a .1294 in. diameter throat, a total included angle
of 7.45°, and a .389 in. exit diameter. These dimensions were chosen,
(1) to give a reasonable blowdown rate, (2) to provide sufficient
space for the transducer mountings while keeping the nozzle as
short as possible to minimize boundary layer, and (3) to maintain
underexpansion when exhausting to atmosphere in order to mini-
mize the chance of boundary layer separation near the nozzle exit.
Nine static pressure taps are located along the Zin. length of the
supersonic portion according to Table I. A stagnation pressure tap
is located jusr upstream of the throat at a diameter of .500 in.
Stagnation pressure was also measured at the arc chamber.



CONDENSATION OF ZINC VAPOR IN A SUPERSONIC GAS 89

TABLE I
Tocation of Pressure Ports in Nozzle
Distance from Throat Geometric Area
(inches) Ratio
0.0547 1.1132
0.1897 1.4188
0.3522 1.8358
0.5336 2.3645
0.7968 3.2505
1.1038 4.4616
1.3712 5.6722
1.8589 8.2545

—0.50 (stagnation pressure)

Most measurements and timing signals were recorded on a
50 channel CEC recording oscillograph Model S-119, at a recording
speed of 100 in. per sec. Stagnation chamber pressure was measured
with a Baldwin-Lima-Hamilton GP 10,000 psi bonded strain gage
pressure transducer or a Kistler Model 603H 15,000 psi piezoelectric
transducer. The stagnation pressure measurement made just up-
stream of the nozzle throat was with a Schaevitz-Bytrex Model
HFH 500 psi semi conductor strain gage transducer. Pitot pressure
at the nozzle exit was measured with a Kistler 601 piezoelectric
transducer. Pressures at the seven locations at the upstream end
of the nozzle were measured with Microsystems Model 1003 pressure
transducers. These transducers are of the flush diaphragm type
with semiconductor strain gages bonded directly to the diaphragm
in a fullbridge circuit. The rise time of these transducers is in the
usec range. They were all driven by carrier amplifiers. The pressures
at the two downstream locations were measured with Hidyne W
Series 30 psid transducers of the variable reluctance type. These
transducers are very rugged and versatile with a rise time of less
than 1 msec at the pressure encountered in this experiment. They
also were driven by carrier amplifiers. A constant reference pressure
of approximately 15 psig was applied to these transducers to increase
their null or zero level to cause the transducers to operate closer to
0 psid in a more linear range.

All of the strain gage transducers were calibrated on a dead weight
tester (Ashcroft Model 1305-B-50) and reference calibration signals
were applied to the amplifiers so that they could be applied to the
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calibration of the amplifier system by itself. The variable reluctance
gages were calibrated by applying pressure to the “high” side of the
transducer and measuring the pressure with a calibrated bourdon
tube gage. The Hidyne transducers had the higher system cali-
bration error — error of 4 59, of full scale reading. All the other
transducer calibrations were considerably more repeatable.

Since it has been shown [3, 24] that approach to equilibrium is
fast after supersaturation collapses, flow with equilibrium conden-
sation was compared analytically with flow downstream of onset
of condensation in nonequilibrium flow to confirm that some
distance downstream of onset the equilibrium solution is a good
approximation to the actual flow. This assumption was then used
to check the mass fraction and stagnation temperature in the arc
chamber. If it is assumed that equilibrium has been reached at two
of the more downstream pressure taps, then both of these pressures
will fit only one equilibrium expansion curve. This expansion 7ives
a unique stagnation temperature and zinc concentration. The pro-
cedure used to determine this curve is outlined below.

For one of the measured static pressures several different reason-
able stagnation temperatures were selected. For each temperature,
the equilibrium expansion was calculated {26] for varying zinc
concentration until the concentration was found which caused the
expansion curve to fit the measured pressure. This gave a locus of
stagnation temperature-zinc concentration combinations whose
equilibrium expansion curves all passed through the given pressure
ratio. The same procedure was followed for the other measured
pressure and the intersection of the two curves yielded the unique
stagnation temperature and zinc mass fraction.

The onset of condensation was determined by the location in the
nozzle at which the static pressure measured deviates from the value
for the ““frozen” (without condensation) flow expansion. It was
previously shown [24, 27] that the nozzle effective area ratio may
be determined by pitot tube measurements for the low supersonic
Mach numbers used here. Static pressures were therefore non-
dimensionalized by chamber pressure and plotted against area ratio
determined from pitot tube measurements. A comparison of these
measured pressure ratios was then made with the pressure ratios
for flow with no condensation. Fig. 3 is an example of such a plot.
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Fig. 3. Ratio of static pressure to stagnation chamber pressure, § as a
function of effective area ratio. (Stagnation chamber temperature, pressure,
mass fraction of carrier gas are 2273 K, 1772 psia, 0.4, respectively.)

§ 3. Results, analysis and discussion

As mentioned previously, the measurement of static pressure was
used to determine the location of condensation onset in the nozzle.
Fig. 3 shows a typical expansion curve obtained during the study.
The static pressure (nondimensionalized by the chamber pressure)
is plotted against effective area ratio. The “frozen’ isentropic
expansion and an analytical nonequilibrium solution [24] are shown
for comparison. As can be seen, the location of the onset point
cannot be determined more accurately than the pressure tap
spacing. In this case, it can only be said that onset occurs between
an area ratio of 1.76 (where the experimental point still lies on the
“frozen’” expansion curve) and 2.26 (where the experimental point
bas definitely departed in the direction of the equilibrinm curve).
These two outside limits correspond to pressure ratios of 0.090 and
0.054 or, using Dalton’s Law (at onset no condensation has yet
taken place), to zinc partial pressures p, of 12.9 and 7.7 psia.
While a pressure versus area ratio plot is fine for studying the
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manner in which onset occurs, pressure-temperature coordinates
are of interest in the comparison of results of different expansions.
The nozzle expansion of the zinc vapo: before condensation may
be considered isentropic and as such, p, vs T is represented by a
straight line of slope (y/y — 1) when plotted on a log-log scale.
The position of the line is determined by the chamber conditions,
p., and T,. Fig. 4 shows a summary of the onset data obtained for
zinc vapor in helium.

/f 38 swgnation
Conditions

P, T

o) (o)
a 1772 2273
b 2192 2590 .
c 2038 2415
d 2420 2580
e 2892 2745
1 1450 1990

condensation
onset "points"

|

\]\ Saturation

|

!
! 1 L L I ]
100 200 500 1000 2000 5000 10000
1K)

P, (psia)
S S
T T - 1

Fig. 4. Partial pressure of zinc, p,, as a function of local temperature for
Several sets of stagnation conditions showing region of onset of
condensation.

Within the accuracy the apparatus dictates, the onset “‘points”
seem to yield a definite onset curve which is characterized by an
almost constant separation (at constant pressure) from the satura-
tion curve. A common method of defining the amount of super-
saturation at onset is by means of the “supersaturation temperature
decrement” AT, defined as the difference between the temperature
at which the flow isentrope crosses the saturation curve and the
temperature at which onset of condensation occurs. One interesting
feature of the measurement is that A7 for the conditions considered
here is found to be almost constant at 430 K over the range of
conditions considered. The onset points computed are also shown
and indicate reasonable agreement. Similar results were obtained
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using argon [28] where the A7 found appeared to be approximately
20 K over a range of argon saturation point pressures between
7 psia and 300 psia.

An analysis was made using a previously developed computer
program [30]. The program was based on the classical liquid drop
theory for nonequilibrium condensation with the usual assumptions
[30]. While having been under increasing attack recently, the clas-
sical theory for nonequilibrium condensation still seems to have the
greatest “‘success”’ in matching experimental data from nozzle
flows [3, 29, 31]. It provides a basis for comparison with, and
extrapolation of, experimental data. It also provides in a qualitative
manner prediction of the eftects of different flow parameters on the
condensation process. The liquid drop nucleation model yields a
nucleation 1ate equation in terms of a “critical” drop size. The
value of the surface tension was taken as a function of drop size [32]
through a constant which was originally related to the intermolecular
distance in the liquid drop. Although there is some disagreement on
surface tension correction for small radii, this correction seems to be
generally regarded as the best available {2, 34] and is somewhat
substantiated by experiment [35]. Particle size measurements
previously made [24] were used to approximate the Tolman con-
stant and proved to be within the appropriate limits.

The growth rate equation used for comparison with the present
experimental results was one used by Hill [31] with the following
two approximations: (1) the droplet temperature was assumed
equal to the equilibrium saturation temperature 7T, corresponding
to the vapor partial pressure, and (2) the droplet pressure was
assumed equal to the vapor partial pressure (i.e., the droplet is
considered to be large enough to allow neglect of the surface tension
contribution).

Fig. 5 shows the same set of onset data as in Fig. 4 with constant
nucleation rate curves and computed onset points superposed.
Quite some time ago, Head [20] proposed that the attainment of
an approximate nucleation rate of J = 1018 (drops/in.3-sec) typifies
the onset of condensation in water vapor. He justified this argument
on both theoretical and experimental grounds. More recently, it
has been shown [29] that this figure also serves to indicate onset in
nitrogen and that calculations indicate the figure may be good for
pure copper vapor also. The onset point in zinc vapor expanding
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Fig. 5. Partial pressure of zinc as a function of local temperature for constant
nucleation curves, saturation curve, computed of location condensation onset
(circles) and measured onset regions.

in helium carrier gas however, seems to be typified by a nucleation
rate between 1020 and 1025 (drops/in.3-sec.).

It has long been known that ionized particles will act as conden-
sation nuclei in a supersaturated vapor. This is the underlying
principle of the Wilson Cloud Chamber. Thus, due to the relatively
low ionization potentials of metals and the very high temperatures
reached in the arc chamber, the possible effect on condensation
of ionization in the arc chamber is certainly a question which
cannot be overlooked. Solbes and Kerrebrock [33] have shown that
non-equilibrium ionization effects on nucleation and condensation
are minor in potassium at temperatures below 2000 K at 1 atmos-
phere. A simple equilibrium ionization calculation on potassium
vapor at these conditions yields an ionized mass fraction ot
2.7 X 10-5. Due to the much higher ionization potential of zinc,
stagnation conditions of 4650 psia and 4650 K, at a zinc mass
fraction of 0.75, are necessary to obtain a comparable ionization
level. However, all of the measurements of condensation onset
were made at stagnation pressures and temperatures approximately
half that value. At the typical chamber conditions of 2500 psia,
2500 K, and 0.75 zinc mass fraction, the ionized mass fraction of
zinc is only 6.8 x 10710, Thus the equilibrium ionization level at
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stagnation conditions is five orders of magnitude less than an
equilibrium level would be in the potassium case. Since the higher
density in the zinc flow would tend to minimize the non-equilibrium
ionization downstream of the chamber, it seems reasonable that
ionization, in toto, can be assumed to be negligible. Earlier in the
run when the temperatures are high and the arc is still established,
it is not clear what the ionization level would be.

It is felt that contamination did not play a strong role in in-
fluencing any of the major findings of this study. The fact that the
heavily eroded center electrode was made of zinc and that there
was no evidence that the other end of the arc column established
itself at any one point (other than the zinc fuse) would lend credence
to the assumption that the only significant “contaminant” was
zinc (it should be noted that hotshot contamination usually derives
from only one electrode and the fuse, which were made of pure
(99.994-9,) zinc in this case). Further, considerable supersaturation
of zinc vapor during the expansion indicates negligible effects from
contamination since contamination would have tended to cause a
saturated expansion.
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