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SUMMARY

Orthophosphoric acid is commonly resorted to when physical property data
are required to model phosphorus smoke. It has been shown previously that optical
constants of orthophosphoric acid solutions provide reasonably accurate
approximations to the extinction properties of phosphorus smoke in the visible, near
infrared (IR), and 3- to 5-pm IR region, but not in the 8- to 12-Wm 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 is 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 equilibrium properties of a phosphorus smoke under tactical
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 is
aproximated from the orthophosphoric acid water act~vity 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
phosphorus smoke. Comparison of mixture model data and experimental data indicates
the mixture model predicts the acid concentrations and yield factors of a phosphorus
smoke within 5%. This represents a significant improvement over the 25% errors
resulting from the orthophosphoric acid model predictions.

3/I'



PREFACE

The work described in this report was authorized under Project IT161102A71A,
C/B Defense and General Investigations; Scientific Area 5, Aerosol/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 of the Corn mander/Director, Chemical Systems Laboratory, ATTN: DRDAR-CLJ3-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

1. INTRODUCTION

To accurately predict the condensational growth of a phosphorus smoke and
its attendant obscuration efficiency, detailed knowledge of the solution
thermodynamics of the acid droplets is required. Previous attempts to model the
thermodynamic properties of a phosphorus smokel have been based on the assumption
that the generic acid of the solution droplets is orthophosphori, acid (H 3PO4 ).
However, recent transmission measurements by Milham et al. 2 have indicated the

optical properties of a phosphorus smoke are distinctly different from these of a
comparable H3 P0 4 mist. These findings coupled with the high-temperature phosphorus
pentoxide (P4010 ) hydration studies by Kapishe: 3  learly Indicate that a phosphorus
smoke is not composed entirely of HPO4 .

It is the purpose of this study to address the expected range of errors
resulting from the represent at ion of a phosphorus smoke by a thermodynamic model
that Is based on the solution propert.es of H3 PO. Having demonstrated the
inadequacies of the previous model, a more realistic thermodynmamic model is
formulated by accounting for tlhe condensed nature of the. droplet phosphoric acids.
Based on the high temperature P4 01 O hydration studies by Kaplshev, it Is postulated
the acid components of a phosphorus smoke are 75% pyrophosphoric acid and 2i !PC!
by weight. The solution thermodynamics of an arbitrary mixture of condensed
phosphoric acids is established from the H3 PO4 water activity data through a solute

number reduction scheme. Comparison :of mixture model synthetic data and H 3P0, model-!
predictions with experimental data taken from a phosphorus smoke shovs that,
although errors of 25% are associated with the H3 P0 4 model, maximum errors of only

5% result from the mixture model predictions. The theoretical development oa 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. In general, the water partial pressure over The droplet tu~f,isj

is a function of the droplet diameter and droplet acid concentration. At -t s ant
temperature T and total pressure P, the droplet saturation ratio S is foJund by'
minimizing the solution droplet Gibbs free energy. The droplet saturation ratio, V_-
the degree of water saturation at the droplet surface, is given by

InS = R - + mna I)RTd 1

9,
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The first term on the right-hand side is referred to as the Kelvin effect, a vapor
pres;irc elevation effect. The Kelvin effect causes very small droplets to have

extremely high vapor press~ures, 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 is evident that, for droplets
with diameter greater than 0.3 om, 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 4av /RTd d

vim

1.23 0.01
1.02 0.10

1.01 0.30

1.00 1.00

4
Cascade impactor measurements by Gillespie and Johnstone show that only those
droplets with diameter greater than 0.3 pum contribute significantly (>99%) to the
phosphorus smoke mass distrihurton. Consequently, thermodynamic properties of the
non-Kelvin phosphoric acid droplets are completely specified by the relation

14

S - a1  (2)

II

The water activity a1 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 PO4 solutions as
given by mellor, 5 the water activity of H3 PO4 solutions can be analytically related
to the water mole fraction. Toward the aim of finding a continuous analytic

relationship, a nonlinear regression analysis is applied to the water activity
data. Within a 2% error, the water activity of H3 PO 4 solutions can be represeiited

by the multLivalued function

7 2. -/.812X31 + 18.828X -
1 2 . 7 0 3x + 2.711 0.10 a 0.75

1(3)
aI=-6.343;( + 13,649XI 6.308 0.75 <aI <0.99

I0I
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It has been shown previously by Rubel 1 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 Gillespie 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

S -'Y

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

X1 0.632 cos [cos (1.175-1.928T)/3 + 240] + 0.803 0.11<T<0.75

2.152 - (0.655- 0.632T) 0.751/20.0 9

From the defining relationship between acid fraction F and water mole
fraction X

1.000 - F (5)
= 1.00 - 0.816F

the acid fraction of an H3 PO 4 droplet can be given as

F = 0.197 - 0.632C 0.II( T <0.75
0.345 - 0.516C

where

C - cos [cos- (1.219 - 2.00T) + 2401 (6)

and

-0.076 + 0.500 (0.655 - 0.632T)1/2
F , 0.75<+0.99

0.122 + 0.408 (.0.65S - 0.632T)

= -•, - -- .. ...... .. .... . . . . ...*" " . --. ..... ..-~A .. .. "J "mt -,at.. . ..........



It is noteworthy that the droplet acid concentration F is independent of
the dr,,,plet dianmeter and is solely a function of relative humidity. As a

consequence, all acid droplets are characLerized by the same acid concentration at i
given relative humidity.

Anderson* measured the acid toncentration of phosphorus smoke liquid from.
'0% to 90% relative humidity. The measurement involved titrat'ng the liquid sample
against a standard 0.01 N NaOH solution. The 1 3 PO 4 molecule strongly dissociatcs
one hydrogen ion allowing for a substitution by the soditum ion, Since H 3 PO4 i

primarily monoprotic, each mole of NeOH dissolved is equated to a mole of H3 PC 4 .
From the total mass of sample and the moles of H3 PO 4  present, the H3 PO4
concentration is determined.

Figure 1 shows the differences between measured acid fractions and those
values predictd by the H P0 modei. The ortho model conss3tently underestimates the
acid concentration•i ovcr the relative humidity rouge from 20% to 90%. Errors vary
fom 14f, at 25% relative humidi -y to z. high a! 25'/ at 90*, relative humidity. This
would suggest tha ortho model overestirtates the waLer absorbing characteristics of
tho acid dtoplets. Since the specific solution acid controls the degece of

condenF~ational growth, the disparities indicate the generic acid is not H3P0 4 .'

I-ODE,

"1. Acid Conceii-rationS of a Phosphur Smoke
ve rsuis Re l1t iVk! HUiLridi Lv

A--nde-- oiu, 1) . Chenical Svstens lholatorv, Rvsearch Division, Aberdeen Irc"vi or

.lIod, Wa' rV1 I),'. Pr i vate o mmQlflfll c-at i on.* 197S.
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A further indication of the inadequacies of .`)e ortho model Is the
significant differences between measured and predicted yield factors. The yield
factor (y.f.) is defined as the ratio of the final aerosol mass to the mass of
starting smoke generating material. If the smoke material is pure phosphorus and

each phosphorus atom in the starting material is aerosolized, then the phosphor••s

smoke yield factor isI

M(H 3PO4 )
Y " -H('P)* F 7

where M(H3 PC 4) is the molecilar weight of the H3 PO 4 molecule and M(P) is the mass of

the phosphorus atom.

Equation 9 illustrates the mass increase of a starting phosphorus atom as
it is chemically converted to H3 PO4 which then experiences water absorption

according to its thermodynamic properties. To predict the mass of phosphorus sNoke
generated by a pure phosphorus starting material, the initial mass is scaled oplward

by the appropriate relative humidity dependent yield factor. In general, all of the

starting phosphorus is not aerosolized due to perhaps burning effi.'iencies
associated with the design of the starting material. The phosphorus aerosolization
parameter C, which is normally less than unity, is defined as the ratio V

phosphorus in the aerosol state to the phosphorus in the s arting material.
Furthermore, a particular smoke material may be composed of phosphorus an(.

nonphospiorus material. Consequently, the realized yield factor js expressed in
terms of the material yield factor as

y.f. (realized) = * * v.f. (material) (B"

where n is the percent mass of phosphorus in the starting material. Tarrovu
measured the material yield factor of a phosporus smoke for relative humuiditics
between•• ,o and 70%o relative humidity. Figure 2 depicts the disparities bhtwec!

measured and ortho model predicted yield factors. The ortho model overestimates tLl-,'
measured yield factors by as much as 25%. The overestimation of mass is :i
combination of generic acid and attendant solution thermodynamics misrepresentation.

Since the disparities are significant, it may be concluded that the 1i3 11c

model cannot satisfactorily describe the thermodynamic properties of a phosphorus
smoke. In fact, the failure of the ortho model Is not totally unexpectud if ,,
considers the high temperature hydration of P4 0 a precursory reactiou to tie,
formation of a phosphorus smoke. Although it is commonly assumed that the P.O

Kapishev 3  I'
hydration product is H3 PU4 , has found that, for temperatures about 21W. (C,
the hydration reaction results in a mixture of condensed phosphoric acids. ()nlv
after ddym v ill these zondcnrcd acids revrrt to ,1 HPO.5

13 .



Therefore, to accuratelv model the condensational growth of a phosphorus
smoke, thermodynamic data are required on the solution thermodynamics of the
condensed phosphoric acids. Unfortunately, the thermodynamic data on the condensed
phosphoric acids are sparse. However, the water activity of the condensed
ph,•sphortc acids may be heuristically formulated by Invoking key assumptions.

.PFFORMULATION OF PHOS'PHORUS SMOKE THERMODYNAMIC PROFERTIES

nth combustion of elemental phosphorus establishes a severe super-
s.ituration of P4 OI) vapor. The nucleation of the oxide is most probably governed by
tht: sublimation characteristics of the 114010 hdving a sublimation temperature of
around 250 0 C.5 Once nucleated, the oxide chemisorbs water vapor and converts to a
phosphoric acid. Kaplshev3 experimentally analyzed the high-temperature hydration
reaction between P 010 and water vaoor. Employing chromatographic methods, the
retarc'iers cone lued that the resul tant liquid was a mixture of condensed

phosphoric acids whose percent composition was temperature dependent. For
-hemisorptt 1 at 20°C the percent weight composition of the mixture was dete-mined
to be 25 H and 75/ pvrophosphoric acid. This acid composition will represent
the hygroscopic solui-e employed in the following analysis -f phosphorus smoke
growth.

M01111

1i , 0 1,

I i n r . Yit]l FactIors of a Phosphorus Smoke Versus Ke lative Humidity

1'io
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-Solution Thermodynamics of Condensed Phosphoric Acids.

The homologous series of condensed phosphoric acids can be represenred by
the chemical formula 7

i(H 3 PO4) - (i-2)H 0 (9)

where i represents the order of phosphoric acid association, i.e., i = 1 + H3 PO 4 and

i - 2 + H4 P.207  orthophosphoric and pyrophosphoric acid, respectively. Therefore,
the condensed phosphoric acids can be thought of as physlochemical molecular

associations of H3 P0 4 molecules, except for small differences in molecular weight.

The water activity of a solution is a strong decreasing function of the
relative number of solute (acid) molecules in solution. Since the associated
solution is characterized by a smaller number of solute molecules, the associated

solution water activity is greater than the unassociated solution water activity for
the same mass of acid. 8  This conclusion was numerically supported by the
calculations of Ogsten and Winzer, 9 who considered the effects of associating
solutes on the osmotic pressure of a solutlen. 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 solvent mole fraction may be written as

n H20

I 2fn (10)
XI -t, nH2 + in, lo

H2

where ini is the number of condensed phosphoric acids resulting from the association

of inI H3P0 4 molecules. This follows from the hydration process of condensed
phosphoric acids where the ith order condensed phosphoric acid produces i molecules

5
of H3 PO4. The mixture solvent mole fraction can be expressed in terms of the ortho
model parameters by the relations

fini
nil2 -) n' 20 and ni (A1)

where the association parameter a represents the degree of H3 P04 mol,.1o"eassociation. Substitution of equation 11 into equation 10 gives

S /(a + iini/n (12)
2

15
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In general, deviations from Raoult's law result from solute-solvent interactions. 8

Due to a strong hydrogen association, H3 PO4 appears electronegative in solution.

Consequently, high dipole moment water molecules will interact with ionized H PO
2 4

molecules. It is asserted that this mode of solvent-solute interaction is the basis
for the noneality of H 3 PO4 solutions and governs the nonlinear dependence of water

activity on water mole fraction (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 is specified by equation 3 in this study.

Figure 3 graphically illustrates the dependency of solution water
f activity a1 on mole ratio of H3 PO 4 (before association) to water for various degrees

of acid association. The degree of association increases with the association

parameter a, so that a - i is a noncondensed pure H3 PO4 solution and a = 4 is a

highly condensed tetra-metaphosphoric acid solution. It is clear that, for the same

mass of acid, the associated solution is -haracterized by a greater water activity

and necessarily water vapor pressure. This indicates that, when the primary H3 PO4

molecules are partially associated, the vapor pressure lowering effect is
diminished. As a result, 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 molecule association and by

neglecting the chemical differences between the original species and the associated

species.

i-cs.1-0W

<05-

0 0.5 1.0 1.5

in'nH20

Figure 3. Water Activity of Various Condensed Phosphoric Acid Solutions
as a Function of HPO/, Association
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3.2 Equivalent H.PO4 Phosphorus Smoke Ac4 d Concentration.

By definition, the 6:'id k -ncentration of a multicomponent acid mixture 1.
given as

F " Mi+ 2 i , 3i+n (13) 1
fM 1+ 2 ,i, 31 +Inl + 2 0

0K

where Mi+ 2 pt 31+l is the molecular weight of the ith order condensed phosphoric
acid; i 1 1, being H3 P0 4 , is represented by M3 14 .-

In this section, the equivalent H3 PO 4 concentration is formulated in V
order to compare experiment and theory. The equivalent ortho acid concentration
function assumes that each mole of NaOH dissolved in the acid solution can be
equated to one H3 PO 4 molecule as is customary in titration analysis.

For the case of the condensed phosphoric acids, the ith order condensed
phosphoric acid will possess i titration end points.7 Therefore, the total ntn.her

of NaOH molecules dissolved in the condensed phosphoric acid solutio," is

[NaOH) - jin, (14)

Since each molecule of NaOH is equated with a compound having a molecular weight f-
H3 PO4 , the equivalent H3 PO4 mass is

Substitution of equation 15 into equation 13 results in the equivalent P110P
concentration of an arbitrary mixture of condensed phosphoric acids as

a M314(I-X)

e H2OX +a M 314(l-x) I

where X is given by equation 4. Figure 4 shows the dependence of equivalent II31'(,.
concentration on relative htmildity for various condensed phos plifric 'id
solutions. As the solution becomes more condensed, F Increases at 'onst;•n•e
relative humidity. Ilhis is an outgrowth of the reduced water abhorbirqý
characteristics of the condensed phosphoric acids. When the association parafnet.r r]
Is equal to unity (pure H3 PO4 ), Fe reduces to equation 6 as expected.

17
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Figure 4. Equivalent H3 P0 4 Acid Concentration of a
Phosphorus Smoke Versus Degree of Acid Association

Now, for the present case, the mole ratio of pyrophosphoric acid to H3 PO4
is expressed in terms of the weight percentages as

n 2 11427 M314 W427 (17)

1 __ 314 427 31

where W and W are the weight percentages of pyro and ortho, respectively. In
47 314 3

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

n4 2 7  [S4 1.65 
(18)

n314,-

Now each pyrophosphoric acid molecule converts to two B3PO4 molecules through branch
point hydration. 5 The corresponding mole ratio of acid mixture solute number E n to

i i
pure H3 P04 solute number is

•int/in 1.62 (09)

18



But this is exactly the association parameter a defining the reduction in solute
number due to the association of H3 PO4 molecules. Substitution of this value of a
into equation 16 produces the equivalent H3 PO4 acid concentration of a phosphorus

smoke. Figure I 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%.

3.3 Real Phosphorus Smoke Acid Concentration.

The equivalent H PO4 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 PO If
3 4*

one inspects the pyrophosphoric acid molecule H4 P2 07 , then it is clear that two NaOH

molecules are associated with a mass which is less than two H3PO4 molecules.
Specifically, the pyrophosphoric acid molecule is represented by 2(H3P04)-H20. The

3 4~ 1 0 h
result is that the equivalent acid concentation function F overestimates the real

mass of acid in the phosphorus smoke. More mathematically e

i Mi+2'i '3i+ lni 1 "3141 In, (20)

The real acid concpntration function may be expressed In terms of the equivalent
ortho acid concentration function by accounting for the molecular weight differences
between multiples of H3 PO4 molecules and pH equivalent condensed phosphoric acids.

Beginning with the equivalent acid concentration Fe

F a M31 in,/MT (21)

and the real acid concentration function Fr

Fr - iMi+2 ,i,3+ini,/MT (22)

the ratio of the two functions can be expressed as

F r Mi+ 2 1it31+1 n 
(23)F e M 3141 in,

19
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The sum in the numerator of, equation 23 may be rewritten from equation 9 as

M i+2,i,3i+l i 314 - 2 0) i + H2 Oini (24)

Combining equations 23 and 12 results in

M jin + M En
F 113 1 H 2O irL . (25)
Fe M 3 1 4 jIn(

Finally substitution of equation 11 into equation 25 gives the defining relationship
between Fr and F as

e

M M /a1 13 + H 20 -- i

F F . 1 (26)
r e M3 14

For any associated solution (a > 1), the fraction is less than unity and the
equivalent acid concentration exceeds the real acid concentration. Figure 5 depicts
the percent deviation between F and F for a series of condensed phosphoric acide r
solutions. The deviations increase monotonically with the association parameter a,

varying from zero at a - I to -16% at a = 4. Consequently, the greater the degree

of acid association the greater the misrepresentation of the real acid
concentration.

50..

40 -

S30

.
20

10

1 2 3 4
(ASSOCIATION PARAMETER)a

Figure 5. Percent Deviation between Equivalent H3 PO 4 and Real Acid

Concentration as a Function of Acid Association

For the present case, a 1.62 and

F " 0.93 F (27)
r e

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

correspondence between moles of NaOH and H3PO4 is assumed.

20



3.4 Yield Factor of a Phosphorus Smoke.

Following logic similar to the derivation of the H3 PO4  smoke
(equation 7), the yield factor of a multicomponent acid smoke is given by

y.f. i,3i+l (28)M P .F r

Here the phosphorus aerosolization parameter C and the composition parameter n are
set to unity. Substituting for Fr from equation 23, the yield factor may be

expressed as

M *inM314 i i
Y'f. " M .F (29)p e

Since i phosphorus atoms are tied up in the ith condensed phosphoric acid, then

Mp = M(P) iini (30)

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

y.f. M 314/M(P) Fe (31)

Comparison of equation 31 with the experimental yield factors of Tarnove 6 indicates
good agreement over the range of relative humidities from 40% to 70%.

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 H PO solution. Based on high temperature P 0 studies,

3 4 4 10
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 is formulated from the
ortho water activity data. Comparison of mixture model synthetic data and

experimental data indicates good agreement.
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!i
4. CONCLUSIONS

4.1 A thermodynamic model which is based on the water activity of H3 PO,

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 90%.

4.2 Based on a solute number reduction acheme, the water activity of ..n
arbitrary mixture of condensed phosphoric acids is formulated from existing H 3PO4 3__
water activity data.

4.3 High temperature P4 010 hydration studies suggest the chemical composition
of phosphorus smoke droplets is a mixture of H3 PO4 and pyrophosphoric acid,

whereupon the solution thermodynamics of the acid droplets is developed.

4.4 Comparison of mixture model synthetic data and experimental data
indicates the condensed acid model predicts the acid concentrations and yield

factors of a phosphorus smoke within 5%.

4.5 Due to the molecilar weight differences between the condensed phosphoric
acids and the pH equivalent multiple of H3 PO4 molecules, equivalent H3PO 4

concentrations will overestimate the acid concentrations of a phosphorus smoke by

7%.

4
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GLOSSARY

a association parameter

al water activity

d droplet diameter

F orthophosphoric acid concentration

Fe equivalent ortho acid concentration

Fr real acid concentration

i order of acid association

M(H3 PO 4 ) molecular weight of orthophosphoric acid

M(P) molecular weight of phosphorus

MIp mass of phosphorus in starting material

M2 molecular weight of water
M20

Mt total droplet mass
2t

MA20 mass of water in droplet
nH 2 moles of water in droplet

n.i moles of the ith order condensed phosphoric acid

P pressure

S droplet saturation ratio

T temperature

v1  mole, Jlar volume of water

C surface tension

C phosphorus aerosolization parameter

relative humidity

water mole fraction
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