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Kinetic Model for Aerosol Formation
. o
in Rocket Contrails
J. W. Meyer*
Lockheed Palo Alto Research Laboratory, Palo Alto, Calif.
A Kinetic condensation model is presented for rocket contrail formation. The formulation treats condensation
of water and acid species as a heterogeneous process occurring on soluble or insoluble nuclei particles in the
rocket exhaust. The modeling objective is the prediction of condensate acrosol number densities and sizes in
contrails. Numerical model results are presented for a HCI/H, O exhausting rocket at several ambient con-
ditions, It is found that plume condensate aerosol properties are affected by the loading and size distributions of
the nuclei particles, especially at high altitudes.
Nomenclature e = exhaust properties
i = aerosol drop class distinguished by size and type of
C = condensate mass concentration nuclei particle
D =molecular diffusion coefficient d =drops
e = saturated vapor pressure Superscripts
h = Harned coefficient .
AH =latent heat of vaporization or solution *® = properties over a plane surface
I = ionic strength of solution Introduction
m =molality (moles solute/1000 g water) : . L
M, = average acid molality of aerosol OMBUSTION of ammonium perchlo.rate containing
n = aerosol particle concentration solid rocket .propellants yields HCI in .the exhaust
P = pressure products. Formation of rocket contrails is aided by the
P,,P, =partial pressures hygroscopic effect of the HCI, agd acid ge;rosol trails may
R,z = radial and axial plume coordinates form under much warmer and drier conditions than needed
r = aerosol particle radius for normal aircraft gontr.alls. to exist. Detailed knowle.d-ge gf
E = mode aerosol drop radius condensate a§r0§ol size distributions angl .npmber den51t1e§ in
R — universal gas constant rockgt con}ralls is of interest both for v1.s1b111ty and detection
S, — mode drop H,O saturation ratio cop51d§rat10ns, and with regard to environmental effects of
S, = mode drop acid saturation ratio ac1q rainout from lgrge rocket booster ground clouc‘ls‘. -T.he
‘ = time mam.lmpetus of this work has been rocket plume visibility
T =temperature questions. . _ ,
uv = axial and radial plume velocity components In .the present paper, a predlctlve nurperlcal model is
w = molecular weight descrlk?ed for condensation in atmospheric plumes. Con-
W, = aerosol liquid concentration per unit volume densation of two vapor species (water and a second con-
X, =local mass fraction of exhaust products in plume densible component) is modeled as a kinetic process of
% =mass fraction of condensible species aerosol droplet growth on pre-existing solid nuclei particles in
z =valence the plume, i.e., heterogeneous condensation. In the model
o =thermal accommodation coefficient formulation, the nuclei may be either insoluble primary
8 =vapor molecule condensation coefficient (sticking smoke particles, such as metal oxides or carbon, or they may
coefficient) be soluble materials, such as salts, which have additional
« = plume thermal conductivity hygroscopic e.ffects. Model_ results are presented_lllustrating
5 = nuclei particle diameter the condensation processes in an H%O/HCI cqntaming plume
A\ =mean free path und;r severa'l combinations of ambient conditions and nuclei
o =liquid surface tension particle loadings. ) )
y = activity coefficients A computer program representing the'present condensation
M = mass of condensate in drop model constitutes .th'e_ basis for one portion of an oper.ational
9 = excess temperature of drops over surroundings rocket plume v1sn.b111ty computer code.! Three main sub-
0 = density models are used in the_ makeup. of the complete code: an
v — pseudostream function afterburning turbulent jet flowfield ‘n}o‘d.el, a condensation
w =number of aerosol particles/g exhaust products model, angi a backgrqund and' target v151b1'ht.y quel. Only the
] condensation model is described in detail in this paper, the
Subscripts other submodels are treated elsewhere. 23
1 = water Most previously published work in the area of predicting
2 =second condensible component in plume (e.g., aircraft4® and rocket”® contrails has taken an equilibrium
HCI) rather than a kinetic condensation approach. Under many
3 = soluble nuclei material component in solution conditions, an equilibrium treatment should yield reasonably
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valid results as to the total mass concentration of condensate
(i.e., g/M?) formed in the plume. However, it cannot say
anything about the size of the aerosol particles which is of
major importance with regard to light scattering and
visibility. Generally, kinetic treatments of condensation in
gasdynamic flows such as wind tunnel nozzles are based on
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Fig. 1 Vapor field zone surrounding condensing droplet.

homogeneous, as opposed to heterogeneous, condensation.?
The present treatment is most closely akin to the so-called
microphysical meteorological models for prediction of cloud
formation and rainfall.!%!! Atmospheric condensation is
invariably a heterogeneous nucleation process, usually on
soluble (NaCl) nuclei particles. Sophisticated models of this
type have been described in the meteorological literature. 1214

Currently some other workers are also taking a
heterogeneous nucleation, kinetic approach to the analysis of
the plume condensation problem. Miller 518 has discussed
plume condensation in general terms in several papers and has
also presented examples of calculated droplet growth
behavior on plume streamlines. These calculations were
uncoupled in terms of heat and mass exchange between
phases, e.g., the condensibles are not subtracted from the
vapor phase as condensation progresses. Victor!® has also
described a kinetic model for droplet growth in plumes and in
smoke chambers. Victor’s model contains mass and energy
balances, but makes other restrictive approximations such as
treating just the water component kinetically and using a local
equilibrium assumption to determine droplet acid content.
Other differences between the preceding models and the
condensation model presented in this paper include variations
between the actual single droplet mass transfer equations,
somewhat different nucleation scenarios, an alternate method
for solution properties calculations, and a different approach
to defining the particle paths along which the condensation
oceurs.

Turbulent Jet Flowfield

The rocket plume flowfield in which condensation takes
place is modeled as an axisymmetric, turbulent freejet. The
flowfield model is described in detail by Thomas? and will not
be discussed further here. The present condensation model
calculations are, for the most part, decoupled from the
flowfield calculations. Fundamentally, the degree of con-
densate formation is assumed not to have an impact on the
overall dynamics of the jet flow. Therefore, the exhaust
products/air-mixing ratio and enthalpy at any point in the
plume remain the same either with or without condensation.
This assumption is well justified considering the rather small
changes in plume density and temperature likely to be induced
by condensation. As a consequence of this assumption, the
flowfield and condensation computations can be run
sequentially. However, during the condensation com-
putations, proper account may still be taken of heat and mass
exchange between vapor and condensate phases.

A more serious fundamental approximation utilized in the
modeling is that all plume nuclei and condensate particles are
assumed to follow average exhaust particle paths established
by the turbulent diffusion flowfield calculation. Specifically,
condensation calculations are carried out along plume lines
characterized by a constant pseudostream function
parameter, ¥, where

R o
¥(R,z) = go XepuRdR/S() X.puRdR 1)
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Here X, is the local mass fraction of exhaust products in the
plume. Under this basic assumption, plume particles stay on
well-defined trajectories; thus, condensate drops can always
be identified with their original nuclei and tracked. The
implicit assumption that the spreading of the particles and
exhaust gases are identical is a good one, since these particles
are in the micron size range, or smaller, and are well able to
follow the gas motions. On the other hand, diffusion of drops
formed on a particular ¥ path to other parts of the plume is
not accounted for under this formulation.

Unfortunately, the more completely correct treatment is not
feasible computationally. This would essentially entail writing
a Fickian diffusion type of conservation equation for each
distinguishable condensate drop class,

an; Dr @ [Ran,]+s

p = 3R

3z "PY3R TR oR @
where #; is the number density of drops in class j, Dy is the
turbulent diffusion coefficient, and S represents condensation
rate terms. A drop class j is characterized by three parameters
which distinguish individual drops and influence their growth
rates: the drop radius, the acid strength or molality of the
drop, and the amount of nuclei material contained in the
drop. In order to make a computer calculation, one would
have to distribute the plume drops into a number of finite
bins, each representing some range of values of these three
parameters. Drops are then shuffled between bins as they
grow, dilute, and so forth. All drops in each bin would
constitute a drop class obeying Eq. (2). The computational
problem is that even for very coarse increments in bin
properties, the number of bins and, therefore, the number of
coupled equations that must be solved is intractable. For
example, if we chose a bin set characterized by 10 drop sizes,
10 different acid molalities, and 10 nuclei sizes, one already
has 103 total distinguishable bins and 103 coupled equations
to integrate. The reader may be familiar with the chemically
reacting plume computational models wherein individual
chemical species are diffused. This condensation problem
example is analogous to solving the reacting plume problem
with 103 chemical species.

Heterogeneous Condensation Model

Droplet Growth Equations

The basic droplet growth equations to be integrated along
plume particle pathlines are of the form:

du =4W’fg D,W, (P, —ey;) 3)
dt RT [D, r2zW,\* r;

[5_,( RT ) 1+()\,-/r,)]
dpy; =47rrf D,W,(P,~ey) @
dt = RT [D, 22W,\» ",

[E( RT ) 1+(>\,/r,)]

where p,; and p,; are the masses of water and acid contained
in the ith drop. The index / distinguishes the drops as they are
tracked and refers initially to the size and type of nuclei on
which the drops have grown.

Equations (3) and (4) characterize the mass addition rate
from the vapor to a motionless drop in both the continuum
and the free molecular flow regimes. The growth equation
development is based on Fukuta?® and proceeds as follows:
Conceptually, the vapor field surrounding a droplet is divided
into two zones—a free molecular flow or “‘Knudsen’ zone
extending out to one mean free path from the drop surface,
and a continuum zone beyond, as illustrated by Fig. 1. The
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rate that diffusing vapor arrives at the zone interface is given
by the classical quasisteady continuum expression

du D

—'—4 DY p.-p 5
dr C— WfART( w = Py) (5)

The free molecular flow expression for the rate of vapor
deposition on the drop surface is:

dp
dr

"8(Py—P,) ®)

=4 2(
xS\ 2xRT

where B is the condensation coefficient (the fraction of
molecules striking the surface which condense), P is con-
densible vapor partial pressure, A signifies the zone interface,
S the drop surface, and oo far from the drop, as shown in Fig.
I.

Under the quasisteady approximation, the rates given by
Eqgs. (5) and (6) must be equal. Therefore, combining Egs. (5)
and (6), one obtains, with some rearrangement, the following
expression:

riﬁ RT \ »~ Pm—PA.
R 16— ™)

o A"rAD 2 W [1 rip ( RT )V:l
+ —_—
raD\2zW

The substitution of Eq. (7) back into Eq. (5), using the
assumption that r, =r +\, yields a growth equation in the
form of Eqgs. (3) and (4).

Saturated vapor pressures at the drop surfaces to be used in
Egs. (3) and (4) are functions of the drop radius as given by
the classical Kelvin equation?!;

e,=ef exp(2W,0,/p,RT;r;) 8)
e,=e$ exp(2W,a,/p;RT,r;) 9)

Here e$ and e$; are the saturated vapor pressures of water
and acid over plane solution surfaces of the same composition
as the drop. The approach for calculating mixed solution
saturated vapor pressures is described later.

It should be noted that the droplet growth model treats only
condensation. Aggilomeration phenomena, such as that
caused by Brownian motion or turbulent mechanisms, are not
included. Also, no attempt is made to account for convective
transport to the drops due to particle slip in the turbulent
field. The assumption is made that all these factors are
negligible under plume conditions due to the small size of the
drops, the relatively low number densities and rapid dilution
rates, and the comparatively short time frame of interest.
These assumptions can all be rather easily supported by order-
of-magnitude calculations. For example, neglecting con-
vective mass transfer to the drops is justified by the fact that
condensation cannot occur until the hot exhaust gases have
undergone considerable cooling by air dilution; typically the
dilution factor is 102 or more. This means that local mean
velocities and turbulent velocity fluctuations are quite low in
the condensation zone and droplet velocity lags should be
minimal. However, even assuming an extreme case of a 1 p
drop with a slip velocity of 102 m/s, standard convective
correlations?? predict only a 10% enhancement of the mass
transfer in comparison to Eqgs. (3) and (4). In typical cases the
correction would be only a small fraction of this amount.

The coefficients 3, and 3, appearing in Eqgs. (3) and (4) are
important parameters since the condensation rate is
proportional to 8 for small drop sizes. Most meterological
modelers use the classic value for water measured by Alty and
MacKay? of 8, =0.036, often rounded off to 0.04. Fukuta
and Walter?° have summarized condensation coefficient data
for water and ice from eleven investigators and, in the tem-
perature range of interest here, most confirm this low value of
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sticking probability. However, Miller!* has pointed out that
recent measurements of the condensation coefficient, such as
by Mills and Seban, 2 have given much higher values and that
they question the accuracy of earlier work. At present, there
still appears to be more evidence for low 8 values, but this is at
least controversial. In addition, it is uncertain if pure water
values can be applied to strong acid solutions and, finally,
there are no data available for the condensation coefficient of
the acid molecules. The best values are, therefore, quite
uncertain.

In the present calculations, low values (8, =8, =0.04) of
the condensation coefficients are used for the most part, but
selected cases are repeated with 3, =83,=1 in order to in-
vestigate the sensitivity of the results to these parameters.

Drop Temperatures

During the condensation process, individual drop tem-
peratures are raised slightly with respect to the surroundings
because of the necessity of conducting away latent heat
released at the drop’s surface. A quasisteady droplet heat
balance similar to the mass balance discussed previously
yields the following expression for the ith drops excess
temperature:

d d )
0, = [AH, agl +AH, “H2i ] [m.,,oipﬂz)R’ Kk ]
) dr dr 1L (2eWRT)"”  r[I+(N/r))]

/[ 4riaP(5/2) Rk ]
(2xWRT) “r,[1+ (Nr;)]

(10)

Individual drop temperatures based on this expression are
tracked and used in the drop vapor pressure computations. A
thermal accommodation coefficient () of unity is agreed to
by most investigators and this value is used in the present
studies. In numerical calculations, the drop excess tem-
peratures are normally found to be small (< 1K) when low
condensation coefficient values are used.

Nucleation

The condensation model is formulated to consider up to 270
distinguishable condensation nuclei sizes and types. These are
divided into six general types: 1) insoluble primary rocket
smoke particles, 2) soluble primary smoke particles, 3) a
second chemical type of soluble primary smoke particles, 4)
insoluble primary smoke particles with a thin soluble coating,
5) soluble ambient nuclei particles (NaCl), and 6) insoluble
ambient nuclei particles.

Size distributions containing a maximum of 45 discrete
radii for each nuclei type are utilized in the model. The
discrete distributions are generated from parameterized
distributions of the form:

dN
—5=a,5q16Xp(7b1551)+1125‘72€Xp(—b2552) an

where N is the number of nuclei normalized by the total
number of nuclei, 6 is the nuclei diameter in p, and
a;,q,,b,,5,,a;,4,,b,,5, are distribution shape parameters.
Given the mass fraction of each type of nuclei solids in the
rocket exhaust, Y,;, and the size distribution function, one
may calculate numbers of nuclei in each discrete size bin per
unit mass of rocket exhaust products as follows:

Y Séi IV s
n;, “ Sy dé
w,Ep—: ; Y, (12)
¢ max T
,63* 6
stmin P 6 dé d

where 6,_,, 6, define the particle diameter limits of the size
bin, 6.4, and 4,,, are the overall range of nuclei sizes con-
sidered, and p, is the density of the solid nuclear material.
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Fig.2 Droplet growth stage model for soluble nuclei.
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Fig. 3 H, O saturated vapor pressures over HCl and HCI/NaCl
solutions.

The number density of nuclei at any point in the plume can
then be computed simply from the overall dilution (i.e., X, ).

n=wpX, (13)

Any ambient nuclei are inserted at the plume saturation
points and then are diluted in the same manner as the rocket
smoke particles. This handling of ambient particles is a crude
approximation, but ambient nuclei are expected to be im-
portant only on exceedingly rare occasions. Even
nonaluminized propellants typically contain on the order of
1% metals or metal compounds as ballistic modifiers. The
corresponding quantity of metal oxide primary smoke
produced in combustion easily overwhelms foreseeable
ambient particulates, even under hazy conditions at ground
level. .

In performing the condensation calculations, the saturation
point is first located on each plume pathline using an
equilibrium condensation algorithm. Kinetic calculations
[i.e., integration of Eqs. (3) and (4)], are begun at this point.
For the purpose of starting the calculation, the nuclei are
assumed to be initially soaked with an infinitesimal liquid
layer of the same acid strength as determined in the
equilibrium calculation. Figure 2 illustrates the nucleation and
growth stage model used for soluble nuclei particles. In the
case of insoluble nuclei, once some nuclei have started to grow
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drops and their acid molalities are determined kinetically, the
remaining smaller and, as yet unactivated, nuclei are assigned
starting acid strengths equal to the average of the growing
drops. In early calculations a somewhat different procedure
was used in which starting strengths were based on an
equilibrium calculation which considered just the quantities
of condensibles left in the vapor phase. However, it was
found that this generally led to drops being born with
molalities somewhat different from their previously activated
fellows, but then adjusting to close to that of the other drops
in just a brief time period. This happens because the water
and acid are generally out of equilibrium to different extents
(i.e., s; #s,) during the activation and early growth phase and

. thus the equilibrium and kinetic molalities differ. Typically,
model calculations show very little variation of molality
across the spectrum of drop sizes; therefore, it was decided to
assign average acid strengths at activation and avoid the
physically unrealistic molality adjustment. The equilibrium
approach is still used in the case of soluble nuclei, since the
acid molality then does tend to vary with drop size due to the
different concentrations of nuclei material.

To avoid starting problems near u,; +u, =0, Egs. (3) and
(4) are not integrated simultaneously until the liquid layer on
each nuclei particle has grown to a specified small but finite
size—typically 10% of the nuclei volume. Instead, only Eq.
(3) is integrated initially to determine p; and the acid content
is calculated by assuming the molality remains at an
equilibrium value during this brief starting phase.

Interphase Heat and Mass Balances

Masses of water and acid in individual liquid drops are
calculated by integrating Egs. (3) and (4) along the ¥
pathlines in the plume. Total plume liquid concentration is
obtained by summing the individual masses over all drops.

&F =E Rithpis C2=E Rtk (14)
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Then the mass fractions of condensibles remaining in the
vapor phase simply are:

Y, =Y,-C,/p, Y, ,=Y,—C,/p (15)
where Y, and Y, are the total water and acid mass fractions
from the jet flowfield calculation.

Plume temperatures are slightly perturbed from the original
flowfield values due to latent heat release. The local plume
temperature, corrected for the latent heat effect, is given by:

1 (C, C,
T=T,+ — {~ AH, + =2 AHZI (16)
C,Lp P

p

where 7, is the plume temperature determined in the non-
condensing computation.

Saturated Vapor Pressure in Mixed Solutions

Water- and acid-saturated vapor pressures, ef; and e% in
Eqgs. (8) and (9), are functions of three variables in the general
case of soluble condensation nuclei. These variables are the
drop temperature, the drop’s acid molality m,;,, and the
drop’s salt molality m;,. Here ‘‘salt”’ is used as a generic term
for any soluble nuclei material. The procedure used in the
vapor pressure calculations is based on activity coefficients
and osmotic coefficients. The model is constructed to handle
mixed solutions of multivalent electrolytes consisting of one
acid and one salt.

The basic solution properties data input for the vapor
pressure calculations are tables, with molality as the in-
dependent variable, of STP values of the pure solution mean
ionic activity coefficient, v (25°C), the osmotic coefficient, ¢
(25°C), the relative partial molal enthalpy, L, (25°C), and the
relative partial molal heat capacity J, (25°C). Compilations
of the v and ¢ data are widely available in the literature.23-28
The other parameters (L, and J,) are used to compute vy and
¢ values at nonstandard temperatures. These data are more
difficult to come by, but good data are available for HCI. 29

Activity coefficients and osmotic coefficients of the pure
solutions at a general temperature are calculated from the
STP data using an extrapolation method from Harned.?2!
Then, mixed acid/salt solution properties are derived from
Harned’s rule which relates mixed solution properties to pure
solution data through empirical Harned coefficients. This rule
states that 3

108,575 =108 19Y2(0) — P2313, 108,675 =108,073(0) — H521>

I=1L,+1, a7
where

v, =activity coefficient of acid in mixed solution
v 3 =activity coefficient of salt in mixed solution
I,,1; =ionic strength of acid and salt in solution
2.9 = activity coefficient of acid in pure acid solution of
ionic strength 7
Y30y =activity coefficient of salt in pure salt solution of
ionic strength /
h=empirical Harned coefficients

The ionic strength 7 is defined as:
mr;
=Y =’z (18)
J

where m is the solute molality, »; is the number of positive or
negative ions per solute molecule, and Z; is the ion valence.
Note that for a 1:1 electrolyte, such as HCI, I is equal to the
HCl molality.

The Harned coefficients are functions of the particular
solute pair and, in addition, generally of the total ionic
strength and temperature of the mixed solution. Fortunately,
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the latter variations appear to be fairly weak. Adequate
Harned coefficient data are available for HCl with a number
of salts. 3934 However, no literature data have been found for
mixed solutions containing HF, which is the other major acid
component likely to be found in rocket exhaust products.

Through the use of the Harned coefficient approach mixed
solution activity coefficients, osmotic coefficients, and
ultimately solvent and solute vapor pressures can be
calculated from pure solution data. The detailed expressions
for these computations, as used in the present model, are
omitted here for brevity but may be found in Ref. 1.
Saturated vapor pressures calculated using this method are
shown in Figs. 3 and 4 for both HCl and HCI/NaCl mixed
solutions. Water saturated vapor pressures as a function of
HCI molality are given in Fig. 3 and HCI pressures are given
in Fig. 4. Above 0°C, direct vapor pressure data are available
for HCI solutions3S; these data are also included for com-
parison and show good agreement.

It should be pointed out that solution properties are
nasically empirical and little data are available for tem-
peratures below 0°C. Lower temperature properties are
essentially extrapolated. The extrapolation method is based
on thermodynamic relations,?® but is still rather long to reach
high altitude temperatures. It would be desirable to obtain
low-temperature solution vapor pressure data, particularly
for the volatile solute, in order to validate the present ap-
proach at low temperatures.

Freezing Model

Liquid freezing points, as well as H, O vapor pressures, are
highly depressed by the presence of acid solutes in the aerosol
droplets. For example, the HCI azeotropic mixture, about 9
molal, freezes at —78°C. In the present treatment, a freezing
analysis is used which assumes only pure water ice can con-
stitute the solid phase formed in solution drops. The
equilibrium freezing temperature, 7, is calculated from the
requirement that the freezing point is a triple point where

e%(solution drop) = e§; (ice) (19)

This approach allows the handling of quite general solutes,
but does not, of course, take into consideration the possible
formation of complex acid/water solid phases. Drop-freezing
temperatures are calculated in the model at each integration
step. In general, condensation nuclei are not necessarily ef-
ficient freezing nucleation sites.!! Therefore, the possibility
of supercooling is allowed for, and supercooling tem-
peratures, AT, are assigned for each type of nuclei substance.
In the model calculations, if and when the drop temperatures
fall below 7,—AT,, the drops are treated as water ice during
subsequent growth or evaporation. The acidity of the frozen
drops is not tracked beyond the freezing point, and the latent
heat of freezing is neglected for computational convenience.

Numerical Integration Method

When both acid and water condensibles are present, the
droplet growth equations are moderately stiff. As one ap-
proaches an equilibrium situation [P, =e;, and P,=e, in
Egs. (3) and (4)] small changes in drop molality can produce
large relative changes in the condensation rates. Early model
results, using a fully explicit integration scheme, generally
showed oscillations in droplet molality developing as the
kinetic solution approached equilibrium.

To avoid this problem, a Crank-Nicholson implicit method
with local linearization is used for differencing the water and
acid content in each class of drops. Under this differencing
scheme, the forward values of water and acid mass in the ith
drop are given by the formulae:

Atlgr\1-J ar +°".EJ
Ti 25, K2 572

pir =p+ (20)

At 2
I-Jy +J22)7 + (J11-/22_J21J12)7
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AI[M']:'—Z_JZI +i% (1”']1/7>]
it =pli+ P 21

At
1-(Jy +Jzz)_2‘ + (']11']22“*121J12)_4~

where

The Jacobean terms (J;;,J,,,J,,,J,,) are evaluated
numerically by perturbing the drop masses p;, and ;.

The implicit integration approach has eliminated problems
associated with equation system stiffness.

Condensation Model Results for H,O0/HCI

In this section condensation model results are presented
which illustrate the rocket plume condensation processes
under a number of different conditions. A slightly off-axis
(¥ =0.167) streamline is considered in each case. The con-
densibles are assumed to be H,O and HCl with 3, =8, =0.04,
except where noted. Rocket parameters, such as size, flight
velocity, exhaust composition (20% H,O, 20% HCI), and
exhaust temperature, were arbitrarily selected and are not
representative of any particular air-launched missile. Rocket
parameters are invariant in all cases with the single exception
of the type and loading of nuclei material (primary smoke)
assumed to be present in the exhaust. Calculations are per-
formed for both a moderate loading (5%), and much lower
loading (0.05%), of primary smoke in order to reveal the
effects of nuclei content on the condensate aerosol.
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Size data on primary smoke particles from rocket motors
are rather inadequate for our purposes. Recent studies have
been conducted by Dawbarn.3¢ Most particle sampling work
has been motivated by particle-related performance losses and
has concentrated on determining the mass mean diameter.
Small particles, though numerous, contribute little to the total
mass and the primary smoke arithmetic mean diameter might
easily be an order of magnitude smaller than the mass mean
diameter. In our case, total numbers of particles which may
act as nuclei are the key factor; sizes as smallas 10 3 - 102
can be important. Using the existing rocket particle data,
which are likely to be biased toward larger particles, could
greatly underestimate the number of available nuclei.

In these calculations a size distribution recommended by
Dawbarn?’ (shown in Fig. 5) is used for Al,0; primary
smoke. This distribution was obtained by analysis of samples
collected from a very large, in-flight, motor plume about 10
min after firing. The data extend to lower sizes than that from
earlier studies. Of course, primary smoke properties of
particle size and chemical composition would normally vary
with propellant and motor configurations. This Al,O,
distribution is adequate for the present purpose of illustrating
the operation of the model, but should not be taken to apply
to primary smoke in any general sense.

Results at 7 km Altitude

The first set of results is computed assuming ambient
conditions are the standard atmosphere at 7 km altitude (243
K, 411 mb), and a relative humidity of 40% (over ice).
Primary smoke is taken to be insoluble A1,0, particles and to
represent 5% of the rocket effluent by weight. Twenty discrete
nuclei radii ranging from 0.002-2 p are used to represent the
possible range of nuclei. Number densities in each size class
are based on the Fig. 5 distribution function.

Figure 6 illustrates the aerosol spectrum grown on the
nuclei at four plume stations at distances of 25, 31, 70, and
1000 m behind the rocket. In this case, saturation conditions
were reached just past the 25-m position, so the first curve
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Fig. 7 Rocket plume condensate aerosol parameters, exhaust nuclei
solids mass fraction = 0.05, altitude 7 km.

represents the dry nuclei distribution only. Once saturation
occurs, rapid droplet growth is started and, as can be seen in
the illustration, all nuclei down to 0.025 p in size are ac-
tivated. Due to greater surface area/volume ratios, smaller
drops grow much faster relative to larger ones and, charac-
teristically, a broad range of nuclei eventually grow into a
rather narrow spectrum of drop sizes. In this case, 99% of the
drops have radii between 0.17 and 0.25 px at the 1000-m
position.

Other condensation parameters for the 7 km, 5% primary
smoke example are plotted in Fig. 7 as a function of axial
distance. These parameters include the average HCI molality
of the aerosol M, the total condensate concentration W, in
g/m?, the drop number density #,, the mode drop radius 7,
and the water and HCI saturation ratios S, and S, over the
mode drop where S;,=P,/e,, S, =P,/e,. The contrail
formed is nonpersistent and was almost completely
evaporated at the point where the calculations were stopped.
The aerosol drops are strongly acid and remain so throughout
the life of the contrail. The condensate concentration peaks at
the 75-m position and thereafter decays due to dilution and,
ultimately, to evaporation. Saturation ratios only briefly
reach values of S,=1.3 and S,=1.1 before the super-
saturation collapses; a near-equilibrium state, where S, and
S, differ only very slightly from unity, is maintained over
most of the contrail’s life. None of the drops freeze due to
their high HCI concentrations.

In the second example, the previous calculations are
repeated with the numbers of available condensation nuclei
reduced by a factor of 100, i.e., with an exhaust primary
smoke loading of only 0.05% and with the same size
distribution. These results are shown in Fig. 8. A comparison
of Figs. 7 and 8 shows that limiting the nuclei slows con-
densation and induces higher saturation ratios. The effect on
W, is transitory and, beyond Z=200 m, the condensate
concentration curve is much the same as in the previous case.
However, in the second case, much larger drops are formed
reflecting the same quantity of liquid partitioned among much
fewer nuclei. The mode radius reaches 0.9 ¢ vs 0.2 u in the
previous case. This change in aerosol size would cause
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Fig. 9 Rocket plume condensate acrosol parameters, exhaust nuclei
solids mass fraction = 0.05, altitude 14 km.

significant changes in the optical scattering properties of the
contrail.

Results at 14 km Altitude

At high altitude, temperatures and saturated vapor
pressures are low and, therefore, at a given saturation ratio,
condensation is slowed. Thus, limiting the availability of
condensation nuclei should have an even greater effect than at
lower altitudes. Figures 9 and 10 show two additional sets of
calculations similar to the previous examples. Ambient
conditions now reflect a 14 km altitude (217 K, 142 mb) and
40% relative humidity. Figure 9 is for an exhaust primary
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Fig. 10 Rocket plume condensate aerosol parameters, exhaust nuclei
solids mass fraction = 0.0005, altitude 14 km.

smoke content of 5% and Fig. 10 shows results with only
0.05% as before.

The comparison of Figs. 9 and 10 show that condensation is
now very greatly retarded when the nucleation sites are
limited. The maximum plume condensate concentration, W,
is reduced by a factor of 3 in reducing the nuclei content from
5-0.05%. Saturation ratios are also forced to very high levels,
e.g., S, =13. The nuclei density is approximately 1.4 x 103
cm —3 at the point where S, is maximal and this is simply
insufficient for condensation to keep up with the formation of
supersaturated vapor in the cooling plume. Under these high
saturation ratio conditions homogeneous nucleation would
become important and the basic model assumption of ex-
clusive heterogeneous nucleation breaks down.

It should be noted that this model limitation is very much a
function of the particular primary smoke distribution in use
here. The Al,0, particle distribution function used to

_represent the nuclei has a mode diameter of 0.06 p and decays
rapidly for smaller sizes. There is no reservoir of large
numbers of very small particles which would be activated at
high saturation ratios. Carbon soot or other materials may
play thisrole in an actual plume. In addition, it is by no means
certain that the absence of small particles from the Al,O,
distribution is real, it may well be due to instrumentation
resolution or bias.

Results with 8, =8, =1

In order to investigate the sensitivity of results to the
condensation coefficient values, two model runs were
repeated with the condensation coefficient for water and acid
increased from B;,=f,=0.04 to their maximum possible
values of unity. The new result for the 14 km, 0.05% primary
smoke case (Fig. 10) is shown in Fig. 11. Comparing Figs. 10
and 11 reveals that the droplet growth is faster and less
kinetically limited in the 3, =8,=1 case, as would be ex-
pected. However, in both cases, nearly all the nuclei were
activated and the ultimate aerosol mode sizes and number
densities are virtually the same beyond about Z =300 m.

A similar rerun of the 7 km, 5% primary smoke case gave
somewhat different behavior. The original case (Fig. 7) was
not kinetically limited to any degree. The new §,=08,=1
results are not shown in a separate figure, but differed from
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Fig. 12 Rocket plume condensate aerosol parameters, exhaust nuclei
solids mass fraction=0.0005 (insoluble Al,0;)+0.0005 (soluble
NaCl) altitude 7 km.

those of Fig. 7 in only two significant respects. These were a
mode drop size about twice as.large throughout most of the
contrail and a commensurately lower droplet number density.
This difference arose because the higher droplet growth rates
resulted in a collapse of plume supersaturation before it
became great enough to activate nuclei smaller than 011 y;
these represented only about 6% of those activated in the
B8,=8,=0.04run.
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Condensation on Soluble Particles

Changing contrail optical properties by seeding the plume
with very large numbers of preferred nucleation sites, thereby
decreasing average drop sizes, is an obvious idea. This
concept is investigated here by repeating the calculation for
the 7 km, 0.05% primary smoke case, this time with ad-
ditional soluble particles added to the plume. The soluble
particles are assumed to be NaCl simply because solution
properties data are the most complete for the NaCl/HCI/H,0O
system. Based on available solubility data3® the saturation
molality of NaCl in the acid solution is taken to be 5.5. The
size distribution parameters are adjusted so that the salt
particle mode radius is one-quarter that of the Al,O,
distribution. Thus, for equal weights, there are then many
more NaCl particles than Al,O,; primary smoke particles.
Figure 12 shows the results of the repeat calculation with
0.05% extra NaCl particles added in addition to the 0.05%
Al, O, particles originally present. Comparing Fig. 12 with
the previous results for the Al,O; smoke-only case (shown in
Fig. 8) reveals that the expected effect is achieved. Namely,
that higher drop number densities and concomitant smaller
particle sizes are obtained when the fine salt particles are
added to the plume.

Conclusions

A kinetic model has been developed for calculating con-
densate aerosol properties in rocket contrails. The for-
mulation is based on heterogeneous condensation of the water
and acid vapor species on. nuclei which are mainly the rocket
primary smoke particles. Major conclusions growing out of
these studies are as follows:

1) Contrail aerosol drop sizes are strongly dependent on
nuclei number densities in the plume. Validating the model by
observation of test firings will be difficult until good con-
densation nuclei size distribution data are available. Firm
data on the condensation coefficients for water and acid
molecules are also lacking, but quite important.

2) Condensation can be kinetically limited if nuclei are
sparse, especially at high altitudes.

3) The droplet growth equations for two-component
condensation are stiff and an implicit numerical integration
method is necessary.

4) Model calculations show that if the rocket exhaust
products contain considerable HCI, the contrail produced
generally is a liquid drop aerosol, rather than ice, due to the
antifreeze effect of the acid solute.
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