The effect of cooling rate on binary nucleation
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Introduction |

In:gasdynamic flows at high temperatures; the real gas effects that occur can
be. treated by equxhbrlum thermodynamics plOVld(,d the ratio of the time
scale of the’ ﬂow to that requ1red to establish' a new thermodynamic state is
largc However ‘at-high supersomc and‘hypersonic speeds, the time-scale ratio
becomes’ comparable to unity, and' departures from thermodynamic equilib-
rium set in. The equilibrium is restored only after a characteristic period
called ‘the ‘relaxation’ time. At increasing speeds — or temperatures — typical
reldxatlon processes are those of vibrational excitation, dissociation, ioniz-
atlon ‘etc. of the'gas. In such ﬂows Zieven if thermodynamic equilibrium is
maintained — the’ phenomenon of acoustlc “dispersion occurs with the speed
of sound dependmg on frequency

~“During his ‘timeat Delft, L.J.F: Broer made major contributions to this

ﬁcld In 1951 [ ] he was the first to treat the theory of acoustic rclaxatlon
due to heat capacity lag in compresmble flows: Independently of other work
37,135 221, he was also responsible [5] for clarifying some confusion that
arose . with'' the“appearance of additional - papers in the intervening period.
Finally; while -at* Eindhoven, he’ summarized the field from the retrospective
views of ‘a ‘physicist [6]. In’his papers, Broer derived expressions for the high
and Tow frequency limits of the acoustic velocity, and showed independently
that'in the dynamics of compressible'flows with relaxation, the characteristics
of- this ‘type ‘of flow-are determined by ‘the high-frequency limit of the speed
of 'sound: This ‘seemingly puLzhng fact’ waslater verified experimentally in
supersomc flow of a d1ssoc1atmg gas mixture in thermodyndmm equilibrium
[20]. RS :
Restricting ourselves to relaxmg flows with a single non-<quilibrium mode
whose instantaneousstate is characterized by a progress variable ¢, the general
approach is to'introduce a rate equatlon '
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m addltlon to the equanons of motxon and state. Here v is an internal time
scale and the relaxation funct1on F has the pmperty that
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in thermodynamic equilibrium where ¢ = @ and » = 0. Typically in dis-
sociating flow, 7 (p, p) is the law of mass action. Finally a relaxation time, 7,
can be defined by

= —@Fg)". | (3)

Many nonequilibrium problems in flows have now been solved using these
equations, often with equation (1) linearized about the equilibrium state.
Normally, the limiting sound speeds in nonequilibrium flow — usually
called the frozen and equilibrium sound speeds in gasdynamics — are numeri-
cally not too different from each other. A striking exception to this generaliz-
ation is provided by nonequilibrium flow with condensation. Here, in a rapid
expansion a vapor becomes supersaturated and at some thermodynamic state
an irreversible collapse of the supersaturated conditions leads to equilibrium.
Droplets (or solid particles) appear and the limiting sound speeds in this
mixture may differ substantially (c.g. [19]). In fact owing to the heat of
vaporization, condensing flows — especially water — exhibit strong effects of
departure from perfect gas flows. However, our knowledge of the rates of the
condensation process based on first principles is far from being complete.
Therefore we must base calculations of flow fields on empirical boundary
conditions. In keeping with the general approach outlined above, in conden-
sation studies one defines the progress variable of a single condensing
vapor — ordinarily carried at small mole fraction in a non-condensing gas — by
q =g =m,/m, the mass fraction of the condensate. If a flow process such as
an isentropic expansion proceeds into the coexistence region without conden-
sation, the vapor partial pressure p, exceeds the saturation pressure p _, and
the saturation ratio p,/p_ > 1.(In other words the relative humidity exceeds
100%.) At some state condensation commences and after equilibrium is
established g% g where g(p, p) is given by the Clausius-Clapeyron equation.
During the nonequilibrium state, we have 0 <g <g. Two separate relaxation
times can be defined here, Firstly, a certain time elapses during which a gas
sample moves from the saturated state to that of the onset of condensation.
Secondly, we can count the time of actual condensation from its onset to the
instant that some fraction of the final equilibrium state, say g = (1/e)g, is
attained. With these two relaxation times obtained from experiment, and
using the linearized form of equation (1), Bartlmi[2] computed the
structure of two-dimensional supersonic nozzle flows with water vapor
condensation in air. He employed the method of characteristics as prescribed
by Broer and achieved remarkable agreement with the experiment.
Unfortunately, however, the theory of homogeneous and binary nucleation
of vapors in the supersaturated state (see later) does not permit the formu-
lation of a viable rate equation based on first principles: for this reason
empirical data are needed, typically in the form of relaxation times. This can
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be obtained from a knowledge of the supersaturation. A convenient way of
expressing the supersaturation is in terms of the adiabatic supercooling, AT 4
given by

ATa(i = Ty — Ty, (4)

where 7 is the saturatlon temperature and T}, the tempexature at the onset
of conderisation, both determined on an isentrope. This expression is useful
for the representation of experimental data since small errors in temperature
may lead to large errors in the supersaturationp,/p_ owing to the exponential
dependence of vapor pressure on temperatu'r'e‘. Empirically it has been found
(for references and an extended discussion:see e.g. [19]) that the adiabatic
supercooling is a function of the initial-saturation ratio (or relative humidity,
¢;) and the average cooling rate in the flow process,

AT,q = f(§;, —dT/dr). (5)

Once this function is known, the relaxation times of the process may be
determined for insertion into the semi-empirical rate equation.

We shall here be concerned with new experimental results on the conden-
sation of binary systems, i.e. mixtures in which two vapors condense simul-
taneously and shall restrict ourselves to the determination of empirical results
described by equations (4) and (5).

Experimental methods

Experiments on homogeneous and binary nucleation were carried out in a
shock tube. A shock tube consists of two sections of pipe — the driver and
the driven section — that are separated by a diaphragm. The two sections are
initially filled with the same gas at the same temperature, with the pressure in
the driver section higher than that in the driven section. Upon breaking the
diaphragm, a nominally one-dimensional, unsteady flow system is set up in
the tube as shown schematically in Figure 1 which also includes designations
for flow regimes. A shock wave at the shock Mach number M, = u /a; (where
u, is the speed of the shock in the stationary frame of reference and ¢, is the
speed of sound in region 1) travels to the right. An expansion wave travels to
the left at a front speed a4 and is followed by an expansion fan that sets the
gas initially at rest in region 4 in motion to the right. A contact surface — an
entropy discontinuity separating the ‘cold outﬂow air of the expansion from
the shock-heated air on the right — divides the gas samples initially in either
region of the tube. In Figure 1 a distance—time (or x—#) diagram is shown at
the top and particle paths of gas samples are*mdlcated Below the x-—z-diagram
are shown instantaneous pressure and temperature distributions in the flow
system at time ¢, , as well as the corresponding flow regimes in the tube itself.

We particularly note the cooling of the gas in the expansion fan between
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Figure 1. Schematic x—z-diagram of shock tube flow of an ideal gas (top). Flow structure
at a given instant ¢, assuming a constant initial temperature in the shock tube (bottom)

regions 4 and 3. It is this cooling which makes the shock tube a useful device
for condensation studies: small amounts of condensing vapor or vapors added
to the carrier gas in the driver section will condense due to this cooling. If
condensation occurs in the expansion, the heat addition to the flow owing to
the latent heat of the small amount of condensate will remain negligible.
Consequently, the ideal shock tube operation (e.g. [11]) as shown in Figure 1

Lo/

remains unaffected. With the ratios of the specific heats v, = yq,and a; = a4
(ie. T, = T4) we find the main:shock-tube operating equation

. . Lo H ~2 ‘1
D1 P VYN Q@y+ v+ D (p2/p1r — 1)) ’
where p, /p, , the pressure-ratib acrossthe shock wave, is given by
py _ Mi—(y—1) o

Dy y+1 ; ‘
Since p, =p; in the flow system, and since the unsteady expansion fan is
isentropic, pressure and temperature in region 3 are given by Poisson’s law

(y-1)/v (y=-1)/7y
T, _ {23 | P2 /P )
Ts Pa Apalpy]

How realistic are these assumptions in actual flow systems? For one, at the
high Reynolds numbers of interest here viscous effects are in fact negligible in
the bulk of the flow. However, the postulated ideal expansion fan requires
instantaneous diaphragm breakage and the resulting infinite initial acceleration
of the flow system as shown in‘Figure 1. In real flows careful measurements
at our laboratory by Lee [10] of the pressure—time function in expansion
fans have shown ‘the limitation of this ‘assumption. It was found that shortly
after diaphragm ‘breakage the lines of equal temperature and pressure in the
expansion — the so-called characﬁeristicsT — are in fact straight lines, However,
owing to the finite acceleration of the flow system, the origin of the charac-
teristics — or the origin of ‘the expansion fan —is not seen at the point
x = t = 0. Rather, the actual situation can be explained by a slightly displaced
fan origin location to a point below (i.e’, slightly negative r) and to the right
(i.e., slightly positive x) of the ideal origin. This point has been named the
‘virtual origin’ of the expansion fan and the resulting small empirical correction
may be applied to the experiments.

Return to Figure 1. Upon arrival of the head of the expansion fan, the
pressure and temperature drop simultaneously at the observation station and
they are related by equation (8). This process is not unlike that of steady

,nozzle flow viewed in the Lagrangian sense or the expansion in a Wilson cloud

chamber. At some known time at some location condensation will appear as
determined with a photomultiplier tube by laser light scattered from the
cloud of droplets. The pressure history is measured with a piezo-lectric
pressure transducer of a short response tifne. Consequently the corresponding
temperature can be computed. However, the vapor sample whose state at the

.

TCha;acteristics are known from the theory of hyperbolic partial differential equations.
These straight lines (Figure 1, top) are lines of constant thermodynamic states and flow
speed. e o
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onset of condensation is not known, undergoes a thermodynamic time history
different from that followed at the observation station. As indicated graphi-
cally by particle paths in the x—f-diagram at the top of Figure 1, the history
of the particle (or gas sample) set into motion by the expansion fan at ¢ = ¢,
is computed by

it b (y-1)/(v+ D)
¥ = = [2~<7—1>(—9) } ©)
y—1 t :

Observations at a fixed logation as a function of time can therefore
readily be transformed by equation (9) to the paths actually undergone by
the gas samples using the equations given. The cooling rate entering equation
(5) can be computed from the foregoing and it is given by

AT _ syl

dt t y+1

X 2xfagt + 1)}2 (10)

a4t ’)’Jr‘l

The experiments to be described here were carried out with techniques
developed at our laboratory (e.g. [1, 10]). However, a plastic shock tube with
an internal diameter of 2.5 cm was used. For binary nucleation studies, a
mixing station was developed to fill the driver section of the shock tube with
a well defined mixture of ethanol/water and carrier gas (N, or A). High
purity carrier gases were used together with reagent type ethanol and distilled
water. The light scattering viewing station was moved from locations close to
the diaphragm (high cooling rates, Figure 1) to about one meter into the
driver section. The light scattering signal —if any — was recorded simul-
taneously with the pressure history measured at x = — 61 cm. The onset of
condensation was noted as a steep increase in the photomultiplier output
beyond the Background light signal including electronic noise. By triggering
the photomultiplier output by the pressure signal corresponding to the arrival
of the head of the expansion fan at x = — 61 c¢m, the time at which conden-
sation occurs can be calculated. With this set-up, the minimum detectable
condensation mass fraction is estimated to be g= 107, Consequently, the
abiabatic supercooling and the condensation onset temperatures are known
to an accuracy of about + 2°C.

Experimental results
(a) Ethanol in nitrogen; homogeneous nucleation

To check our methods, a set of experiments were performed with ethanol
condensing by homogeneous nucleation in nitrogen since previous nozzle
experiments [21] are available for comparision. Experiments to determine
the onset of condensation as a function of distance from the diaphragm in the
driver section — i.e. the cooling rate — were performed. For all ethanol
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Figure 2. Onset of condensation of ethanol in-nitrogen in the expansion fan of a shock
tube as a function of upstream distance from the diaphragm. Note that the experxmenotal
points () obtained at different:distances-from the diaphragm lie close to the T’ = 266°K
characteristic ‘indicating small cooling rate effects. For experimental conditions see the
text

experiments pgq = 1,350 torr (1.78atm) with the ethanol partial pressure
(Pa)etn = 3 torr at Ty =293°K and p4/p; = 10. Figure 2 is patterned after
the top sketch of. Figure 1. Irrespective of the location of the observation
station, the results scatter around the T = 226°K characteristic. The charac-
teristic of the.saturation temperature is also given and it is computed from
the vapor pressure equation

2371
logp_(torr) = “7-1(—015 +9.76, (11

valid for.219 < 7' < 277°K (for references see [21]).

The shock tube results of ‘Figure:2 are:compared with the steady-state
nozzle experiments in Figure 3. The initial states and the states at the onset
of condensation are here given in: the traditional pressure — temperature
diagram. We note excellent agreement of the results obtained with these two
different gasdynamic methods.

Finally, we can compute the adiabatic supercooling as a function of cooling
rate from equations (8) and (10) for the shock tube data. The same function
can be obtained for the nozzle experimem’tshsand the combined results are
shown in Figure 4. Although the:cooling raf€s differ roughly by a factor of
200, no substantial changes are noted in the adiabatic supercooling. The
implication is clearly that the function f in equation (5) is essentially inde-
independent of — d7T'/dr for the range considered here.
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Figure 3. Condensation of ethanol in nitrogen by homogeneous nucleation in the super-
saturated state. Condensation in the expansion fan of the shock tube on an isentrope
(shaded area) with the initial state (open circle) given in the text. Solid points indicate
condensation observations in steady flow in the supersonic nozzle (from Table II [21]).
For both experimental methods condensation was observed by laser light scattering
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Figure 4. The adiabatic supercooling, equation (4), of ethanol in nitrogen as a function
of cooling rate’ in the shock tube (this work) and the supersonic nozzle [21] obtained
from the results of Figures 2 and 3

(b} Ethanol and water in nitrogen: binary nucleation

Two independent series of experiments on binary nucleation were carried out
in the shock tube using the same equipment. The constant experimental
conditions were as follows.

Carrier gas: high purity nitrogen (99.998% pure)
T, = 293°K;ps = 1350 torr = 1.78 atm
(Padetn = (Pa)m,0 = 6.70torr = 8.82x 1072
Xeth = Xmp,0 = 0.0050
pafpy = 10;7 = 1.40;M, =16

S
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Figure 5. D1mensxonless temperature at the onset of binary nucleation (77%,) as a function
of coolmg rate for the conditions of Flgure 3. Note ‘that larger values of (T, — T},)/T, ~
i.e. lower values of T}, for T, = const — denote a larger supercooling. The two symbols
denote two series ofcxperiments taken separately at identical conditions

Durmg the expenments the condensatlon onset was measured with the photo-
multlphel locamon varying from — 70 cm to — 6 cm in the driver section with
respect {0, the dlaphragm station at x = 0. In contrast to the results of Figure
2, this tlme the onset states of condensatlon were not located on one charac-
teristic. In fact close to the dlaphragm (lngh cooling rates), the condensation
onset deviated to lower temperatures.

"The adlabanc supercoohng cannot be' computed readily for binary
nucleation since the equivalent express1on ‘of the saturated vapor pressure in a
bindry mixture must be determined ‘Separately for each thermodynamic state
through whlch the mixture passes. In fact the mixture departs markedly from
the ideal state and’ empmcal relations for the activity coefficients must be
considered. For this reason the results are shown in Figure 5 in the form of a
dimensionless temperature at the onset of condensation as a function of
cooling rate with the latter computed as discussed before. We now note a
strong cooling rate effect which clearly exceeds the scatter of the data.
However, at cooling rates below —d7T/dr <50°C/ms the thermodynamic
state at the onset of condensation seems to be little dependent on the cooling
rate.

DlSCUSSlOI’l and COHCIUSIOHS

In this work the shock tube is agam shown to be a useful tool in condensatlon
studies. In particular the method readily permits operation at the low
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temperatures of interest in the atmospheric chemistry of the stratosphere
toward which our experiments with other vapors are ultimately directed.
Results on condensation of ethanol in nitrogen agree well with prior steady-
state supersonic nozzle data. As previously found for water condensation in
air [15, 19] the effect of the cooling rate on the adiabatic supercooling is not
pronounced in the range tested. In contrast to condensation of a single vapor,
it is found for the first time that the onset of condensation in the binary
water/ethanol system in nitrogen is dependent on cooling rate, provided its
values are — d7'/d¢ > 50°C/ms. For lower cooling rate again no strong effect
is seen. This latter fact permits the comparison of the shock tube results at
the low cooling rates with extrapolations to low temperatures of previous
experimental work on the water/ethanol system performed in Wilson and
diffusion cloud chambers [9, 12] in which the cooling rates are generally
much lower.

We recall that in contrast to some other non-equilibrium effects no quanti-
tative theory exists for expressing reliably the condensation in the super-
saturated state in the form of equation (5). Our qualitative understanding is
based on the theory of homogeneous nucleation [17, 18, 23, 24] as extended
to binary systems [9, 14] . In these theories condensation in the supersaturated
state is treated in the absence of foreign aerosols. Droplets of a critical
size — called nuclei — given by the well-known expressions of Gibbs, Kelvin
and of Helmholtz are formed by fluctuations in the supersaturated state, and
the energy of their formation in terms of the Gibbs free enthalpy is given by
AG*. By deriving a kinetic frequency factor, K, the rate of nucleation,J, of
surviving droplets, i.e. the number of nuclei formed per unit volume and time
at a fixed supersaturated state is given by

J = Kexp(—AG*kT). (12)

In a typical gxperiment the expansion proceeds past the equilibrium vapor
pressure curve to supersaturated states (Figure 3) until the nucleation rate
computed by equation (12) rises steeply and condensation sets in. In the
Lagrangian view, the time of flight from saturation to the precipitous onset of
condensation corresponds to the first of the two relaxation times discussed
previously. It is this relaxation time that is implicit in the data of conden-
sation onset states shown in this paper.

Why does the cooling rate affect binary nucleation more prominentlyf as
seen from Figures 4 and 57 Some speculation on this point will conclude our
remarks. The energy of droplet formation in homogeneous and binary
nucleation is strongly dependent on the surface tension of the droplets, 0. An
inspection of the actual expression for AG* shows that AG™ ~¢°, ie. the

TFor ethanol nucleation (Figure 4) the supercooling changes by at most 4°C for an
increase in cooling rate by a factor of about 200. In ethanol/water nucleation (Figure 5),
the temperature at the onset of condensation decreases by about 15°C for an increase in
cooling rate by a factor of only about 7.

Y
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surface tension enters as the exponent raised to the third power in equation
(12). Clearly, then, the surface tension must be well known for quantitative
predictions. However, bulk surface tension is not known as a function of
temperature near the states of condensation of Figures 4 and 5. As has long
been known, there is in addition a possible dependence of surface tension on
droplet radius in single liquids {23, 24]. The first Monte Carlo calculations on
the same effect for binary liquids {16] appear to show that small clusters
containing only a few molecules exhibit surface tensions below that of the
bulk at the same temperature. Finally it is well known that the book values of
surface tension of binary liquids refer to thermodynamic equilibrium. Here
the flat liquid surface is known to be enriched in the component of the lower
surface tension (in our situation the ethanol). With the high fluxes of evapor-
ating and condensing molecules near the size of the critical nucleus, it is likely
that no equilibrium value of surface tension — as given in handbook tables — is
established. In turn the effective surface tension in this dynamic situation will
be higher than the book values with more water molecules at the surface than
at equilibrium with its concentration gradients. This strong surface tension
dependence discussed above predicts a delay of condensation if in fact the
actual surface tension were higher than its equilibrium value. Mirabel and
Katz (see Fig.8 in [12]) were able to force agreement of theory and diffusion
cloud-chamber condensation experiments on the same system by inserting
surface tension values higher than those found in tables. This effect — if
present — ought to be most noticeable at small mole fractions of ethanol in
water, the mixture region of the rapid drop of surface tension with change of
composition. Unfortunately, at our low temperatures of condensation, not
even equilibrium surface tension data exist. At any rate, at higher cooling
rates, higher effective surface tension values of the forming droplets would
delay condensation. Qualitatively the results of Figure 5 could therefore be
explained.

Much of this reasoning may however be faulty if the concept of concen-
tration gradients breaks down for the very small drops expected in our experi-
ments [8]. There is simply not enough droplet surface to sufficiently place
molecules in any pattern predictable from the continuum of Gibbs’ adsorption
theory or in patterns to be expected at high cooling rates. In sum, we are at
present unable to explain the observed effect of cooling rate on supercooling
in binary nucleation.
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