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THE INFLUENCE OF NUCLEATION AND DROPLET GROWTH
ON THE ONSET OF CONDENSATION IN SUPERSONIC NOZZLE EXPANSIONS

Gerald Wilemski, Barbara E. Wyslouzil, Mitzi G. Beals, and Michael B. Frish

I. INTRODUCTION

Unlike most other techniques used to study nucleation, supersonic nozzles do not yield nu-
cleation rates directly because the length of time over which nucleation contributes significantly
to particle formation is not easy to determine or control. Nevertheless, experiments in nozzles
are extremely important because they provide higher rates of cooling, higher supersaturations
and higher nucleation rates than any of the other techniques. Their operating conditions are
more typical of important industrial conditions found in aerodynamic and turbomechanical flows
where homogeneous condensation can have serious consequences for the gas flow behavior. Be-
cause the fluid mechanics of nozzles is well-understood, condensation experiments in the nozzle
are amenable to sophisticated modeling efforts, and much useful insight can be gained regarding

the nucleation and droplet growth processes under these severe cooling conditions.

Because of the difficulty in measuring rates directly, nozzle experiments have tended to em-
phasize measurements of the actual density or pressure profiles during flow. A key piece of in-
formation derived from these measurements is the onset of condensation. The onset of conden-
sation is the point in the expanding flow where the density, pressure, and temperature deviate
significantly from the isentropic values. One of the most important issues is to understand the
variation of the observed onset of condensation with different experimental conditions. There are
many variables that can affect this behavior. These include the cooling rate and the supply con-
ditions: pressures of the carrier gas and condensible vapor and the stagnation temperature. Also,
the nature of the carrier gas may potentially play a role. Many studies have been made,!? but
many poorly understood findings persist. Examples can be readily cited for the condensation of

water,? argon,4 and nitrogen.5

Less attention has been paid to the more microscopic question of the character of the con-
densate at onset. Questions regarding the size and concentration of the growing condensate par-
ticles at onset are much harder to answer experimentally and have not received intensive theo-
retical scrutiny either, although the means to do so has long existed.® While nucleation always
initiates condensation, it does not follow that the onset of condensation is necessarily due to nu-
cleation alone. Nucleation dominated onset has been identified by Wegener, Clumpner, and Wu"
in the case of ethanol condensation. However, for other materials or even for ethanol under other

conditions, it is possible that droplet growth may contribute significantly, even predominantly to

the amount of condensate at onset. AN - ?,2 E/@ /4&5 7
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This paper summarizes our recent experimental work using a gently diverging supersonic
Laval nozzle to investigate the variation of onset temperature and pressure for varying amounts
of condensible vapor in an excess of carrier gas. Many similar studies have been carried out pre-
viously, but the results of these studies are usually not sufficiently well documented to enable us
to do modeling studies that permit assessment of the condensate characteristics at onset. By car-
rying out modeling of the particle size distributions for our own experiments, we can avoid this
difficulty. In modeling our experimental results, we have found that the mechanism for produc-
ing observable condensate varies considerably with conditions. Nucleation of small droplets can
dominate at one extreme, but droplet growth can also be found to play a dominant role at other

conditions.

Following a brief description of our experimental apparatus and methodology in Section II.,
we present our experimental results in Section III. and compare them with results from related
experiments. In Section IV. we describe our modeling procedure, present the calculated size dis-

tributions at onset, and discuss the implications of these results.

II. EXPERIMENTAL APPARATUS AND DATA ANALYSIS

The experimental apparatus and data analysis were described in detail in a recent publication®
and are reviewed only briefly here. As illustrated in Figure 1, the apparatus consists of an inter-
mittent, low Mach number, supersonic Laval nozzle equipped with a Mach-Zender interferome-
ter. The desired amount of condensible vapor is accurately metered from a pressurized saturator
into a previously evacuated supply tank. The required amount of N carrier gas is then added to
complete the mixture. The nozzle is two dimensional with a 0.5x1.23 cm? throat, a 7.9 cm long
supersonic portion and an exit-to-throat area ratio of 1.37 that yields a maximum Mach num-
ber of 1.72 for a diatomic gas. During a 300 ms run, gas from a heated plenum flows through the
nozzle into an evacuted dump tank, and steady one dimensional density, temperature and pres-
sure gradients are established. An analysis of the interference fringes measured during the steady
flow period, yields the relative density profiles, p/po, as a function of position in the nozzle. The
relative density profile for a non-condensing flow follows that described by the one-dimensional
adiabatic gas dynamics equations and is used to accurately calibrate the shape of the nozzle.
This calibration is critical in a small nozzle because boundary layers significantly alter the ef-
fective shape of the nozzle and are a strong function of the pressure. The relative density profiles
for the flow of a condensing gas mixture together with the diabatic gas dynamics equations yield

the temperature, pressure and condensed mass profiles.
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III. EXPERIMENTAL RESULTS

We conducted condensation experiments over a wide range of initial water, ethanol, and
propanol concentrations. these experiments were conducted using stagnation pressures of 2.5 or
3.0 atmospheres. These pressures provide clean interferograms while still letting us observe on-
set even at relatively low condensible vapor concentrations. When the stagnation pressure is very
high the heat released by the condensing vapor may not be enough to perturb the flow noticibly.
When the stagnation pressure is too low, interferometry becomes difficult because the absolute

changes in the gas density are small.

As shown elsewhere,®? the onset of condensation often occurs after the condensing flow
curve has already begun to deviate somewhat from the theoretical isentrope for the wet flow, the
wet isentrope. Depending on how rapidly this deviation occurs, there is some uncertainty in de-
termining the onset of condensation.!® To reduce this ambiguity, we define the onset of conden-
sation as the point where the temperature on the condensing flow curve first deviates from the
temperature of the wet isentrope by 1 K. As discussed more extensively in our previous paper,®
this definition is not unique but most reasonable definititions of the onset of condensation will be

quite close to this one.

Experiments at constant stagnation pressure with varying condensible vapor pressure con-
firm that our supersonic nozzle results are consistent with those of other workers generated using
a variety of experimental techniques. Our results for water are shown in Figure 2. where they
are compared with data of Pouring,!! Roberts,!? Stein and Moses,!?, and Stein.!* The results
for ethanol are shown in Figure 3., where they are compared with those of Wegener, Clumpner,
and Wu,” Dawson et al.,!® Peters,!® Franck and Hertz,!” and Katz and Ostermeier.!® Finally
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our results for n-propanol are shown in Figure 4. along with shock tube results of Peters,!
no other nozzle data exist for this species. Figures 2 and 3 have been published previously® but
are included for completeness. Experimental onset and starting conditions are summarized in in
Tables 1., II., and III. for, respectively, water, ethanol, and n-propanol. The results from these

uniary experiments agree well with experimental results from other nozzles and shock tubes.

IV. CONDENSATION MODELING AND DISCUSSION

Theoretical calculations of condensation in the nozzle were performed using the integral
steady state (ISS) model developed by Oswatitsch® to simulate the nucleation and growth of par-
ticles. Our version of this model includes the effects of heat addition to the flow through the dia-
batic gasdynamics equations.? The model is based on the classical kinetic model of cluster forma-
tion which considers cluster size to change only by monomer condensation and evaporation. The
ISS method uses the steady state nucleation rate J to compute the number density AN of new

particles formed at each point z in the expansion from the conservation law, AN = (J/u)Axz;
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v is the local flow velocity. With an appropriate droplet growth law the condensate mass frac-

tion can be calculated versus z, and from this the change in flow properties can be obtained by
integrating the diabatic flow equations. This approach has been used extensively for simulating
condensation in nozzles.? In these calculations, the classical isothermal steady state rate expres-
sion, J,, was used for J. Following conventional practice,” a multiplicative adjustment factor I’
was used to bring the calculated and measured values of the onset temperature into agreement.
Thus J is expressed as J = ['J,. In general, I varies with experimental conditions, but for a

given expansion it is a temperature independent constant.

Figures 5. and 6. contain the results of a modeling calculation for 1% water vapor in ni-
trogen at a total stagnation pressure of 2.5 atm. In Fig. 5, calculated and measured tempera-
ture profiles for the condensing flow are shown along with the isentropic behavior in the absence
of condensation. In Fig. 6, calculated number densities of condensate particles are plotted as a
function of particle radius at onset, ¢ = 18.2us downstream of the nozzle throat, where only 1.7%
of the water has condensed, and at a position much farther downstream, t = 42.7us, where 80.4%
of the water is calculated to have condensed. Besides the ISS model results, each figure contains
calculations based on a much more detailed discrete-sectional (DS) model described elsewhere.??
The DS results are included as a check on the accuracy and reliability of the much simpler ISS

results.

The ISS method produces results very close to those of the DS model provided that both
the steady state nucleation rate expression and droplet growth law used are consistent with the
forms of the forward and reverse rate coefficients used in the DS model. The ISS model results
in Figs. 5 and 6 were obtained using the quasi-steady isothermal droplet growth law including
evaporation,” and droplet growth was started at a size 1% greater than critical size. The tem-
perature profiles indicate that droplet growth is overestimated, but the onset region is well de--
scribed. The particle size distributions at onset, z = —0.2 and ¢ = 18.2us, and further down-
stream are in good agreement These theoretical results indicate that at onset most of the con-
densed mass is already present in particles much larger than the critical size (0.5 nm) and that
substantial droplet growth has already occurred. A second set of comparisons between experi-
ment and the ISS model is shown in Fig. 7-9. These experiments used a stagnation pressure of
3 atm., a lower initial water vapor pressure, and a lower stagnation temperature. These changes
produced a considerable decrease in onset temperature from 244K to 220K. These experiments

21 work as simplified by

were modeled with an improved droplet growth law based on Young’s
Peters and Paikert.?? This growth law covers the transition and continuum flow regimes as well
as the more relevant free molecular flow condition for our experiments. The growth law also ac-
counts for droplet heating during growth (or evaporative cooling) permitting more realistic mod-

eling of post-onset flow. These results are very similar to those of the previous case. Figure 9
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shows clearly that essentially none of the condensed mass is found in critically sized particles.
About 85% of the condensed mass is found in particles with radii of at least 5 nm, i.e. at least
1000 times the volume of a critical nucleus. Droplet growth obviously accounts for the condensed

mass at onset in these two cases.

This behavior contrasts starkly with the view, developed for low temperature ethanol con-
densation, that at onset most of the condensed mass exists as a cloud of tiny (0.5 nm) near-critical
nuclei with droplet growth contributing substantially only after the peak nucleation zone.” To ex-
plore this dramatic divergence of views, we modeled several of our ethanol experiments and com-
pared them to modeling results for the conditions of Wegener et al.” using our nozzle shape, since

theirs was not readily available.

As opposed to the above water results, ethanol condensation calculations for the conditions
used by Wegener et al.” yield results supporting the picture of decoupled nucleation and growth.
These results are shown in Figures 10 and 11. The size distribution at onset is very sharp, critically-
sized particles dominate, and most of the mass lies in the smallest sizes. It should be noted this
behavior is a consequence of the exceedingly high nucleation rates achieved in the experiments
of Wegener et al..” In calculations simulating our ethanol condensation experiments, we observe
a transition from this decoupled behavior to a regime in which nucleation and droplet growth
are equally important as for the case of water condensation. Figure 10 also shows the very broad
ethanol size distribution computed for one set of our conditions. Figure 11 compares cumulative
mass distribution curves illustrating this transition. The sharpest distribution corresponds to the
conditions of Wegener et al.; the other two curves span the temperature range covered by our
experiments. We conclude that the magnitude of nucleation rate achievable under different con-

ditions has an major effect on the relative importance of nucleation and droplet growth at onset.

Finally, we performed calculations for several of our propanol experiments. The results shown
in Figs. 12-15 are for a low (4 Torr) and intermediate (8 Torr) initial propanol pressure. The

t22 was used for these calculations. The

droplet growth law of Young,?! and Peters and Paiker
calculated temperature profiles shown in Figs. 12 and 13 are in reasonably good agreement with
the curves derived from experiment. In Figs. 14 and 15 we see behavior similar to that found for
ethanol. The size distribution at onset for the lower condensible pressure and lower onset tem-

perature is narrower and more mass is found in smaller particle sizes than for the higher conden-

sible pressure case.

V. SUMMARY AND CONCLUSIONS

At the onset of condensation in a supersonic nozzle expansion, gas flow properties begin to
deviate from their isentropic values. The latent heat released by condensation heats the flow and

causes the pressure and density to increase. While nucleation always initiates condensation, the
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onset of condensation is not necessarily due to nucleation alone. Our modeling results, indicate
that the mechanism for producing observable condensate varies considerably with conditions.
The particle size distribution at onset appears to undergo a continuous transition from narrow
to broad as the onset temperature and pressure increase. When condensible vapor at a low par-
tial pressure expands to a low temperature, nucleation rates are very high at onset, and the mass
of condensate occurs mainly as droplets of near critical size. Droplet growth contributes substan-
tially to the accumulation of condensate only after nucleation subsides. At high pressures of con-
densible vapor, onset occurs at higher temperatures and lower supersaturations. The condensate
mass at onset then occurs overwhelmingly as very large supercritical droplets. While nucleation
continues at an appreciable rate in the onset region, freshly nucleated droplets contribute negligi-

bly to the total condensed mass.
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Table 1. Summary of Experimental Conditions for Water Vapor.

Table 1: Summary of Experimental Conditions: Water

Po (atm) | Pc (Torr) | To(K) | T (K) P
3 17.22 316 233.7 5.94
3 17.22 316 233.6 5.92
3 17.22 316 2325 5.85
2.5 18 316 239.1 6.66
2.5 15 316 235.6 532
2 20.13 316 242 7.83
2 20.13 316 240.3 7.6
2 20.13 316 236.7 6.88
2 20.13 306 236.7 8.1
2 19.13 316 2348 6.03
2 17.22 316 234.1 6.01
2 17.22 316 233.3 5.9
2 17.22 316 232.8 5.85
2 17.22 316 232.8 5.9
2 15.22 316 230.8 5.01
1 17.22 316 238.2 6.32
1 17.22 316 235.8 6.1
1 17.22 316 2342 5.96
1 17.22 316 234 5.98
1 17.22 316 234 5.89
0.5 17.22 316 236 6.21
0.5 17.22 316 236 6.2
0.5 17.22 316 235.8 6.09
0.5 17.22 316 235 6.15
0.5 17.22 316 235 6.07
0.5 17.22 316 234.8 6.04
0.5 17.22 316 234 6




Table 2. Summary of Experimental Conditions for Ethanol Vapor.

Table 2: Summary of Experimental Conditions: Ethanol
Po (atm) | Pc(torr) | To (K) T (K) P
3 22.8 316 242.5 8.88
3 20.8 316 240.5 7.86
3 18.8 316 236.6 6.72
3 16.8 316 235.2 5.88
3 12.8 316 233.6 4.38
3 12.8 316 233.3 4.36
3 12.8 316 230.8 421
3 10.8 310 228.6 3.67
3 7.6 306 225.6 2.58
3 5 299 216.6 1.6
2.5 12.4 316 238 4.47
2.5 7 316 225.2 2.82
2 12.8 316 235.6 4.5
2 12.8 316 235 - 4.47
1 12.8 316 238.4 4.65
1 12.8 316 237.5 4.6
1 12.8 316 235 4.43

Table 3. Summary of Experimental Conditions for Propanol Vapor.

Table 3: Summary of Experimental Conditions: Propanol
Po (atm) | Pc (torr) | To (K) T (K) p

2.5 11 316 254.7 5.14
2.5 10 310 251 4.72
2.5 9.85 316 244.5 3.95
2.5 8 316 242.4 3.34
2.5 8 310 2422 3.1

2.5 6 310 237.6 2.34
2.5 5 316 239.1 1.86
2.5 4.5 310 232.1 1.62
2.5 4 310 229.5 1.38
2.5 3 310 225.2 0.97
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