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SUMMARY

Orthophosphoric acid is commonly resorted to when physical property data
are rvequired to modal phosphorus smoke. It has been shown previously that optical
congtantge of orthophosphoric acid solutions  provide reasonably accurate
approximations to the extinction properties of phosphorus smoke in the visible, near
infrared (IR), and 3- to S5-pym IR region, but not {in the 8- to 12-um region,
Furthermore, studies on the high-temperature reaction between phosphorus pentoxide
and water vapor, a precursor reaction to the formation of a phosphorus smoke,
indicates the chemical composition of the smoke droplets is a mixture of condensed
phosphoric acids., From these results, it is clear that phosphorus smoke {is not
composed entirely of orthophosphoric acid.

It 1s the intent of this study to delineate the expected range of errors
resulting from the employment of an orthophosphoric acid thermodynamic model for the
prediction of the equilfbrium properties of a phosphorus smoke under ctactical
conditions, Subsequently, the thermodynamic properties of the solution droplets
comprising a phosphorus smoke are formulated by accounting for the condensed nature
of the phosphoric acids. By considering the condensed phosphoric acids as a
homologous series, the solution thermodynamics of the condensed phosphoric acids 1is
aproximated from the orthophosphoric acid water activity data by applying a solute
number reduction scheme.

Asserting the acid mixture is a combination of pyrophosphoric acid and
orthophosphoric acid, a mixture model is proposed for the representation of a
phogphorus smoke. Comparison of mixture model data and experimental data {ndicates
the mixture model predicts the acid concentrations and yileld factors of a phosphorus

smoke within 5%. This represents a significant improvement over the 25% errors
resulting from the orthophosphoric acid model predictions.
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PREFACE

The work described in this report was authorized under Project 1T161102A71A,
C/B Defense and General Investigations; Scientific Area 5, Aeroeol/Obscuration Science. This
work. was conducted from January to November 1979. The background data are contained in
notebook 9990,

Reproduction of this document in whole or in part is prohibited except with
permission ¢f the Com mander/Director, Chemical Systemo Laboratory, ATTN: DRD AR-CLJ-R,
Aberdeen Proving Ground, Maryland 21010; however, the Defense Technical Information Center
and the National Technical Information Service are authorized to reproduce the document for

United States Government purposes.
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AN IMPROVED THERMODYNAMIC MODEL FOR PHOSPHORUS SMOKE

l. INTRODUCTION

To accurately predict the condensational growth of a phosphorus smoke and
its atterdant obscuration efficiency, detailed knowledge of the solution
thermodynamics of the acid droplets is required. Previous attempts to model the
thermodynanic properties of a phosphorus smoke! have been based on the assumption
that the generic acid of the solution droplets is orthophosphoric acid (H_PQ, ).
However, recent transmission measurements by Milham et al.2 have 1ndicated zhe
optical properties of a phosphorus smoke are distinctlv different from these of a
comparable H POA mist. These findings coupled with the high-temperature phosphorus
pentoxide (P,0, . ) hydration studies by Kapishe -3 «learly {ndicate that a phosphorus
snoke is not composed entirely of H3P04.

It is the purpuse of this study to address the expected range of errors
resuiting from the representation of a phesphorus smoke by a thermodynamic model

that 1{s based on the solution propert.es of H3POL. Having demonstrated the
inadequacies of the previous model, a mure realistic thermodynmamic model 1is
formulated by accounting for tihe condensed nature of the droplet phosphoric acids.
Based on the high temperature P[‘OlU hydration studies bv Kapishev, it is postulated
the acid components of a phosphorus smoke are 75% pvrophosphoric acid and 25% K. PC,
by weight. The solution thermodynamics of an arbitrary mixture of condensed
phosphoric aclds 1is estahlished from the quoa water aclivity data through a solute
number reduction scheme. Comparison of mixture model synthetic data and H PN, mnde!
predictions with exnerimental data taken from a phosphorus smoke shows that ,
although errors of 25% are associated with tne H PO, model, maximum errors of oniv
5% result from the mixture model predictions. The theoretical development of a
thermodynamic model for the condensed phosphoric acids is believed to be a more
robust representation of phosphorus smokes than previous empirical attempts.

2. THERMODYNAMIC PROPERTIES OF ORTHOPHOSPHORIC ACID DROPLETS

The acid droplets are proposed to be mixtures of volatile water and
nonvolatile acids. 1In general, the water partial pressure over che droplel su:face
is a function of the droplet diameter and droplet acid concentration. At cc s ant
temperature T and total pressure P, the droplet saturation ratio $§ 1is found by
minimizing the solution droplet Gibbs free energy. The droplet saturation ratio,
the degree of water saturation at the droplet surface, is given by

4ov

InS = W + f[nal
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The first rerm on the right-hand side is referred to as the Kelvin effect, a vapor
pressucrc elevation effect. The Kelvin effect causes verv small droplets to have

extremely high vapor pressures, whereas the larger droplets are affected to only a
small extent., The table illustrates the increase in vapor pressure over phosphoric
acid droplets due to its increasing curvature,. It 1s evident that, for droplets
with diameter greater than 0.3 pm, the Kelvin effect represents less than a I}%
elevation in the droplet vapor pressure,

Table. Dependence of Kelvin Effect on Droplet Diameter
for Sizes Representative of a Phosphorus Smoke

Exp 4cvl/RTd d
um
1.23 0.01
1,02 0.10
1.01 0.30
1.00 1.00

Cascade impactor measurements by Gillespie and Johnstonea show that only those
droplets with diameter greater than 0.3 um contribute significantly (>99%) to the
phosphorus smoke mass distribution. Consequently, thermodynamic properties of the
non~-Kelvin phosphoric acid droplets are completely specified by the relation

S = a @D

The water activity a, of the acid solutions is defined as the ratio of the water
pressure over the acid solution to the saturation water vapor pressure at the
solution temperature. The nonvolatile acid depresses the water vapor pressure and
the droplet saturation ratio will be less than unity,

From water vapor pressure data over a discrete set of H,PO, solutions as
given by Mellor,® the water activity of H4PO, solutions can be ana?ytically related
to the water mole fraction. Toward the aim of finding a continuous analvtic
relationship, a nonlinear regression analysis 1s applied to the water activity

data. Within a 2% error, the water activity of H,PO, solutions can be represeunted

3%
by the multivalued function
. 3 2
al = —/.812)(l + 18.828)(1 - 12.703x1 + 2,711 0.10 <al <0.75
(3)
al = —6.343xf + 13.649x1 - 6.308 0.75 <al <0.99
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It has been shown previously by Rubel1 that the acid nuclei produced by
the combustion of elemental phosphorus condensationally grow to a stable equilibrium
within seconds of formation, These calculations have been experimentally supported
by the acid concentration-residence time measurements of Gillesple and Johnstone .4
Stable equilibrium for a solution droplet is defined as the condition where the
droplet saturation ratio equals the environmental relative humidity. Therefore, the
acid droplets have achieved diffusional equilibrium under tactical conditions and

By inverting equation 4, the water mole fraction can be defined in terms of the
relative humidity VY as

l
i
i
t
'

PR

-1
X = 0.632 cos [cos (1.175-1.928¥)/3 + 249] + 0.803 0.11<¥<0.75

/2 (4)

: _ 24152 = (0.655 = 0.632¥)

k Q
Xy 2 0.75<¥<0.99

From the defining relationship between acid rfraction F and water mole
fracticn Xl

POV ——— 3

. 1.000 - F (s ;
X 1.00 - 0.816F ’
the acid fraction of an HBPOA droplet can be given as
3
0.197 - 0.632C
F 0.345 - 0.516C 0.11< ¥ <€0.75
y where
-1
C = cos _lcos (1.219 - 2.00¥) + 240] 6)
k- 3
]
; and
-0.076 + 0.500 (0.655 = 0. 1/2
F £0.655 632w)}72 0.75<¥<0,99
0.122 4+ 0.408 (0.655 - 0.632Y)
11 .
¥
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1t 1is noteworthv that the droplet acid concentration F is independent of
the druplet diameter and is solely a f{unction of relative humidity. As 4
consequence, all acid droplets are characierized by the same acid concentration at a
given relative humidity.

Anderson* measured the acid concentration of phosphorus smoke liquid tfrom
20% to 90% relative humidity. The measurement involved titrat 'ng the liquid sample

against a standard (.01 N NaOH solution. The H PO, molecule strovgly dissociates
one hydrogen ion ailowing for a substitution by the sodium ion. Since H,PO, i

primarily monoprotic, each mole of NeOH dissolved is equated to a mole of HQ%OQ.
From the total mass of sample and the moles of H3POA present, the HBPOA
concentration is determined,

Figure )} shows the differences between measured acid fractions and those
values predictd by the HSPOq modei. The ortho model consistently underestimates the
acid concentrations over the relative humiditv rauge from 20% to 90%. Errovs vary
Trom 147% at 25% relative humidi.y to w: high as 25% at 90% relative humidity. This

would suggest the ortho model overestimates the water absorbting characteristics of
tha acid draplets. Since the specific solution acid controls the degiee of

cordenrational growth, the disparities indicate the generic acid is not H3POA.
LI
»nol
1
, -
:
z
7
i
| P — -
: . a .
LIV N
. : W Lo
Figuere 1.  Acid Concentrations of a4 Phosphorus Srcoke
versus Relative Humidity
* nderson, Do H. Chemical Syvstems Laboratory, Rescarch Division, Aberdeen Proving

round, Marviand. Private compunication, 1978,
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A further indication of the inadequacies of ‘e ortho model 1is the
gignificant differences between measured and predicted yield factors. The yield
factor (y.f.) 18 defined as the ratio of the final aerosol mass to the mass of
starting smoke generating material. If the smoke material 18 pure phosphorus and
each phosphorus atom in the starting material is aerosolized, then the phosplurus
smoke vield factor 1s!

M(H3P04)
-fc - (7)
y M(P)* F

where M(HBPGA) is the molecular weight of the H3P04 molecule and M(P) is the mass of
the phosphorus atom,.

Fquation 9 illustrates the mass increase of a starting phosphorus atom as
it 1s chemically converted to H3PO4 which then experiences water absorption
according to its thermodynamic properties. To predict the mass of phosphorus smoku
generated by a pure phosphorus starting material, the initial mass 1is scaled upward
by the appropriate relative humidity dependent yield factor. In general, all of the
starting phosphorus 1s not aerosolized due to perhaps burning ecfficiencies
associated with the design of the starting matertal. The phosphorus aerosolization
parameter £, which 1is normally less than unitv, is cdefined as the ratio .f
phosphorus 1in the aerosol state to the phosphorus in the s arting material,
Furthermore, a particular smoke material may be composed of phosphorus anc
nonphospuiorus material. Consequently, the realized yield factor is exnressed in
terms of the material yield factor as

y.f. (realized) = n * ¢ * v.f, (material) (8

where n is the percent mass of phosphorus in the starting material. Tarnove
measured the material yield factor of a phosporus smoke for relative humiditics
between 0% and 70% relative humidity. Figure 2 depicts the disparities between
measured and ortho model predicted vield factors. The ortho model overestimates the
measured vyield factors by as much as 25%. The overestimation of mass is 0
combination of generic acid and attendant solution thermodynamics misrepresentation.

Since tbte disparities are significant, it may be concluded that the HJPGQ
model cannot satisfactorily describe the thermodynamic properties of a phosphorus
smoke, In fact, the failure of the ortho model is not totally unexpected if on
considers the high temperature hydration of P,0,.,, a precursory reaction to tie
formation of a phosphorus smoke, Although it is commonly assumed that the P 0

Y v
hydration product 1is H3PUQ, Kapishev® has found that, for temperatures about 200¢,
the hydration reaction results in a mixture of condensed phosphoric acids. onlv

W~

after days will these condensed acids reverr to HBPOA'




Therefore, to accurateiv model the condensational growth of a phosphorus
smoke, thermodvnamic data are required on the solution thermodynamice of the
condensed phosphoric acids. Unfortunately, the thermodynamic data on the condensed
phosphoric acids are sparse. However, the water activity of the condensed
phosphoric acids may be heuristically formulated by invcking key assumptions.

2

. PEFORMULATION OF PHOSPHORUS SMOKE THERMODYNAMIC PROFERTIES

The vcombustion of elemental phosphorus establishes a severe super-
saturation of Paﬂlo vapor. The nucleation of the oxide 1s most probably governed by
the sublimation characteristics of the P, 0 having a sublimation temperature of
around 250°C.% Once nucleated, the oxide chemisorbs water vapor and converts to a

prosphoric acid. KapishPV experimentally analyzed the high-temperature hydration
reaction between 10 and water vaoor, Employing chromatographic methods, the
researcaers LUﬂClUéQd that the resultant 1liquid was & mixture of condensed
phosphoric acids whose percent compos{iticn was temperature dependent. For

chemisorpti=n at 20°C the percent weignt composition of the mixture was dete-mined
to be 5% H,?C, and 75% pyrophosphoric acid. This acid composition will represent
the hygroscopic soluie employed in the following analysis of phosphorus samoke
growth,
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2.1 Solution Thermodynamics of Condensed Phosphoric Acids.

The homologous series of condensed phosphoric acids can be represented by
the chemical formula

1(H3P04) - (1-1)H20 (9)

where { represents the order of phosphoric acid association, 1.,e.,, {1 =1 » H3po4 and
i=2 > HaP 07, orthophosphoric and pyrophosphoric acid, respectively. Therefore,
the condengsed phosphoric acids can be thought of as physiochemical molecular
associations of H3P0& molecules, except for small differences in molecular weight.

The water activity of a solution 1s a strong decreasing function of the
relative number of solute (acid) molecules iIn solution. Since the associated
solution 1s characterized by a smaller number of solute mnlecules, the associated
solution water activity is greater than the unassociated solution water activity for
the same mass of acid. This conclusion was numerically supported by the
calculations of Ogsten and Winzer,9 who considered the effects of assoclating
solutes on the osmotic pressure of a soluticn., Consequently, for the same mass of
acid, the associated solution will absorb a smaller amount of water than the
unassociated solution, The associated acid concentration will be correspondingly
greater than the unassociated acid concentration. Such a circumstance would explain
the disparities depicted figure 1.

The acid mixture sclvent mole fraction may be written as

Xl - nl + §ni (lo)

where ny is the number of condensed phosphoric acids resulting from the association
of {in1 H3PO, molecules., This follows from the hydration process of condensed
phosphoric acids where the ith order condensed phosphoric acid produces i molecules

of H4PO, . The mixture solvent mole fraction can be expressed in terms of the ortho
model parameters by the relations

in
T

n =’ = A (1)
HC B gy

where the association parameter a represents the degree of H3PO, molecule
association, Substitution of equation 1l into equation 10 gives

X} = & /(a + Jiini/nﬂzo) (12)
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In general, deviations from Raoult’s law vesult from solute-golvent interactions.®

Due to a strong hydrogen association, 3390& appesrs electronegative in solution.
Consequently, high dipole moment water molecules will interact with ionized H poa

molecules. 1t 1s asserted that this mode of solvent-solute interaction is the basis
for the nonideality of H POA solutions and governs the nonlinear dependence of water

activity on water mole fractlon (equation 3). The condensed phosphoric acids
dissociate similarly and are assumed to interact with the water molecules
analogously. Therefore, the functional dependence of the acid mixture solvent mole
fraction xi is specified by equation 3 in this study.

Figure 3 graphically illustrates the dependency of solution water
activity a, on mole ratio of H3P04 (before association) to water for various degrees

of acid assoclation. The degree of association increases with the association
parameter a, so that a = ] is a noncondensed pure H3PO gsolution and a = 4 is a
highly condensed tetra-metaphosphoric acid solution. 1t 1is clear that, for the same
mass of acid, the associated solution 1is ~haracterized by a greater water activity
and necessarily water vapor pressure. This indicates that, when the primary H3POA

molecules are partially associated, the vapor pressure lowering effect 1is
diminished. As a rvesult, the water vapor pressure gradients between solution

droplet and environment are less severe for the condensed phosphoric acid solutions,
an indication of reduced hygroscopicity.

In summary, the associated thermodynamic solution properties are
established from the unessociated thermodynamics through mclecule association and by
neglecting the chemical differences between the original species and the associated
specics.

1.0 =~

WATER ACTIVITY
[=]
2]
| .

a=4d
a=l a=18
L T T
M 0.5 1.0 1.5

tin'n
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Figure 3. Water Activity of Varlous Condensed Phosphoric Acid Solutions
as a Functfon of H.PO, Association
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3.2 Equivalent nqpoé Phosphorus Smoke Ac!d Concentration,

By definition, the s:1id (o ncentration of a multicomponent acid mixture [s
given as

Mi2,1,3041"
;M n, +
142,1,310171 T MH,0

(13)

where Mitr ¢ 3ij+] 18 the molecular weight of the 1ith order condensed phosphoric
acid; 1 = 1: %eing H3P04, is represented by M314.

In this section, the equivalent H3P04 concentration is formulated 1in
order to compare experiment and theory. The equivalent ortho acid concentration

function assumes that ecach mole of NaOH dissolved in the acid solution can be
equated to one H3POA molecule as is customary in titration analysis.

For the case of the condensed phosphoric acids, the 1ith order condensed
phosphoric acid will possess { titration end points.’ Therefore, the totai nunher

of NaOH molecules dissolved in the condensed phosphoric acid solutior is

{NaOH] = };mi (14)

Since each molecule of NaOH is equated with a compound having a molecular weight of
H3P04, the equivalent H3P04 mass 1is

Mir2,1,3041™0 = Mapufing (15)

Substitution of equation 15 into equation 13 results in the equivalent szoa
concentration of an arbitrary mixture of condensed phosphoric acids as '
aM _ (lI-x)
Fo -M_%L“Mx(]_) (16)
H o T = Tpat X

where X is given by equation 4. Figure 4 shows the dependence of cquivalent HyPo,
concentration on relative humidity for various condensed
solutions. As the solutfon becomes more condensed, F_  {increases at constant
relative humidity. Thia 18 an outgrowth of the reduced water absorbing
characterigtics of the condensed phosphoric acids. When the assoctation paramcter i
is equal to unity (pure H3POA)’ Fo reduces to equation 6 as expected,

phosphoric  a:id
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Figure 4. Equivalent HsPO, Acid Concentration of a
Phosphorus Smoke Versus Degree of Actid Association

Now, for the present case, the mole ratio of pyrophosphoric acid to H3PO,
is expressed in terms of the weight percentages as

e Y R VIR an
™ "314 M7 314

where ”427 and w314 are the weight percentages of pyro and ortho, respectively. 1In

putting the weight percentages experimentally measured by Kapishev,” the mole ratio
is

— = 1,65 (18)

Now each pyrophusphoric acid molecule converts to two H3P04 molecules through branch
point hydrntton.S The corresponding mole ratic of acid mixture solute number ini to
pure H PO, golute number 1s

{ini/Eni = 1,62 (i9)
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But this 1s exactly the association parameter a defining the reduction in solute
number due to the association of H3P0a molecules. Substitution of this value of a
into equation 16 produces the equivalent H POQ acid concentration of a phospherus
smoke. Figure 1| shows the good agreement between the experimental values of
Anderson and those predicted by the mixture model over the relative humidity range
from 25% to 90%X%.

3.3 Real Phosphorus Smoke Acid Concentration.

The equivalent H Pob acid concentration function Fe misrepresents the
real acid mixture concentration F_. Although the equivalent acid concentration does
account for the reduction in solute hygroscopicity through solute number reduction
in the case of theoretical treatment and by measuring the reduced amount of water
absorbed in the case of experiment, both treatments fail in describing the real acid
concentration by imposing a one to one correspondence between NaOH and H POA. 1f
one inspects the pyrophosphoric acid molecule HAP207' then {t is c¢clear that two NaOH
molecules are associated with a mass which 18 less than two H3P04 molecules.
Specitically, the pyrophosphoric acid molecule is represented by 2(H3POQ)-H20. The
result 1s that the equivalent acid concentation function F_ overestimates the real
mass of acid in the phosphorus smoke. More mathematically

M2, 1,314 < Mgty (20)

The real acid concentration function may be expressed in terms of the equivalent
ortho acid concentration function by accounting for the molecular weight differences
between multiples of H3P0b molecules and pH equivalent condensed phosphoric acids.

Beginning with the equivalent acid concentration Fp

e = My §ingMy zh

and the real acid concentration function Fr

- 22
Fr §"1+2,1,31+1“1/MT (z2)
the ratio of the two functions can be expressed as
F M n
L. Mua i, i (23)
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The sum in the numerator of equation 23 may be rewritten from equation 9 as

M = (M - M . Lin + M n
M2, 1,341 " Mg H20) i “20{ 1 (24)
Combining equations 23 and 12 results in
M i + M In
F STERE ! H,0f 1
- N T (25)
e 314 i i

Finally substitution of equation 11 into equation 25 glves the detining relationship
between ]-‘r and Fe as

M M
113 + "uy0/2
F_=F . (26)

rooe M314

For any associated solution (a > 1), the fraction 1is less than unity and the
equivalent acid concentration exceeds the real acid concentration. Figure 5 depicts
the percent deviation between Fe and F_ for a series of condensed phosphoric acid
solutions. The deviations increase monotonically with the asgociation parameter a,
varying from zero at a = 1 to -16% at a = 4, Consequently, the greater the degree
of acid association the greater the misrepresentation of the real acid

concentration.
50 N
40
€ 30 -
d)lh
W ju
.20 o
10 4
L T T 1
1 2 3 4

{ASSOCIATION PARAMETER)a

Figure 5, Percent Deviation between Equivalent H3POA and Real Acid
Concentration as a Function of Acid Association

For the present case, a 1.62 and

F = 0.93°F (27)

r (]
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Consequently, procedures involving titrations against standard 0.01 N NaCH solutions
will overestimate droplet acid concentrations by as much as 7% when a one to one

correspondence between moles of NaOH and H.yPO4 ia assumed.
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3.4 Yield Factor of a Phosphorus Smoke.

Following logic similar to the derivation of the H3P0A smoke
(equation 7), the vield factor of a multicomponent acid smoke is given by

P2, 1,3141"

Yo o By

Here the phosphorus aerosolization parameter { and the composition parameter n are
set to unity. Substituting for F_ from equation 23, the yleld factor may be
expressed as

y.f. (28)

M « Zin
£ 314 i 1 (29)
Yol M_ . F
p e
Since 1 phosphorus atoms are tied up in the ith condensed phosphoric acid, then
Mp = M(P) fin, (30)

where M(P) is the mass of a phosphorus atom. The yield factor of a multicomponent
phosphorus smoke becomes

R R

y.f. /M(P) . F_ (31)

Mapg

——

.

Comparison of equation 31 with the experimental yleld factors of Tarnove6 indicates
good agreement over the range of relative humidities from 40% to 70%,

1 In conclusion, it has been demonstrated that the equilibrium properties
of a phosphorus smoke cannot be predicted from a thermodynamic model which is based
on the water activity of H3Poa solution. Based on high temperature PAO10 studies,
chemical composition of phosphorus smoke droplets is proposed to be a mixture of
orthophosphoric and pyrophosphoric acid. Applying a solute number reduction scheme,
the solution thermodynamics of the condensed phosphoric acids 1s formulated from the
ortho water activity data. Comparison of mixture model synthetic data and
experimental data indicates good agreement,
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4. CONCLUSIONS

4.1 A thermodynamic model which 1s based on the water activity of H3P04

solutions will underestimate phosphorus smoke acid concentrations by as much as 25%
for relative humidities less than 90%. Furthermore, phosphorus smoke yield factors

are overestimated by as much as 25% for relative humidities less than 90X, ;’

4.2 Based on a solute number reduction ascheme, the water activity of .. ]
arbitrary mixture of condensed phosphoric acids 1is formulated from existing HBPOa 3
water activity data. N
i
¢
4.3 High temperature PéO10 hydration studies suggest the chemical composition i
of phosphorus smoke droplets is a mixture of H3P04 and pyrophosphoric acid, £
whereupon the solution thermodynamics of the acid droplets is developed. }'
[
19
4.4 Comparison of mixture model synthetic data and experimental data =
indicates the condensed acid model predicts the acid concentrations and yield r%
factors of a phosphorus smoke within 57,
4.5 Due to the molecular weight differences between the condensed phosphoric g
acids and the pH equivalent multiple of H3P04 molecules, equivalent H3P0h s
concentrations will overestimate the acid concentrations of a phosphorus smoke by E
7%, L
4
:
4
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:
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GLOSSARY

a association parameter

ay water activity

d droplet diameter

F orthophosphoric acid concentration

Yo equivalent ortho acid concentration

Fr real acid concentration

i order of acid association

M(H3P0b) molecular weight of orthophosphoric acid

M(P) molecular weight of phosphorus

ﬁp mass of phosphorus in starting material

MHZO molecular weight of water

M, total droplet mass

mHZO mass of water in droplet
% “H20 moles of water in droplet
: ny moles of the ith order condensed phosphoric acid
é P pressure y
i S droplet saturation ratio :
{ T temperature :g
E vy moler ular volume of water ;f

g surface tension i

phosphorus aevosolization parameter :

; 4 relative humidity 3

X water mole fraction :
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