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ABSTRACT 

An aerodynamic molecular beam has been used in an attempt to de- 
velop criteria for the determination of the onset of condensation in free- 
jet expansions of various gases.    Measurements have been made of the 
total and monomer velocity distribution as a function of source pressure 
for the following conditions:   (1)   sonic orifice diameters of 0.0147, 
0.0386,  and 0, 1245 cm,  (2)   source temperatures from 85 to 450°K, 
(3)   source pressures from 10 to 10,000 torr,  (4)   argon, nitrogen, 
oxygen,  carbon monoxide,   and carbon dioxide test gases,  and (5) 20°K 
skimmer and collimator surfaces.    The variation of beam velocity with 
source pressure was characterized by an approximately constant value 
up to a particular pressure at which point the velocity started to increase. 
For all the gases tested it was found that, for each orifice size, 
p/T~2- 5 is constant at the point of velocity increase.   The variation of this 
constant with orifice diameter is a function of the test gas.    The velocity 
increase results from the addition of the heat of vaporization to the gas. 
From a knowledge of the velocity increase and the properties, of the gas, 
estimates of the fraction of condensate have been made.    These esti- 
mates indicate a mass fraction of condensate ranging from approximately 
20 to 30 percent.    There are indications from some of the velocity mea- 
surements that contributions from evaporated or sublimated molecules 
may be affecting some of the velocity distributions.    This is of particu- 
lar importance in sampling from condensed flows, and further studies 
are required to determine the degree of evaporation. 

in 
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SECTION I 
INTRODUCTION 

For several years,  experimental investigation of condensation phe- 
nomena in free-jet expansions has been conducted in the Aerodynamic 
Molecular Beam Chamber at the Arnold Engineering Development Center 
(AEDC).   It has been observed that when a jet expands into a high- 
vacuum environment,  condensation can occur, resulting in the formation 
of molecular clusters which lead to changes in flow properties.    A de- 
tailed discussion and summary of previous experimental work is con- 
tained in Ref.  1.   In that report measurements of total, monomer, 
dimer, trimer, etc.  beam intensities and velocity distributions are pre- 
sented for a range of orifice diameters,  source temperatures and pres- 
sures, test gases,  and beam-geometry configurations.    The present re- 
port deals with one facet of condensation phenomena, namely the effect of 
condensation on the mean gas velocity. 

SECTION II 
APPARATUS 

2.1 AERODYNAMIC MOLECULAR BEAM SYSTEM 

The AEDC Aerodynamic Molecular Beam Chamber (Fig.   1, 
Appendix I) is a 3-1/2-ft-diam,  6-1/2-ft-long stainless steel chamber 
divided into two sections by a removable bulkhead.    Vacuum conditions 
are produced by oil diffusion pumps and 77°K liquid nitrogen- and 20 °K 
gaseous helium-cooled cryoliners.    This pumping system produces 
base pressures of ID"8 torr and maintains pressures of 1 x 10"6 and 
1 x 10"? torr in the source and test chambers, respectively, during testing. 

The molecular beam was produced from the free-jet expansion of 
the test gas from an aerodynamic molecular beam source (Section 2. 2). 
The jet was sampled by skimming a stream tube from the flow using a 
1. 27-cm 20°K stainless steel skimmer and a 0.4-cm 20°K stainless 
steel collimator (Fig.   1). 

2.2 BEAM SOURCE 

A schematic of the molecular beam source is shown in Fig.  2.    The 
test gas flows through the center tube, which vents into a settling 
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chamber prior to passing through the test orifice.    The heating (or cool- 
ing) fluid passes through two tubes concentric with the gas supply tube. 
The source is approximately 4 ft long; this length, together with that of 
the settling chamber, should give the test gas sufficient time to accommo- 
date to the temperature of the circulating fluid.   The temperature of the 
test gas is measured with a copper-constantan thermocouple located at 
the upstream end of the settling chamber.   Temperatures in the range 
from 80 to 430*K are achieved as follows: 

1. For 80 to no°K, liquid nitrogen is circulated through the 
source. 

2. For 180 to 250°K, liquid nitrogen is circulated through a 
reservoir containing Freon MF®.    The nitrogen flow rate 
is adjusted so that the desired temperature is achieved 
in the Freon, which is then pumped through the source. 

3. For 280 to 300°K, water is pumped through the source. 

4. For 350 to 430*K, gaseous nitrogen is passed through a 
resistance-heated stainless steel tube and then through the 
source. 

A thin-wall stainless steel bellows (Fig.  1) permits the source to be 
moved in the vertical and horizontal planes.   It is adjusted until the beam 
intensity as measured by the miniature General Electric (GE) ionization 
gage is at maximum.    At this point it is assumed that the source is 
correctly aligned with the skimmer and collimator. 

The orifices were made in 0. 005-cm stainless steel shim stock 
silver-soldered to the orifice insert (Fig. 2);    Various diameter ori- 
fices were then cut into the stainless steel using an Elox®process. 
Examination of these orifices showed that they were not smooth and 
circular,  and a honing and polishing procedure was instituted which 
corrected this problem.   The three orifices used in the present series 
of tests had diameters of 0. 0147, 0. 0386, and 0. 1245 cm. 

2.3   DETECTOR SYSTEMS 

The test section of the chamber contains the molecular beam de- 
tection apparatus.    The detector systems which are discussed allow 
the measurement of total beam intensities, individual mass specie in- 
tensities,  and individual mass specie velocity distributions. 
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2.3.1 Total Beam Intensity Detector System 

The total beam intensity was measured with a miniature ionization 
gage positioned on the beam centerline.    For these measurements the 
normal 2. 54-cm-diam opening of the gage was reduced to 0. 6 cm. 
This reduction in opening served to (1)   increase the sensitivity of the 
gage to directed gas flows and (2)   ensure that molecular clusters were 
broken up by wall collisions and that a gage response was obtained be- 
fore the molecules escaped. 

2.3.2 Modulated Beam Detector 

The modulated beam detection system consists of (1)   a mechani- 
cal beam chopper,  (2)   a quadrupole mass spectrometer (2 to 600 amu), 
and (3)   a lock-in (narrow bandpass) amplifier.    A schematic of the sys- 
tem is shown in Fig.  3, and a detailed description is given in Ref.  2, 

The collimated molecular beam is chopped into pulses by a slotted 
rotating wheel.   The wheel is driven by a small two-phase vacuum- 
rated synchronous motor at approximately 75 Hz.    A photo-etching 
technique was used to make 20 equally spaced 1. 9- by 0. 16-cm slots in 
a 0. 005-cm-thick stainless steel wheel.    The beam to be chopped by the 
wheel is defined by a 0. 16- by 0. 16-cm orifice in a 0. 005-cm-thick 
stainless steel plate located upstream of the wheel.    After the beam has 
been chopped, the pulsed gas passes through the ionization region of the 
mass spectrometer.    An ionized sample of the beam is deflected into the 
quadrupole section,  which is tuned to a particular mass number.    The 
resulting ion current is amplified by an electron multiplier,  which sends 
a pulsed signal to the lock-in amplifier.    A light and a photocell detector, 
mounted at the chopper wheel,  provide the chopping frequency to the 
amplifier and keep it synchronized with the actual molecular beam modu- 
lation frequency.    The lock-in amplifier increases the signal-to-noise 
ratio by amplifying only those signals having the proper frequency and 
phase with respect to the reference signal from the photocell.    This 
amplified signal,  recorded on a voltmeter,  is a measure of the intensity 
of the mass number under investigation. 

2.3.3 Velocity Distribution Detection System 

A detailed description of this system is contained in Ref.  3,  and its 
components are shown schematically in Fig. 4.    After the collimated 
beam passes through the chopper wheel, the molecules spread according 
to their velocity distribution.    The beam then passes through the ionizing 



AEDC-TR-73-93 

section of the mass spectrometer.   The spectrometer operates as a 
flow density detector and measures the local particle density as a func- 
tion of time. 

The quadrupole section is tuned to the mass number of interest, 
and the resulting ion current is amplified by an electron multiplier.   A 
time reference for the spectrometer output is provided by the light and 
photocell arrangement shown in Fig. 4.   The mass spectrometer signal 
represents the molecular arrival rate, which is time dependent, refer- 
enced to a particular "start time" plus the random noise of the back- 
ground gas.   (The "start time" is the time the chopper shutter opens.) 
The signal is then processed in a waveform eductor, which is basically 
a device for extracting a weak signal from a high-noise background. 
In the present application, the resulting output from the waveform 
eductor is recorded by photographing the oscilloscope trace.   The 
trace represents the time-of-flight (TOF) of beam molecules, from 
which the velocity distribution may be inferred. 

SECTION III 
EXPERIMENTAL PROCEDURES 

Basically, three sets of measurements were made, as follows: 

1. beam intensities of monomer, dimer, trimer, etc. 
cluster ions 

2. total beam intensity 

3. incident beam TOF distributions. 

These measurements were made at the following test conditions: 
(1)   source pressures varying from 5 to 10,000 torr, (2)   source 
temperatures ranging from 85 to 450°K,  (3)   sonic orifice diameters of 
0.0147,  0.0386,  and 0. 1245 cm,  and (4)   argon, nitrogen,  oxygen, 
carbon monoxide, and carbon dioxide test gases. 

The nondimensionalized source-to-skimmer distances for the 
0.0147-,  0.0386-,   and 0. 1245-cm-diam sources were approximately 
1500, 590,  and 630 source diameters, respectively.   The rationale 
for the present investigation was not to establish the optimum nozzle 
skimmer separation distance for each orifice but rather to vary the 
pressure, temperature, and source gas at a fixed source-to-skimmer 
distance. 
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Individual mass beam intensity measurements were obtained with 
the modulated beam detection system.   In measurements of this type 
the mass spectrometer was tuned to the mass number of interest  and 
the output voltage was monitored as the source pressure was incre- 
mentally increased.    All external spectrometer settings were held con- 
stant during these tests.    Normally, the extraction, focus, and ion 
energy voltages are held constant at 10,   13 5,  and 22v, respectively, 
and the emission current and electron energy are held at 0. 2 ma and 
90 v, respectively.    The electron multiplier voltage was varied from 
1500 to 3000 v, depending on the magnitude of the signal. 

For measurements of incident beam velocity, the mass spectrom- 
eter was tuned to the mass number of interest, and the signal was then 
correctly phased.    In this study the velocity of interest was that which 
occurred at the time of maximum output signal which, for high-speed 
ratios,  is essentially equal to the mean velocity of the gas (Ref. 4). 
To calculate this velocity, it is necessary to know (1)   the flight dis- 
tance and (2)   the total flight time.    Throughout the present series of 
tests the flight distance varied from 25. 75 to 53 cm.    The total TOF 
is comprised of a consideration of (1)   the shutter opening time, which 
can be calculated from a knowledge of the chopper diameter and the 
slot width,  (2)   the time between the photocell output and the output of 
the first waveform eductor module (this time interval was measured to 
an accuracy of 1 /usec with a 10-MHz Beckman counter),  (3)   the total 
sweep time of the waveform eductor,  also measured to an accuracy of 
1 jusec with a Beckman counter, and (4)   the flight time in the mass 
spectrometer itself (this has been derived for various mass numbers 
in earlier experiments (e.g. , Ref.   1)). 

SECTION IV 
RESULTS AND DISCUSSION 

4.1   INDICATORS OF CONDENSATION IN A FREE-JET EXPANSION 

With the onset of condensation in a free-jet expansion, the follow- 
ing processes would be expected to occur as the source pressure is 
increased:   (1)   formation of molecular clusters, dimers, trimers, etc.; 
(2)   appearance of liquid droplets; and (3)   formation of crystals.    The 
source pressures at which these phase changes occur in an argon beam 
have been identified using an electron diffraction technique (Ref.  5) and 
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are shown in Fig. 5a.   Also shown in Fig.  5a for similar beam source 
conditions are measurements of (1)  total monomer, dimer, trimer, and 
tetramer beam intensity and monomer velocity obtained in the present 
study; and (2)   characteristic cluster size (Ref. 6).   The present results 
(Fig.  5a) indicate that the monomer and total beam intensity diverge and 
the monomer velocity increases at a source pressure where Audit's 
data (Ref.  5) show a change from an all-monomer flow to one containing 
molecular clusters and liquid droplets.   Audit (Ref. 5) was unable to 
estimate the size of the clusters he observed.   A more recent electron 
diffraction analysis (Ref.  7) has shown that in an argon expansion from 
a source pressure of 900 torr the mean cluster size is about 20 
atoms/cluster.    The nucleation of nitrogen has been studied using 
crossed beam and accelerating potential techniques (Ref.  8).    The re- 
sults of these analyses, which are shown in Fig.  5b, indicate that clus- 
ters ranging in size from 10^ to 10* molecules can exist for stagnation 
pressures varying from 50 to 104 torr.   If it is assumed that both these 
analyses, i. e., Refs.  7 and 8, give a reasonably accurate measure of 
the cluster size, then clusters comprised of at least 20 molecules (or 
atoms) are shown to exist at source pressures where (1)   the gas ve- 
locity increases and (2)   the monomer and total beam intensities first 
deviate.   This lends support to the suggestion made earlier (Ref.  1) 
that these beam characteristics are indicative of condensation onset. 

The main effects of condensation on the flow as a whole are (1)   a 
depletion of the monomers and (2)   heating of the remaining gas as a 
result of the addition of the latent heat of vaporization to the flow. 
Thus, the effects of condensation are similar to those of heat addition, 
which in supersonic flow results in an increase in stream temperature 
and pressure.   Increases in temperature are reflected in increases in 
(1)   monomer velocity (Figs. 5a and b) and (2)   monomer free-stream 
static temperature (c. f., Fig. 39, Ref.  1).   Sherman (Ref.  9) has shown 
that when condensation occurs in an expanding flow the gas enthalpy in- 
crease is directly proportional to the product of the latent heat of vapori- 
zation and the mass fraction of the condensate.   With the present velocity- 
measuring system the effects of condensation on monomer beam velocity 
will become detectable only when there is a sufficiently large number of 
clusters to affect the mean-flow properties of the remaining gas.    The 
reported observation (Ref. 8) of a 100-molecule cluster in the nitrogen 
expansion (Fig, 5b) without any detectable increase in mean gas velocity 
suggests that the number density of these clusters may be small at this 
source pressure. 
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4.2  BEAM VELOCITY DISTRIBUTION AS A FUNCTION OF SOURCE PRESSURE 

A series of velocity distributions obtained with the mass spectrom- 
eter operating in the side-on mode is presented in Fig.  6.    As noted 
earlier (Section III), the velocity of interest in the present study is that 
occurring at the time of maximum signal which, for high-speed ratios, 
is approximately equal to the mean velocity of the gas (Ref. 4).    This 
velocity, V, is defined as 

v = h 

where L is the flight distance and t is the time to maximum signal. 

The velocity distributions shown in Fig.  6 fall into the three follow- 
ing categories:   (1)   p0 £, 80 torr, where the time to maximum signal is 
constant, indicating a constant monomer velocity.   The width of the ion 
current distribution at half maximum signal decreases with increasing 
source pressure, indicating a decreasing free-stream static tempera- 
ture; (2)   150 lp0i 2000 torr, where the velocity distributions indi- 
cate an increasing monomer velocity and continued decrease in free- 
stream static temperature; (3)   pQ.> 4000, where the form of the ion 
current distribution changes.   The time to maximum signal increases 
(indicating a decrease in monomer gas velocity),   and the width of the 
distribution at half the maximum signal increases. 

The nature of these changes is characterized by the ion current dis- 
tribution obtained for pQ = 6000 torr (see Fig.  6).    The observed asym- 
metry of this distribution arises from an increase in the number of 
slower-moving monomer ions.   It is postulated that these slower- 
moving monomers are a result of fragmentation of the slower-moving 
large clusters by electron impact in the ionization region of the mass 
spectrometer.    The contribution of these slower-moving fragmentation 
monomers to the total monomer ion current is not large enough to pro- 
duce a detectable asymmetry in the ion current distributions for 
p0 < 100 torr.   With increasing source pressure the number of slower- 
moving monomers increases with respect to those that have been accele- 
rated, resulting in a decrease in the mean monomer velocity.    The 
possible explanation for the symmetrical ion current distribution for 
p0 = 8000 torr is that at this source pressure the contributions from the 
fast and slow molecules are approximately equal. 
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If the above explanation is correct, then for p0 > 1000 torr the 
monomer and dimer intensity measurements shown in Fig.  5b contain 
a significant contribution from the fragmentation of the large clusters 
in the ionization region of the mass spectrometer.    Thus,  caution 
should be exercised in any attempts to determine the chemical kinetics 
of nucleation from mass spectrometrie observations of polymer intensity 
when large clusters are known to exist in the flow. 

For p0 > 4000 torr an attempt has been made to estimate the mean 
velocity of these two distinct sets of monomers.    The results of these 
estimates are shown by the dashed lines in Fig.  5b.    The two sets of 
monomers have velocities of approximately 500 and 580 m/sec. 

The presence of slow er-moving clusters has been observed in an 
earlier investigation (Ref.  1).   In this study the mass spectrometer was 
deliberately misaligned so that a portion of the molecular beam impinged 
upon the mass spectrometer head.   Some of the resulting debris was 
ionized and drawn into the mass spectrometer and resulted in a distorted 
velocity distribution of the type shown in Fig.  6 for p0 = 6000 torr.    From 
these observations it is evident that when condensation has occurred in 
the expansion, the resulting mean velocity distribution can be signifi- 
cantly affected by (1)   electron impact and (2)   beam impact with any por- 
tion of the mass spectrometer head. 

4.3   EFFECT OF SOURCE DIAMETER. PRESSURE, AND TEMPERATURE ON 
MEAN GAS VELOCITY 

In the present discussion only those data obtained with the 20(K pump- 
ing skimmer and collimator will be considered.    Gas velocity measure- 
ments have been obtained with a 295°K conical skimmer.    However, 
these measurements are not considered in the present discussion since 
it has been shown (Ref.  10) that, when there is significant condensation, 
skimmers of this type can affect the measured mean velocity.   Examples 
of experimental data obtained in the present investigation are presented in 
Fig.  7. 

The data for argon and carbon dioxide are characterized by a pres- 
sure range where the velocity is essentially constant followed by a range 
where the velocity increases with increasing source pressure (Fig.  7). 
For argon, the limiting thermal velocity (i. e.,  \J2 CpTQ) has been calcu- 
lated on the basis of measured source temperature and is found to be in 
fair agreement (approximately 4 percent) with the observed constant 
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velocity level.   For carbon dioxide the calculated limiting thermal 
velocity is considerably larger than the observed constant velocity 
level (Fig.  7b).    In the free-jet expansion of polyatomic gases of the 
type under investigation in the present study the expansion is so rapid 
that there is insufficient time for rotational and vibrational equilibrium 
to be achieved.    The difference between the measured limiting velocity 
(Fig.   7b) and the theoretical limiting velocity is an indicator of the 
fraction of the total enthalpy locked into these internal degrees of free- 
dom.    For a given gas the source pressures at which the monomer and 
total beam velocity increase are the same (c.f., Figs.  7a and b).   As 
has been stated earlier, the source pressure at which the velocity 
starts to increase has been assumed to be indicative of the early stages 
of condensation.   The results of the present investigation for monomer 
and total beam velocities are summarized in Fig.  8. 

The argon, nitrogen, and oxygen measurements cover a wide range 
of temperatures for a source diameter of 0. 0386 cm (Fig. 8).    These 
three gases indicate that the pressure at which the velocity increases 
varies as TQ

2- 5.    This variation with temperature also appears to 
satisfy the more limited data for the other gases and orifice sizes. 
These data (Fig. 8) have been replotted as a function of orifice diameter 
for a source temperature of 300TK (Fig.  9).    The variation of critical 
source pressure with orifice diameter is a function of the gas under 
investigation.    On the basis of the available data it is reasonable to 
suggest that these variations with source temperature, diameter, and 
gas provide a reasonable means of determining whether there is a sig- 
nificant degree of condensation in a free-jet expansion. 

4.4   ESTIMATES OF MASS FRACTION OF CONDENSATE FROM GAS 
VELOCITY MEASUREMENTS 

The energy equation for steady-state,  one-dimensional flow with no 
condensation is 

h  = h   + ftv ) l2/s 

When there is condensation in the flow, the energy equation can be 
written (see Ref.  9) as 

K *  gL =  hK  H.  [(VJc]2/2 
(2) 
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On combining equations (1) and (2) one can see that the increase in 
gas kinetic energy resulting from the addition of the latent heat of vapor- 
ization of the gas to the flow can be derived from 

[<VjJ* - [(VJnc]2 = 2gL (3) 

Values of [(V«,)^2 - [(VJncJ2 for complete condensation of the gas are tab- 
ulated in Table I, Appendix II, for various gases and source temperatures. 
Also shown in Table I are the experimental values of RVM)P - Rvj^]2 

for source pressures of approximately 10 atm.   The ratio of the experi- 
mental to the theoretical maximum value yields the mass fraction of con- 
densate, which is also tabulated in Table I.   These values of mass frac- 
tion of condensate range approximately from 20 to 30 percent.    It is of 
interest to note that for the 85°K nitrogen expansion (c. f., Fig. 5b) at 
source pressures greater than 4000 torr the condensed particles were 
large enough to be visible.   This visual observation of condensed parti- 
cles is consistent with the significant mass fraction (i. e., g * 30 per- 
cent) of condensate estimated from the velocity measurements. 

In the commercial process to liquefy gases, the gas is expanded 
from high pressure, and fractions of condensate of approximately 25 
percent are obtained (Ref.  11).   The mass fraction of condensate esti- 
mated from the gas velocity measurements is consistent with these 
values. 

4.5   ACCELERATION OF CLUSTERS IN FREE-JET EXPANSIONS 

It has been indicated that after the onset of condensation the velocity 
of the noncondensed molecules is increased as a result of the release of 
the latent heat of vaporization.    When this occurs, it seems reasonable 
to assume that the gas can be considered to be a binary mixture com- 
prised of (1)   large, slow-moving clusters and (2)  fast monomers. 

There have been many studies of the characteristics of free-jet ex- 
pansions of gas mixtures.   It has been assumed (Ref.  12) that if in the 
expansion of a gas mixture there are sufficient collisions to equilibrate 
the velocities between the two species, the heavy and light gas mole- 
cules will have the same velocity.    Thus, if a dilute mixture of a heavy 
species in a light carrier gas is expanded, the lighter gas will in effect 
accelerate the heavier gas.    For example, it has been found (Ref.   12) 
that the velocity of argon molecules in a beam generated from an argon- 
hydrogen mixture was on the order of the mean gas velocity.    Further- 

10 
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more, it was observed that argon concentration on the centerline was 
higher than the theoretical value, indicating an apparent enrichment of 
the heavy species. 

It is suggested that the present studies of monomer/cluster mix- 
tures are analogous, in some respects, to the above-mentioned studies 
of mixed-gas expansions.    It has been suggested that the monomer ve- 
locity distribution characteristics of an 85°K nitrogen expansion 
(Fig.  6) indicate the presence of two distinct (fast and slow) groups of 
monomers.    It has been postulated that the slow monomers result from 
fragmentation of the large clusters in the ionization region of the mass 
spectrometer.    If this assumption is correct, then it is evident that the 
large clusters are not accelerated to the speed attained by the non- 
condensed monomers.    This is not an unexpected result if it is accepted 
that the mass fraction of the condensate is on the order of 30 percent 
and the mean cluster size is in excess of 10^ molecules.    Equalization 
of the velocity of the light and heavy gas species has been achieved in 
mixed-gas expansions when concentration of the heavy specie in the 
mixture is small (i. e., less than 10 percent - Ref.   12) and the ratio of 
masses of the heavy to the light species is less than 20. 

Some velocity measurements for a condensed carbon dioxide beam 
are shown in Fig.  10.    On the basis of the above discussion for the 85°K 
nitrogen expansion it is assumed that the reduction in mean gas velocity 
at high source pressures results from significant contribution to the 
total signal from the large molecular clusters.   It is of interest to note 
that at high source pressures the absolute level of the mean gas velocity 
is a function of the source skimmer separation distance (i. e.,  as this 
distance increases, so does the mean gas velocity). 

In homogeneous condensation,  cluster growth occurs as a result of 
molecular collisions and the resultant energy transfer between the con- 
densing vapor and the noncondensed gas.    Studies of free-jet expansions 
have demonstrated that a collisional freezing surface exists downstream 
of the source orifice (Ref.   12).    The nature of the condensation process 
is such that it requires molecular collisions; therefore, no further clus- 
ter growth can occur when collisions cease (i. e., downstream of the 
collisional freezing surface).   Downstream of the collisional freezing 
surface the pressure in the expansion continues to decrease until it falls 
below the vapor pressure of the clusters.   When this occurs, the clus- 
ters will evaporate (or sublimate), and the evaporated monomers will be 
introduced randomly into the flow at a higher energy than those remain- 
ing in the cluster.    Given a sufficient flight distance (or time), it is 
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conceivable "that the clusters will completely evaporate.   In a molecular 
beam system the flight distance of the clusters is determined by the 
distance between the source and the detector.    For the carbon dioxide 
velocity data shown in Fig.   10 the larger source-to-skimmer distance 
also means a larger source-to-detector distance.   It is suggested that 
the difference in mean gas velocity for the condensed CO2 beam may 
result from differences in the degree of evaporation of the clusters as 
a result of the differences in source-to-skimmer (detector) separation 
distances. 

SECTION V 
CONCLUSIONS 

When a gas condenses in a free-jet expansion, the latent heat of 
vaporization becomes available to heat the gas and thus to increase the 
translational velocity.    At a fixed source-gas temperature a source 
pressure is reached where the velocity of the expanding gas starts to 
increase.   It has been shown that the pressure at which this velocity 
increase occurs is related to the early stages of condensation in the ex- 
pansion (i. e., the development of clusters of between 20 and 100 molecules). 
The source conditions at which this stage of condensation occurs have 
been determined for 85 < T0 < 450°K and 0. 0147 < d < 0. 1245 cm for 
argon, oxygen, nitrogen, carbon monoxide, and carbon dioxide. 

Estimates of the fraction of the gas condensed have been derived 
from the observed increase in gas velocity.    These estimates show 
that for the source conditions of the present investigation the mass 
fraction of the condensate was approximately 20 to 30 percent. 

Some velocity measurements obtained at two different source-to- 
skimmer separation distances are indicative of a contribution from 
evaporated or sublimated monomers.    This is a problem of some 
interest in the sampling of condensed beams, and additional measure- 
ments would be of interest to determine the degree of evaporation that 
occurs. 
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TABLE I 
MASS FRACTION OF CONDENSATE DERIVED 
FROM MEASUREMENTS OF BEAM VELOCITY 

Orifice Diameter = 0.0386 cm 

Source Stagnation Pressure * 10 atm. 

Argon        Nitrogen        Oxygen 
Carbon Carbon 
Dioxide        Monoxide 

Latent heat of Vaporization, 37.6 47.6 50.9 87.2 50.4 
cal/gm 

(VJC - (Vjnc for g = 100 31.5 39.8 42.6 73.0 42.2 
percent, m^/sec2 x 10 ~4 

Source Stagnation Tempera- 297 85 90 297 450 
ture, TC 

Experimental Values 8 12 8 20 11 
(VJI - (VJIC, m2/sec2 x 10"4 

Mass Fraction Condensate, 25 30 18 27 26 
percent 
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