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INVESTIGATION OF AIR SOLUBILITY 
IN JET A FUEL AT HIGH PRESSURES 

SUMMARY 

This report discusses activities under NASA Grant No. NSG 3306 for 
the period September 1, 1979 to August 31, 1980. The objective of the 
investigation was to determine the thermodynamic properties of Jet A 
fuel saturated with dissolved air at high pressures. This information 
is needed for the development of the supercritical injector concept. 

Supercritical injection involves dissolving air into a fuel prior 
to injection. As the resulting mixture passes out of the injector, the 
air comes out of solution, similar to the flashing of a superheated 
liquid. Flashing is known to improve atomization and the presence of 
air in the primary zone of a spray flame is known to reduce pollutant 
emissions. Therefore, supercritical injection has been proposed as a 
means of improving the performance of spray burners. 

The specific objectives of the present investigation are: (1) to 
measure the solubility and density characteristics of fuel-gas mixtures, 
and (2) to correlate these results using basic thermodynamic theory. 
The system Jet A-air was of primary concern; however, the systems 
Jet A-nitrogen, n-dodecane-nitrogen and n-dodecane-air were also con- 
sidered, in order to help establish theoretical methods. The range of 
the experiments involved pressures of 1.03-10.34 MPa and temperatures 
in the range 298-373K. The theory involved application of the multi- 
component form of the Soave equation of state. A computer program was 
developed to facilitate the computations. 

The results of the investigation can be summarized as follows: 
1. The present solubility and density measurements could be cor- 

related by selecting reasonable values for the binary inter- 
action parameters in the Soave equation of state. This was 
accomplished by treating Jet A as a pseudo-compound. 

2. For the present test range, the solubility of air in Jet A 
was roughly proportional to pressure. The solubility also 
increased with temperature, but the temperature dependence 
was relatively weak. Maximum observed solubilities were at 
373K and 10.34 MPa, where the mass fraction of dissolved air 
in the liquid was 0.0227-0.0267, depending on the particular 
sample of Jet A tested. 

3. The effect of dissolved air on liquid density was small. 
Temperature variations resulted in density variations typical 
of hydrocarbon blends. 
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4. Solubility predictions are reported over a wider range than 
the experiments. These results show that the mole fraction 
of dissolved air approaches a maximum of 0.6 near the thermo- 
dynamic critical point of the mixture. 

5. Computations were completed for the isentropic expansion of 
initially saturated dissolved gas mixtures. The presence of 
dissolved gas appreciably increases the volumetric expansion 
ratio of the flow, which should result in improved atomization, 
particularly at low back pressures. 

6. The Soave equation of state provided the best correlation of 
data for conditions not too near the thermodynamic critical 
point. In contrast, the Redlich-Kwong equation of state pro- 
vided a fair correlation over the entire range of the data, 
and was clearly superior in the near critical region. 

With thermodynamic properties and solubility levels established, 
current efforts are examining the supercritical injection 
concept. This involves evaluation of both injector atomization 
properties and combustion performance. 
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NOMENCLATURE 

Symbol 

a 

a. 1 
a ij 
A 

b 

bi 
B 

ci 

C 
pi 

Ei 

fi 
F 

F' 

h 

Hi 
k ij 

Ki 

R i 
L 

Li 
n 

N 

Mi 

P 

Description 

Parameter, Eq. (10) 

parameter, Eq. (13) 

parameter, Eq. (12) 

parameter, Eq. (18) 

parameter, Eq. (11) 

parameter, Eq. (14) 

parameter, Eq. (19) 

ideal gas property constants 

isobaric specific heat of species i 

voltage 

fugacity of species i 

parameter, Eq. (39) 

parameter, Eq. (40) 

enthalpy 

heights in solubility measuring device 

binary interaction coefficient 

vapor-liquid equilibrium constant 

length from pivot to center of gravity of float i 

number of unknowns in the system 

lengths along ribbon resistor 

total number of species 

total number of intensive properties 

molecular weight of species i 

pressure 
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X 
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Yv 
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Description 

Universal gas constant 

entropy 

parameter, Eq. (16) 

temperature 

specific volume 

mole fraction of vapor 

volume of floats in density apparatus 

volumetric expansion ratio 

mass fraction of vapor 

mole fraction of species i in liquid phase 

mole fraction of species i in gas phase 

parameter in computer program 

compressibility factor 

parameter in computer program 

parameter, Eq. (10) 

parameter, Eq. (15) 

parameter, Eq. (12) 

parameter, Eq. (27) 

angle between float B and the horizontal 

density 

angle between floats 

fugacity coefficient of species i 

accentric factor of species i 



Subscripts Description 

A designates float in density apparatus 

B designates float in density apparatus 

C critical property 

E state after expansion 

f liquid phase 

g vapor phase 

i generic species 

I state prior to expansion 

m mixture property 

r reduced state 

ref reference state 

Superscripts 

( I0 ideal gas state 



1. Introduction 

There are numerous systems which involve the combustion of liquid 
fuels in air, e.g., aircraft propulsion systems, industrial gas turbines, 
direct injection stratified charge engines, diesel engines, and furnaces 
to name only a few. The supercritical injection concept has been pro- 
posed as a means for improving combustor operation in such systems [l]. 

Basically, supercritical injection involves operation at conditions 
where a portion of the liquid flashes to a vapor upon injection. There 
are two major approaches to the supercritical injection concept: (1) to 
dissolve a gas (generally air) into the fuel, and (2) preheating the 
fuel. In either case, the preparation of the fuel occurs upstream of 
the injector. The flashing process occurs as the pressure of the liquid 
is reduced, either near the downstream end of the injector passage, or 
a short distance from the injector within the combustion chamber. 

The present investigation considered supercritical injection by 
means of dissolved gases. Figure 1 is a sketch of this concept for a 
gas turbine combustor. In this case, air is drawn from the inlet of 
the combustor, compressed, mixed with the fuel, and allowed to dissolve 
prior to injection. The resulting single-phase liquid mixture then 
passes through a conventional pressure atomizing injector. The rapid 
reduction of fluid pressure at the injector exit results in the spon- 
taneous expansion or flashing of a portion of the dissolved gases to a 
vapor state. 

Several effects, beneficial to the combustion process, are antici- 
pated when supercritical injection is used. The spontaneous appearance 
of vapor at the injector exit will result in a rapid and significant in- 
crease in the specific volume of the flow. This process is analagous to 
the aerosol flashing process found in commercial spray cans for paints, 
deodorants, etc. Aerosol flashing studies have shown that flashing 
causes significant reduction of drop sizes in the spray, when compared 
with conventional liquid injection [2-41. Thus, it is believed that 
supercritical injection can enhance the spray atomization process 
associated with combustion systems. 

Supercritical injection results in intimate mixing between fuel and 
air, due to the initial uniform state of the dissolved gas mixture prior 
to injection. It is widely recognized that premixing fuel and air causes 
reduced production of soot, UHC, CO and NOX. Due to the unusually well- 
mixed state, supercritical injection has the potential for reducing 
pollutants to a greater degree than air atomization, if sufficient 
quantities of air can be dissolved in the fuel. 

The present investigation represents the first stage in the evaluation 
of the supercritical injection concept. The main objective is to de- 
termine the extent to which air can be dissolved in fuels typically used 

* 
Numbers in brackets denote references. 
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in aircraft propulsion systems. A second major objective is to examine 
the thermodynamic properties of the resulting fuel-dissolved air mixture. 
The specific objectives of the research can be summarized as follows: 

1. Measure the solubility of gases in liquid fuels for tempera- 
ture and pressure ranges typical of injector inlet conditions. 
The fuels considered included dodecane and two samples of Jet A, 
while the gases were nitrogen and air. Dodecane and nitrogen 
were included in the investigation in order to provide some 
results with well-defined systems for checking theoretical 
results. The temperature and pressure range of the measure- 
ments were 297-373K and 1-11 MPa, respectively. 

2. Measure the density of saturated fuel-dissolved gas mixtures 
over a similar range of conditions. 

3. Correlate the measurements using multicomponent high pressure 
thermodynamic theory so that results can be extended to 
conditions that were not actually tested. 

4. Estimate the properties of saturated mixtures during ex- 
pansion processes, in order to provide information required 
to predict supercritical injection atomization properties 
[2-41. 

All the results of the investigation are described in this report. 
The report begins with a discussion of the thermodynamic model. This 
is followed by a description of the apparatus used to complete the 
present solubility measurements. The theory is then evaluated using 
results from both the present and earlier investigations. Following a 
description of the apparatus used to make density measurements, the 
density predictions are compared with theory. The report concludes with 
a discussion of predicted property variations as initially saturated 
dissolved gas mixtures are isentropically expanded through an injector. 

The authors also wish to acknowledge the assistance of H. L. 
Wysong and D. Grapes during the experimental portion of the investi- 
gation. Professor C. H. Wolgemuth, of this department, graciously 
allowed us to use the density measuring device and provided valuable 
guidance in its use. 

2. Thermodynamic Model 

2.1 General Description 

The most appealing method for determining the extent to which 
air may be dissolved in a liquid fuel (solubility of the fuel), for a 
wide range of conditions, is to employ an equation of state in conjunction 
with multicomponent phase equilibria theory. By virtue of well estab- 
lished thermodynamic theory, the equation of state may then be employed 
to also provide thermodynamic property data for the liquid fuel-dissolved 
gas mixture. 

Faeth and coworkers [5-81 employed high pressure thermo- 
dynamic theory to predict the dissolved gas concentration at the liquid 
surface of a fuel droplet immersed in combustion product gases. This 
involved use of the Redlich-Kwong equation of state which has been 
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adapted to multicomponent systems through the use of mixing rules de- 
veloped by Prausnitz and Chueh [9]. In particular, Lazar and Faeth 
[6] found good agreement between theory and experiment for several 
pure hydrocarbon-nitrogen systems subjected to high pressure environ- 
ments (5.07-30.40 MPa). This is of particular interest since high 
pressures are generally required in order to dissolve appreciable 
amounts of air into jet fuels. 

Recent developments [lo-121 have suggested that the Soave modifi- 
cation [13] of the Redlich-Kwong equation of state gives improved 
results. The major modification of the Soave equation of state is 
that a Redlich-Kwong constant has been modified to become temperature 
dependent in order to improve the basic fit of the vapor pressure curve 
of each species of a multicomponent system. Due to its improved 
properties, the Soave equation of state has recently been adopted by 
the American Petroleum Institutes Technical Data Book--Petroleum 
Refining [14] for vapor-liquid equilibrium calculations. It is, 
therefore, believed that the Soave equation of state has more promise 
for accurately modeling high pressure phase equilibria than the Redlich- 
Kwong version used during earlier work in this laboratory [5-81. 

There is one drawback associated with this analytical approach, 
which would be encountered with either the Soave or Redlich-Kwong 
equation of state. Inherent in the mixing rules applied to either 
equation of state is a binary interaction coefficient k.., which is 
characteristic of the i-j interaction for each binary p% present in 
a multicomponent system. This coefficient must be obtained from some 
experimental information concerning the binary interaction. Most 
practical jet fuels, however, are complicated blends of hydrocarbons 
which vary in composition from sample to sample. As a result the 
literature contains no information on the binary interactions between 
practical jet fuels and the constituents associated with air (oxygen, 
nitrogen, carbon dioxide and argon). Therefore, it was necessary to 
perform solubility experiments with a practical jet fuel in order to 
determine the binary interaction coefficients. Once the solubility 
data is collected and correlated with the Soave equation of state, it 
then becomes feasible to extrapolate the results over a wide range of 
conditions in order to theoretically investigate the solubility charac- 
teristics of a practical jet fuel. 

2.2 Phase Equilibrium Considerations 

The purpose of phase equilibria thermodynamics is to predict con- 
ditions (temperature, pressure, density, composition) which prevail when 
two or more phases are in equilibrium. A liquid and vapor are considered 
to be in equilibrium when the following conditions are satisfied: 

Pg = Pf 

f 
ig 

=f if 
i = i, 2, 3, . . .n (3) 



These equations represent the necessary conditions for equilibrium 
with respect to the three processes of heat transfer, boundary dis- 
placement, and mass transfer. Equilibrium of these processes are 
represented by temperature pressure and fugacity equality for both 
phases, in Eqs. (l)-(3). Fugacity is a generalized "partial pressure" 
of the i-th component, valid for computations at high pressures. t In- 
troducing a fugacity coefficient, this "partial pressure" of the compo- 
nent through the following relationship. 

fi = QiXiP (4) 

Thermodynamically the fugacity coefficient is defined as 

- y-1 dp (5) 

When an appropriate equation of state is employed in Eq. (5) an 
expression for the fugacity coefficient may be obtained. 

The independent intensive properties associated with phase equi- 
librium between the liquid and vapor phases are p, T, v , v , x. and yi. 
For a multicomponent syste: of n individual species thefto'c81 nhmber 
of intensive properties is 

N=2n+2 (6) 

The number of intensive properties which must be specified to fix the 
equilibrium state is given by the Gibbs phase rule: 

Number of independent 
intensive properties to = number of 

fix equilibrium state components - nUpmhbas;sof + 2 (7) 

For the present investigation the number of phases is two. Therefore, 
the number of independent intensive properties which need to be specified 
is equivalent to the number of components present in the system, n. The 
number of unknowns, L, therefore, becomes 

L=n+2 (8) 

t The fugacity represents the intensive potential governing mass transfer 
between the phases. 

* 
Note that conservation of mass specifies that only n-l component mole 

fractions be considered for each phase. The nth mole fraction is 
specified by the fact that the summation of the mole fractions of each 
component is unity. 
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Consequently n + 2 independent equations must be specified in order to 
solve for the unknown variables. Equations (3) will constitute a system 
of n equations, where fif and fig are found for each component of the 
system. An equation of state, applied once to the liquid phase and 
once to the vapor phase, will constitute two more equations. Total 
number of independent equations will, therefore, be n + 2. Simul- 
taneously solving these n + 2 independent equations will completely 
define all of the independent intensive properties associated with the 
equilibrium state. 

Simultaneously solving n + 2 independent equations, however, 
represents a large computational effort. For this reason, this in- 
vestigation employed iterative computer techniques to simultaneously 
solve the system of independent equations. This involved adapting the 
Soave equation of state to Starling's [15] multi-purpose vapor-liquid 
equilibrium computer code. 

The main element of Starling's [15] code used in the present 
calculations was the algorithm for computing bubble points. In this 
case, the composition of the liquid phase xi and the temperature of 
the system is known. It is desired to compute the equilibrium compo- 
sition of the gas phase, yi, and the pressure. The method of solution 
is indicated schematically in Figure 2. The computer program, utilizing 
the Soave equation of state, is presented in Appendix A. 

2.3 Soave Equation of State 

The Soave equation of state is similar to the Redlich-Kwong 
equation of state, however, an additional temperature dependent factor 
is introduced. The Soave equation of state has the following form 
[I31 

p=RT.- aa 
v-b v(v+b) (9) 

Applying Van der Waals one-fluid mixing rules [16], the equation of 
state may be adapted to multicomponent systems. Applying these mixing 
rules the parameters of Eq. (9) may be defined as follows: 

aa = E Y 1 J 1J I3 x.x.u..a.. 
i=l j=l 

(10) 

b = i x.b. 
i=l IL1 

(11) 
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Figure 2. Schematic of bubble-point pressure routine. 
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where 

cx..a.. = (1 - kij)(UicYjaiaj) l/2 
=J =J 

a. 1 = 0.42747R2Tci2/p ci 

bi = 0.08664RTci/pci 

a. = 
1 

[l + Si(l - T 
ri 1'2)]2 

(12) 

(13) 

(14) 

(15) 

'i = 0.48508 + 1.55171~~ - 0.15613~. 2 
1 (161 

where w. is the accentric factor of the ith component. 
noted t&at Eq. (16) 

It should be 
represents a modification of the Soave equation of 

state due to Grabowski and Daubert [10-U]. Soave's original proposal 
contained slightly different coefficients than those found in Eq. (16). 
This correction merely represents a refit of an expanded set of vapor 
pressure data. The basic form of the regression, however, has remained 
unaltered. 

The constants k.. found in Eq. (12) are the binary interaction 
coefficients describ&! by Chueh and Prausnitz [17]. These coefficients 
correct for the effects of deviations from the geometric mean mixing 
rule for cla and must be determined from data on binary mixtures. To a 
good approximation the k.. areindependentof temperature, pressure, and 
composition [lo]. It is?ecommneded that the k.. be set equal to zero 
for interactions between hydrocarbons and inter%ions containing hydrogen 
[I41 * Binary interaction coefficients for interactions between common 
hydrocarbons and gaseous C02, N2, CO, and 0 
Analytical correlations are provided for ot er i 

are tabulated in Ref. 14. 
common hydrocarbon-gas 

interactions. 

Introducing the Soave equation of state into Eq. (5) and integrating 
yields the following expression for the fugacity coefficient. 

In@ = 2 (Z-1) - ln(Z-B) - t [ 
2Cxioi.a.. 

J 11 
i oa - +] ln(l+3(17) 



where 

A = oap/R2T2 (18) 

B = bp/RT (19) 

Due to the appearance of the compressibility factor, Z, in Eq. (17), 
it is convenient to rewrite the Soave equation of state in terms of 
the compressibility factor. This may be done by noting: 

v = z= 
P (20) 

Introducing Eqs. (lo), (19) and (20) into Eq. (9) yields the follow- 
ing cubic expression: 

Z3 - Z2 + Z(A-B-B2) -AB=o (21) 

Equation (21) employed twice, once for each phase, and combined with 
Eq. (17) for each of the n species, will form a set of n + 2 inde- 
pendent equations. The vapor liquid equilibrium state may now be 
completely specified, assuming that two independent intensive variables 
have been previously specified. It should be noted that Eq. (21) will 
yield three roots for each phase. For the vapor phase the greatest root 
is taken to be the compressibility factor. For the liquid phase the 
smallest root is taken to be the compressibility factor. 

2.4 Enthalpy and Entropy Considerations 

Once the system temperature, pressure, density and phase compo- 
sitions are known, the enthalpy and entropy of departure of each phase 
may bedeterminedby employing an equation of state in conjunction with 
the following thermodynamic relations. 

co 

h _ ho = [P - T(*) dT v n I dv + pv - RT (22) 
V 'T 

O” 0 [R - (iP) 
VP 

s-s = 
V 

dT v n 1 dv + R C xilnx yTf (23) 
V 'T i i 

where ho and s 0 are ideal gas states to be defined later. Substitution 
of the Soave equation of state into Eqs. (22) and (23) yields 
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h - ho =$ {Ea-T( (aa>) d dT v,nTl lnC$-l+ wz-1) (24) 

0 s - s 1 d(aa) 
= -Rln (51 - g \d~/~ n 

'T 
In (&I -I- 

VP 
RExi In ref 

i xiRT (25) 

where 

d (aa> 
--I dT vn 

ST 

l/2 
a. 

+ Si(-+ 1'2] (26) 

TTci 

B = xixj (l-kij) (aiaj) l/2 
ij (27) 

The ideal gas states for the mixture enthalpy and entropy may be 
expressed as 

ho= i; Cxh 
i 

(28) 

0 0 
S = c x.s 

i Ii (29) 

where the individual component enthalpy and entropy ideal gas states 
are defined as 

J 
T 

hoi( T) = h: (Tref) + co dT 
1 T Pi 

ref 

(30) 

,- ,,. l._ ___.._._ - . . - 
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s; (Lpref) = s; (Tref, pref) + I T cPi ' dT 

T T 
ref 

(31) 

The reference states defined in Equations (30) and (31) are taken at 
T ref = 0 K and pref = 1 atm. 

Equations (30) and (31) employed in conjunction with Eqs. (24) 
through (29) make it possible to determine the absolute enthalpy and 
entropy of the individual phases existing in equilibrium at a given 
pressure and temperature. 

2.5 Property Considerations 

2.5.1 Air Model 

Two models were employed to represent the composition 
of air. The first model considered dry air, having the following 
composition, on a percent by mole basis: N2 = 78.0881, 0 = 20.9495, 
Ar = 0.9324, and CO2 = 0.0300. The second model employed2simplified 
air: N2 = 79 and O2 = 21 percent, on a molal basis. 

2.5.2 Jet A Pseudo-Compound Model 

The Soave equation of state requires that the critical 
pressure, temperature and accentric factor be supplied for each species 
of a multicomponent system. This information is readily available for 
most pure substances [14]. Jet A fuels, however, are undefined petro- 
leum fractions. An undefined petroleum fraction must meet standard 
specifications, but a range of compositions or blends can satisfy these 
requirements. As a result, the critical pressure, temperature and 
accentric factor will vary from sample to sample. In order to provide 
the Soave equation of state with the appropriate component property 
data, each Jet A fuel sample was modeled as a pseudo-compound (defined 
by a pseudo-critical temperature, pressure and accentric factor). In 
addition a pseudo-compound molecular weight was also determined to 
allow molar to gravimetric unit conversions. 

The procedure for creating pseudo-compound models for undefined 
petroleum fractions is disucssed in detail in the API-Technical Data 
Book [14]. This procedure only requires that the specific gravity and 
the characteristic distillation curve of each Jet A fuel sample be 
provided. The specific gravity and characteristic distillation curves 
of the two Jet A fuel samples considered in this investigation are 
shown in Table 1. The subsequent pseudo-properties derived from the 
API pseudo-compound procedure are shown in Table 2, along with the 
properties of other pure components considered during this investi- 
gation. 
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Table 1 

DISTILLATION CHARACTERISTICS AND 
SPECIFIC GRAVITY OF JET A 79/80 FUELS 

Distilled Temperature (K) 
(X> Jet A (79) Jet A (80) 

IBP 434.82 444.26 

10 460.93 465.37 

30 472.04 477.04 

50 488.15 487.59 

70 509.82 500.93 

90 552.04 522.04 

FBP 600.93 547.59 

Specific 
Gravity 
(60/6OOF) 

0.8381 0.8095 
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Table 2 

CRITICAL PROPERTY CONSTANTSa 

Molecular Tc PC 
Substance Weight (JO OfPa) w 

n-Pentane 72.151 469.6 3.37 0.251 
n-Hexane 86.178 507.4 2.97 0.296 
n-Decane 142.286 617.6 2.11 0.490 

n-Dodecane 170.33 628.26 1.82 0.5623 

n-Tridecane 184.35 675.76 1.72 0.6231 

Jet Ab 170.1 655.93 1.83 0.4780 

Jet A (79)' 187.1 677.59 2.34 0.4950 

Jet A (SO)' 200.0 669.26 2.14 0.4950 

Nitrogen 28.02 126.26 3.40 0.0450 

Oxygen 32.0 154.76 5.08 0.0190 

Carbon Dioxide 44.01 304.21 7.38 0.2310 

Argon 39.4 150.71 4.86 -0.002 

aTaken from Ref. 14, unless noted otherwise. 

b Taken from Ref. 18. 

'Computed during this investigation. 
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2.5.3 Ideal Gas Thermal Property Constants 

In order to determine the absolute enthalpy and entropy 
of multicomponent systems, the enthalpy and entropy at ideal gas states 
must be determined for each component. These individual component ideal 
gas states are defined in Eqs. (30) and (31). In order to determine 
these properties the ideal gas isobaric specific heat of the individual 
component is required. A functional relationship between the isobaric 
specific heat and absolute temperature is required to properly evaluate 
the integrals in Eqs. (30) and (31). The API-Technical Data Book [14] 
suggests the following functional relationship. 

CO 
Pi 

= Cl + 2 C2T + 3 C3T2 + 4 C4T3 + 5 C5T4 (32) 

Integrating Eqs. (30) and (31), and consolidating reference states into 
one constant, yields the following expressions 

ho i = Co + CIT + C2T2 + C3T3 + C4T4 + C5T5 

0 
S i =CllnT+2C2T+$C3T2+$C4T3+;C5T4+C6 (34) 

The constants C. are tabulated in reference [14] for most common 
substances. Jet A fhels being undefined petroleum fractions are not 
listed. In addition there is no method available for modeling the 
ideal gas properties of a Jet A fuel. As a result, the only recourse 
was to curve fit available ideal gas isobatic specific heat, enthalpy 
and entropy property data of a typical Jet A fuel. This was done using 
data supplied by Faith, et al. [18]. Though this data does not specif- 
ically represent the two Jet A fuel samples evaluated in this investi- 
gation, it will provide reasonable estimates of their actual ideal gas 
enthalpies and entropies. The curve-fitted Jet A constants, along with 
other pure component constants used in this investigation, are summarized 
in Table 3. 

3. Gas Solubility Apparatus 

3.1 Test Apparatus 

High pressure multicomponent phase equilibria experimental 
studies [19-211 frequently employ gas chromatograph and absorption 
'techniques to determine the gas phase compositions of simple binary and 
ternary systems. These techniques are less appropriate for the present 
investigation for two reasons: 1) this investigation is specifically 
concerned with determining liquid phase compositions as opposed to gas 



Table 3 

THERMAL PROPERTY CONSTANTS OF IDEAL GASES 

Species 
C; c1 c2 x lo3 c3 x lo7 c4 x 1o1O c5 x 1o14 C6 

&J/kg) (kJ/kg-K) (kJ/kg-K2) (kJ/kg-K3) (kJ/kg-K4) (kJ/kg-K4) W/kg-K) 

n-Dodecane 60.966342 -0.077547 3.420590 -13.085368 2.475715 -1.303777 2.272586 

Jet AC 76.221709 0.127624 3.149567 -11.201976 1.766033 -0.168140 -1.204104 

Nitrogen -2.172470 1.068470 -0.134094 2.155655 -0.786305 0.698494 0.177362 

Oxygen -2.283534 0.952422 -0.281135 6.552125 -4.523085 10.877250 0.520469 

Carbon Dioxide 11.113553 0.479100 0.762146 -3.593857 0.847424 -0.577511 1.437543 

?I atum state, ho = 0 at 0 K. 
b Datum state, so = 0 at 0 K and 1 atm. 

'For formulation studied in Ref. 14. 
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phase compositions, 2) the varying and complex nature of the undefined 
petroleum fraction Jet A, makes gas chromatograph and absorption tech- 
niques extremely complex. As a result, a new liquid phase gas solubility 
measuring apparatus was developed for the investigation. This new appa- 
ratus was specifically designed to determine the extent to which gases may 
be dissolved in liquid fuels. 

A sketch of the gas solubility apparatus appears in Figure 3. The 
arrangement consists of a sample preparation chamberand a gas-liquid 
volume measuring system. The sample preparation chamber has a volume 
of 1000 ml. The chamber can be pressurized with air or nitrogen. The 
chamber pressure level is determined with Heisse, absolute pressure 
gauges (0.1% accuracy, O-2.1 and 0.10.3 MPa ranges, using two gauges.) 
The chamber is wrapped with electrical heating coils and insulated to 
allow a range of sample temperatures. Chamber temperatures are measured 
with several chromel-alumel thermocouples spot-welded to the outer 
surface. The liquid sample within the chamber has a volume of approxi- 
mately 500 ml. The sample is equilibrated by shaking the chamber. 
Samples are withdrawn from the chamber through a 3.2 mm OD x 0.89 mm 
wall thickness tube. The sampling tube ends at roughly the center of 
the liquid sample. 

The gas-liquid volume measuring system consists of a vertical 
glass tube 9.5 mm OD x 1 mm wall thickness, 760 mm long. The tube 
diameter is reduced at top and bottom to facilitate the connection to 
flexible Tygon tubing. The lower end of the glass tube is connected to 
a mercury filled bottle which can be moved vertically to adjust the 
mercury level in the glass tube. The upper end of the tube can be 
connected to the valve at the exit of the sampling tube. 

3.2 Operation of the Apparatus 

The operation of the apparatus proceeds as follows. The 
liquid sample was set at the desired pressure and temperature level and 
agitated with the gas-liquid measuring system not connected to the 
sample tube. Trials indicated that an agitation period of 250-300 s 
was adequate to achieve equilibration. 

Once equilibration was achieved, the sample valve was opened, and 
the sample line was purged, and the valve was closed once again. The 
gas-liquid volume measuring system was purged of any earlier sample by 
raising the mercury column to the top of the Tygon tubing (at the top 
of the glass tube). The tubing was then connected to the sampling 
valve. The seal of this connection was checked by dropping the mercury 
column, which places the upper end of the tube under vacuum. A poor 
seal was readily detected by subsequent motion of the mercury column. 
If the seal was adequate, the mercury level was returned to its original 
position and the sample valve was opened. A sample was withdrawn until 
the mercury level neared the bottom of the tube and then the valve was 
closed once again. 
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The depressurized sample rapidly separates into gas and liquid 
phases. The sample was allowed to separate and cool to room tem- 
perature conditions. The sample was brought to room pressure by 
equilizing the mercury levels in the bottle and the sample tube. The 
volume of liquid and gas was then read from the scale on the sample 
tube. The gas volume was corrected for the small volume in the Tygon 
tubing and the sampling valve. The ullage volume was determined by 
measuring the variation of pressure with scale volume when no sample 
was present. 

The dissolved gas concentration of the test liquids, at atmospheric 
pressure,is negligible. The vapor pressure of the liquids is also small 
at room temperature. Therefore, measurement of the gas and liquid volumes 
in the depressurized sample provides sufficient information to compute 
the concentration of dissolved gas in the original sample. For this 
computation the gas phase is assumed to be ideal, which is justified at 
atmospheric pressure. 

From these assumptions, the ratio of the heights of the gas and 
liquid portions of the sample are as follows 

Hg/Hf = x g Pf RT/(P xf Mf) (35) 

where p and T are the pressure and temperature in the sample tube and 

xg and xf denote the original mole fractions of gas and liquid in the 
saturated liquid mixture. 
rewritten as 

Noting that xf = 1 - x , Eq. (35) can be 
I3 

-1 

xg 
(36) 

The properties required in Eq. (36) are summarized in Tables 1 and 2. 
The temperature, pressure and the heights of both phases in the sample 
tube are measured, yielding x immediately from Eq. (36). 

g 

4. Solubility Results and Discussion 

4.1 Present Experiments 

Prior to making solubility predictions, it is necessary to 
prescribe the binary interaction coefficients, k.., of all pairs of 
species to be considered. Valuesareavailable iAJthe literature for 
dodecane [14]. Similar results are not available for the Jet A fuels, 
therefore, these values were chosen to provide a good match of the 
present measurements and the predictions. It was found that adequate 
results were obtained using the literature values for n-tridecane. 
This is reasonable, since the molecular weight and pseudocritical 
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properties of Jet A fuels and n-tridecane are similar. All the binary 
interaction coefficients employed in the computations are summarized 
in Table 4. The solubility data obtained during the present investi- 
gation are summarized in Appendix B. 

Predicted and measured solubilities of nitrogen and air in dodecane 
are illustrated in Figures 4 and 5, respectively. These are plots of 
the mole fractions of nitrogen and air dissolved in the liquid phase 
as a function of total pressure, with system temperature as a parameter. 
The predictions shown are for dry air, results with the approximate air 
composition are similar. The comparison between predictions and mea- 
surements is reasonably good. The average discrepancy between predicted 
and measured pressures was 5%, for a given liquid phase composition and 
pressure. 

The results,illustrated in Figures 4 and 5, show a nearly linear 
increase in solubility with increasing pressure. Increasing the tem- 
perature also increases the solubility, however, this effect is not 
large for the present range of test conditions. Comparing the solubility 
of nitrogen and air in n-dodecane, indicates that air is roughly 15% 
more soluble than nitrogen. The amount of air dissolved in dodecane was 
not large for these test conditions, reaching a maximum mole fraction of 
0.158 (mass fraction of 0.031) at 373.15K and 10.34 MPa. 

Solubility results for Jet A (79) - nitrogen and air systems are 
illustrated in Figures 6 and 7, respectively. Similar results for 
Jet A (80) appear in Figures 8 and 9. As before, the predictions are 
for dry air although the simplified air results are essentially the 
same. The comparison between predictions and measurements for the Jet A 
fuels is not as satisfactory as the results for n-dodecane. The greatest 
discrepancy between predictions and measurements occurs at high pressures, 
where the error reaches roughly 20 percent. An improved correlation of 
the data could be obtained by further adjustment of the binary inter- 
action coefficients. This tends to shift the predicted curves up or 
down, without changing the slope, and would result in reduced maximum 
errors over the present test range. The use of a series of narrow-cut 
pseudo-compounds could also be employed to represent the mixture more 
accurately. This would modify the slope of the solubility prediction. 
Since Jet A formulations vary, however, it was felt that this level of 
fitting was unnecessarily accurate for present applications. 

The general behavior of the solubility properties of the Jet A fuels, 
illustrated in Figures 6-9, is similar to dodecane. Solubility increases 
in roughly a linear fashion with increasing pressure, and is a relatively 
weak function of temperature over the present test range. The solubility 
properties of the two Jet A samples are also similar. Maximum solubilities 
were observed at the maximum temperature and pressure of the tests, 
373.15K and 10.34 MPa. At this condition, the mole fractions of air in 
Jet A (79) and (80)were 0.131 and 0.154, respectively (mass fractions of 
0.0227 and0.0267, respectively). 
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Table 4 

BINARY INTERACTION COEFFICIENTS 

n-Pentane 

Carbon 
Nitrogen Oxygen Dioxide Argon 

-- -- 0.1278 -- 

n-Hexane 0.1444 -- -- -- 

n-Decane 0.1293 -- -- -- 

n-Dodecane 0.1595 0.1595 0.1389 0.0 

n-Tridecane 0.1614 0.1614 0.1387 0.0 

Jet A 0.1595 0.1595 0.1389 0.0 

Jet A (79) 0.1614 0.1614 0.1387 0.0 

Jet A (80) 0.1614 0.1614 0.1387 0.0 

Nitrogen 0.0 0.0 -0.0220 0.0 

Oxygen 0.0 0.0 0.0 0.0 

Carbon Dioxide -0.0220 0.0 0.0 0.0 

Argon 0.0 0.0 0.0 0.0 
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Figure 4. Solubility characteristics of n-dodecane - nitrogen system. 
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4.2 Near-Critical Point Results 

In addition to comparing the predictions of the Soave equation 
of state with the present measurements, earlier results discussed by 
Lazar [22] were also considered. This includes solubility measurements 
for the n-decane - nitrogen system [23], the'n-hexane - nitrogen system 
[241, and the n-pentane - carbon dioxide system [25]; Solubility pre- 
dictions for these cases are presented by Lazar [22], using the Redlich- 
Kwong equation of state. 

Figure 10 is an illustration of the results for the n-decane - 
nitrogen system. This is a plot of equilibrium gas and liquid phase 
composition as a function of pressure, for a constant temperature. 
Liquid conditions are given by the curves on the left hand side of the 
figure. In addition to the measurements, predictions are shown for 
both the Redlich-Kwong and Soave equations of state. The comparison 
between both predictions and the measurements is seen to be excellent. 

Figures 11 and 12 are illustrations of similar results for the 
n-hexane - nitrogen system at two different temperatures. As before, 
the liquid phase properties are represented by the curves at the left 
hand sides of the figures. In these cases, the liquid and gas phase 
carves are joined at high pressures. The point where they meet is the 
thermodynamic critical point for the system, at the given temperature. 
The Redlich-Kwong equation of state is in reasonably good agreement with 
the measurements over the complete range of the data. The Soave 
equation gives more accurate results than the Redlich-Kwong equation 
for conditions not too near the thermodynamic critical point. However, 
the Soave equation of state is not very satisfactory near the thermo- 
dynamic critical point. 

A similar trend was noted for the n-pentane - carbon dioxide 
system. These results are illustrated in Figures 13 and 14. From 
these findings we conclude that the Soave equation can best be applied 
at moderate pressures, not too near the critical point of the mixture. 
The Redlich-Kwong equation of state provides a reasonable prediction 
over the entire test range, and is clearly superior for predictions of 
critical conditions, and properties near the critical point. 

4.3 Predicted Results 

Desirable levels of dissolved gas concentrations for the 
supercritical injection concept are not known at this time. Since 
present test conditions did not result in large quantities of dissolved 
gas, additional solubility computations were completed in order to 
investigate required injector inlet conditions for various dissolved 
gas levels. These computations employed the Soave equation of state 
and either nitrogen or the simplified air composition. 

Figure 15 is an illustration of the predicted solubility properties 
of the Jet A (79) - nitrogen system. The concentrations of the gas 
(right hand curve) and liquid (left hand curve) phases are plotted as 
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Figure 10. Phase equilibrium for the n-decane - nitrogen 
system at 411.1K; data from Ref. 23. 
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a function of pressure, with temperature as a parameter. As before, 
both curves meet at the thermodynamic critical point where the tem- 
perature, pressure and concentrations of both phases are the same. 
The Soave equation of state is not very accurate near the critical 
point, as noted earlier, and the computational algorithm was not very 
stable in this region. Therefore, near-critical conditions were 
estimated, and are indicated by a dashed line. 

The results illustrated in Figure 15 indicate that dissolved gas 
concentrations in the liquid phase increase as both the temperature 
and pressure of the system are increased. Maximum dissolved gas levels 
approach a mole fraction of 0.8 (estimated) at the critical point; 
however, such conditions require very high pressures. For pressures on 
the order of 100 atm, relatively high dissolved gas levels can still be 
achieved (mole fractions of 0.2-0.6) if temperatures on the order of 
300°C can be employed. 

Figure 16 is an illustration of similar results for the Jet A (79) - 
air system. These computations employed the simplified air composition; 
however, results for dry air were similar. Air solubilities in Jet A 
(79) are only slightly higher than nitrogen solubilities. This trend 
generally agrees with the present experimental results, described 
earlier. 

5. Apparatus for Density Measurements 

5.1 Available Test Methods 

There are a variety of techniques available for measuring 
fluid densities. The most straight forward technique is the pycrometric 
method, which involves a direct weighing of the fluid sample in a vessel 
of known mass and volume. Another widely used technique is the hygro- 
metric method, which involves determining the specific gravity of the 
fluid by employing a precalibrated float. The specific gravity of the 
fluid is directly proportional to the volume of fluid displaced by the 
precalibrated float. Both of these methods are only practical when 
dealing with fluids existing at atmospheric conditions. Jet A fuel- 
dissolved gas systems, however, require that density measurements be 
made in a high pressure environment. Therefore, these two methods were 
not convenient for this investigation. 

The expansion technique is another common method for measuring 
fluid densities. This involves expanding a small known volume of 
fluid into a large precalibrated volume which is held at a known tem- 
perature. Measuring the pressure of the expanded fluid and employing 
an equation of state allows for the determination of the fluid density. 
Two aspects of this technique make it impractical for use in this in- 
vestigation. First, a well proven equation of state must be employed. 
One of the objectives of this segment of the investigation is to gain 
further confidence in the Soave equation of state. Second, upon expansion, 
a portion of the saturated liquid jet fuel-dissolved gas system would flash 

il ‘I 
1 :A .-..-_.---.---.-_. I II 
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to a vapor. The expansion chamber would then contain a two-phase 
system as opposed to the desired single-phase saturated liquid. 

A fourth approach employs the principle of buoyancy. This method 
measures the density of the fluid by completely immersing a float of 
known mass and volume into the fluid, and subsequently measuring its 
apparent weight. Electromagnetic and magnetic balancing of a ferro- 
magnetic float have been used for the measurement of the apparent weight. 
Both of these methods require the use of a transparent pressure vessel, 
a sight glass, or an auxiliary device for determining the position of 
the float or balance beam. As a result of the high pressure environ- 
ment associated with the saturated liquid jet fuel-dissolved gas 
systems, the transparent pressure vessels and sight glass techniques 
become inconvenient. 

Another technique based on the principle of buoyancy is that de- 
veloped by Keramati, et al. [26]. This method allows for the direct 
measurement of fluid density by measuring the relative angular position 
of a completely immersed vertical disc containing two floats having 
different densities. This technique was specifically designed for 
density measurements of fluids at high pressures. In addition, this 
device was well tested and was immediately available for use in this 
laboratory. As a result, Keramati's high pressure density measuring 
device and technique was adopted during the present investigation for 
determination of the liquid densities of saturated Jet A fuel-dissolved 
gas systems. 

5.2 Test Apparatus 

A detailed description of Keramati's density measuring appa- 
ratus may be found in Reference [26]. This section contains only a 
brief review of that detailed description. Quotations are taken directly 
from Reference [26]. 

5.2.1 Theory of Apparatus 

The float assembly, upon which the apparatus is based, 
is shown schematically in Figure 17. The assembly 

"consists of a disk C on the periphery of which two cylindrical 
floats A and B are permanently attached with a separation angle 
of $I. The two cylinders have the same nominal volume (VA = V,), 
but different densities denoted by p 
is also permanently mounted through AB f? 

and p with p < pg. A pivot 
e ten er of t e disk at 

point 0. The two ends of the pivot which protrude out of the 
plane of the disk are supported by ring jewel bearings with spring- 
loaded end-stones. In normal operation the pivot is horizontal. 

"When the entire assembly, i.e., the disk, pivot, bearings, and 
the cylinders, is submerged in a fluid of unknown density p, the 
buoyant forces acting on the two cylinders will be different in 

. _ I 
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Figure 17. Sketch of the float assembly. 
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magnitude due to the difference in the densities p 
system of forces causes a net moment around the po$nt 0. 

and pg. This 
Thus, 

the assembly will be oriented angularly into a position that 
makes the net moment equal to zero. This angular position is 
measured by 0 with respect to a fixed horizontal line as shown 
in Figure 17. 

"A simple analysis reveals that when equilibrium is established 

P= 
F*VARACOS(e + @> + PBVBRBCOSB 

VARACOS(8 + $) + VBRBCOSf3 (37) 

with LA and RB defined in Figure 17. Thus, the problem of measur- 
ing density just involves measuring the angle f3." 

The geometric details of the float assembly employed in this in- 
vestigation are summarized in Table 5. For this specific case Eq. (37) 
was employed to compute the density as a function of 0. The results 
are illustrated in Figure 18. This particular float arrangement was 
chosen because of its enhanced sensitivity in the 800 to 900 kg/m3 
range. Preliminary theoretical density predictions indicated that this 
was the probable range of saturated liquid densities for Jet A fuel- 
dissolved gas systems. 

5.2.2 Description of the Apparatus. 

The system used to measure the orientation cycle, 6, 
is shown in Figure 19. The arrangement consists of a simple direct 
current circuit. A high resistance ribbon made by Evanohm was mounted 
on the periphery of the disk over an arc of 180°, diametrically opposite 
the cylindrical floats. The high resistance ribbon is held in place by 
two brass screws which were tapped into the plexiglass disk. Two small 
insulated copper wires were welded onto each brass screw. These wires 
were light enough so that they did not significantly interfere with 
the rotation of the float assembly. 

Connected in series with the high resistance ribbon is a O-200 kQ 
decade box. Completing the circuit is a constant two volt power supply. 
The two remaining small insulated copper wires attached to the brass 
screws are connected to a digital integrating microvoltmeter (2 0.005 mV). 

In addition, a contact switch was permanently positioned with respect 
to ground. The contact switch was designed to only make contact with the 
high resistance ribbon when the relay switch was connected. Otherwise, 
there is no contact or interference with the plexiglass disk or high 
resistance ribbon. A three volt power supply was required to activate 
the contact switch. A small insulated wire was connected to the contact 
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Table 5 

GEOMETRY AND MATERIALS OF THE FLOAT ASSEMBLY 

Disk: 

Material 

Diameter 

Thickness 

Cylinder A: 

Material 

Volume 

Density 

RA 

Cylinder B: 

Material 

Volume 

Density 

fig 

Cylinder Separation Angle 

Plexiglass 

116.84 mm 

12.70 mm 

Epoxy 

75077 mm3 

662.3 kg/m3 

79.86 mm 

Magnesium 

74955 mm3 

1043.5 kg/m3 

79.86 mm 

45O 
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switch from the digital integrating microvoltmeter. A toggle switch 
was employed at the digital integrating microvoltmeter to determine 
which voltage drop, El or E2 was to be measured. This entire assembly 
was installed in the pressure vessel. 

The density measuring system as a whole is illustrated schematically 
in Figure 20. The system consists of the high pressure density measure- 
ment chamber, a 3000 ml high pressure sample preparation chamber, and a 
high pressure fluid sight chamber. The sample preparation chamber is 
connected in parallel to the density chamber by two flexible high pressure 
hoses. The flexible high pressure hoses allow the sample preparation 
chamber to be raised above or lowered below the density chamber for pur- 
poses of filling or draining the density chamber, respectively. 

Connected to the top of the density chamber is a high pressure 
fluid sight chamber. This high pressure chamber contains a plexiglass 
high pressure viewing window used to determine when the density chamber 
was completely filled with fluid. The sight chamber also served as the 
junction by which the system is pressurized. The system may be pres- 
surized with air or nitrogen. The system pressure level was determined 
with Heisse absolute pressure gauges (0.1 percent accuracy, O-2.1 MPa 
and O-10.3 MF'a ranges, using two gauges). There were no provisions 
made during this investigation to regulate the temperature of the 
chamber. 

5.3 Operation of the Apparatus 

The operation of the apparatus proceeded as follows: 

1) The sample preparation chamber was lowered below the 
density measurement chamber and filled with approximately 
two liters of fuel. The system was then pressurized with 
the desired gas. 

2) Keeping the sample preparation chamber below the density 
measurement chamber, the sample was agitated for a period of 
250-300 seconds to achieve equilibration. 

3) Upon equilibration, the sample preparation chamber was 
raised above the density measurement chamber, allowing the 
sample fluid to drain into the density measurement chamber. 
To assure that the density measurement chamber was completely 
filled, the fluid sight chamber was checked for the presence 
of fluid. The sample preparation chamber was then secured at 
a position above the density measurement chamber. 

4) A stable direct current of above 1 mA was then passed 
through the high resistance ribbon. This current was varied 
by adjusting the resistance of the decade box shown in 
Figure 19. 
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5) The voltage across the entire ribbon, E 
i' 

was then mea- 
sured using the digital integrating microvo tmeter. 

6) The contact switch was then activated in order to make 
contact with the high resistance ribbon. Using the digital 
integrating microvoltmeter, the voltage E 2 was measured. 

7) As a result of the linearity of the high resistance 
ribbon 

where L 
length bf 

is the length of the entire ribbon and L is the 
ribbon shown in Figure 19. 2 

8) From the information in (7) above, the knowledge of the 
relative angular position of the contact switch with respect 
to the disk, and the separation angle $, 8 can be readily 
calculated. The density of the sample is then computed 
from Eq. (37). 

6. Density Results and Discussion 

Density measurements were completed for Jet A (79) - nitrogen and 
air, and Jet A (80) - air systems. The pressure range was 1.034-10.342 
MPa, at an average sample temperature of 296.15K. The measurements 
were compared with the predictions of the Soave equation of state, 
employing the simplified air composition. The data is tabulated in 
Appendix C. 

The comparison between predictions and measurements for the three 
systems considered is illustrated in Figures 21-23. The density of 
saturated mixtures of fuel and dissolved gas is plotted in these 
figures as a function of pressure. The agreement between predictions 
and measurements is readonably good, with discrepancies on the order 
of 2-3 percent. The region tested is not near the thermodynamic 
critical point, so that the Soave equation of state might be expected 
to yield good agreement, based on the solubility results discussed 
earlier. 

Recallingthat increased pressures yield increased gas solubilities 
in the liquid phase, the results illustrated in Figures 21-23 indicate 
that dissolved gas levels have a relatively small influence on liquid 
density over the range tested. This behavior is due to the fact that 
while increased pressures increase dissolved gas concentrations, tending 
to reduce the density, the density of both the gas and the liquid is 
increased as the pressure is increased. Therefore, these two compen- 
sating effects reduce the density variation. Comparing Figures 21 and 22 
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Figure 21. Density characteristics of Jet A (79) - 
nitrogen system, T = 296.15K. 
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Figure 22. Density characteristics of Jet A (79) - air system, T= 296.15K. 
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Figure 23. Density characteristics of Jet A (80)-air system, T= 296.15K. 
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also shows that the density is relatively unchanged when air is 
substituted for nitrogen as the dissolved gas. 

The effect of temperature on the density of saturated Jet A (79) - 
air mixtures was examined theoretically. The results are illustrated 
in Figure 24. In this figure, density is plotted as a function of 
pressure with temperature as a parameter. Predictions are provided for 
temperatures in the range 296.15-373.15K. Increasing the temperature 
tends to reduce the density, which is typical of most materials. For 
the range considered, temperature variations have a greater effect on 
mixture density than dissolved gas levels. 

7. Isentropic Expansion 

7.1 Computations 

The effect of dissolved gases on atomization properties is in- 
fluenced by the variation in the equilibrium state of the mixture as 
it passes through the injector [2-41. The equilibrium states reached 
during expansion are influenced by frictional effects. Realistic 
limits on state conditions are an isentropic process (no friction or 
heat transfer) and a constant enthalpy process (strong frictional 
effects resulting in a negligible increase in kinetic energy during 
expansion, no heat transfer). Since frictional effects are generally 
moderate during liquid injection processes, the isentropic process was 
examined during this investigation, as the most realistic model for 
practical injectors. 

Conditions upstream of the injector were assumed to be a saturated 
mixture of liquid and dissolved gas, at a given temperature and pres- 
sure. Conditions downstream of the injector are prescribed by the 
pressure and the fact that the injection process is assumed to be 
isentropic. For these conditions, once the expansion begins, the 
system enters the two-phase region, with saturated vapor and liquid 
phases present (at sufficiently low pressures, all the material would 
be a vapor; however, such conditions were not encountered during the 
present computations). Given the initial condition and the current 
pressure and entropy; the temperature, the composition of each phase, 
and the relative proportions of the phases (vapor fraction), must be 
determined. 

The method used to solve for properties during an isentropic expansion 
follows the procedure outlined by Starling [15]. A flow diagram for the 
computation is illustrated in Figure 25. This computation was programmed 
as an option in the basic phase equilibrium routine. The program appears 
in Appendix A. The parameters used during these computations were the 
same as those employed for the solubility and density calculations. 
The quantity F appearing in Figure 25 is 

F = C Zi(l-Ki)/(Kiv+l-v) (39) 
i 

while 
F'=z 

av (40) 
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Figure 24. Density characteristics of Jet A (79) - 
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Figure 25. Schematic of isentropic expansion calculation. 
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Figure 25. Schematic of isentropic expansion calculation (continued). , 
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v = v - F/F’ 

V= (V+l+F/F')/2 

V = (V + F/F')/2 

Figure 25. Schematic of isentropic expansion calculation (continued). 
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7.2 Results and Discussion 

Figure 26 is an illustration of the variation of the mass 
fraction of vapor as initially saturated mixtures of Jet A (79) and 
air (simplified air) are expanded. These results are for an initial 
temperature of 298.15K, with initial dissolved air concentrations of 
1 and 10 percent on a molal basis. The computations extend from the 
initial saturated pressure to 0.1 MPa. For this relatively low initial 
temperature, the vapor pressure of the fuel is quite low. Therefore, 
the vapor phase largely consists of air gases. The maximum vapor 
fraction for such conditions is limited by the initial mole fraction 
of dissolved gas. 

Figures 27 and 28 are illustrations of similar results at higher 
initial temperatures. In this case, the higher vapor pressure of the 
fuel at higher temperatures causes an inflection in the vapor mass 
fraction plot as the pressure is reduced. This is due to flashing of 
the fuel vapor. Similar results would eventually be observed for the 
conditions of Figure 26, if lower back pressures were considered. 

Figure 29 is an illustration of the mixture temperature as a 
function of back pressure during an isentropic expansion, for various 
saturated initial states. For the conditions shown, the expansion 
is nearly isothermal, similar to isentropic expansion processes for 
liquids. 

Volumetric expansion ratios are plotted as a function of back 
pressure in Figures 30 and 31, for initial dissolved gas concentrations 
of 1 and 10 percent, respectively. The presence of dissolved gas yields 
expansion ratios significantly greater than unity, particularly for low 
back pressures. High initial temperatures result in larger expansion 
ratio values, as well, due to the effect of flashing. Since density 
ratio has a significant effect on the atomization of dissolved gas 
mixtures [2-41, we can expect that the greatest improvement of injection 
quality for the supercritical injection will be observed for high initial 
tempratures and pressures (yielding large initial concentrations of dis- 
solved gas) and low back pressures. 

The results of the isentropic expansion computations are summarized 
more completely in Table 6 for Jet A - simple air mixtures. The table 
provides the composition of both phases, the vapor fractions, tempera- 
ture, mixture enthalpy, mixture entropy, mixture specific volume and 
volumetric expansion ratio, as a function of back pressure. Results 
are presented for initial dissolved air concentrations of 1 and 10 
percent (molal), at initial temperatures of 298.15, 373.15 and 473.15K. 
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Figure 26. Vapor mole fraction during an isentropic expansion of 
initially saturated Jet A (79) - air mixtures at 298.15K. 
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Figure 27. Vapor mole fraction during isentropic expansion of 
initially saturated Jet A (79)-air mixtures at 373.15K. 
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Figure 28. Vapor mole fraction during an isentropic expansion of 
initially saturated Jet A (79) - air mixtures at 473.15K. 
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having an initial dissolved air concentration of 10% (molar). 



Table 6A 

SOLUBILITY PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure 
Wa) 

Temperature 
(K) X Component X. 1 'i 

Inlet Condition: 
0.575089 298.15 0.00 Jet A 

N2 
O2 

Outlet Conditions: 

0.460071 298.13 0.00033 

0.345053 

0.230035 298.07 0.00101 

0.115018 298.02 0.00136 

0.101325 298.02 0.00140 

298.10 0.00067 

Jet A 

N2 
O2 

Jet A 

N2 
O2 

Jet A 

N2 
O2 

Jet A 

N2 
O2 

Jet A 

N2 
O2 

0.990000 0.000094 
0.007900 0.856035 
0.002100 0.143872 

0.991939 0.000114 
0.006259 0.845923 
0.001803 0.153963 

0.993903 0.000147 
0.004640 0.834467 
0.001456 0.165386 

0.995899 0.000214 
0.003052 0.821432 
0.001050 0.178354 

0.997930 0.000414 
0.001501 0.806487 
0.000569 0.193099 

0.998175 0.000468 
0.001318 0.804548 
0.000506 0.194984 



Table6A (Continued) 

THERMODYNAMIC MIXTURE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature 
W4 00 X 

hm 
W/W 

S vm x 1oj 

(kJ/:g-K) b3/W VR 

Inlet Condition: 

0.575089 
Outlet Conditions: 

0.460071 

0.345053 

0.230035 

0.115018 

0.101325 

298.15 0.00 43.8128 0.6337 1.6904 1.0 

298.13 0.00033 43.6151 0.6337 1.7463 1.0366 

298.10 0.00067 43.4081 0.6337 1.8570 1.0983 

298.07 0.00101 43.1841 0.6337 2.0671 1.2229 

298.02 0.00136 42.9181 0.6337 2.7037 1.5993 

298.02 0.00140 42.8800 0.6337 2.8741 1.7013 



Table6A (Continued) 

Pressure 
OfW 

THERMODYNAMIC PHASE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Temperature hf h Sf S 
VfXlOJ 

vg 
WI X (kJ/W (kJ%g) &J/kg-K) &J/&-K) b3/W h3/W 

Inlet Condition: 
0.575078 298.15 0.00 43.8128 302.0635 0.6337 6.3785 1.6904 0.15060 

Outlet Conditions: 

0.460071 298.13 0.00033 43.5293 301.8761 0.6318 6.4444 1.6904 1.18796 
0.345053 298.10 0.00067 43.2355 301.6352 0.6298 6.5282 1.6905 0.25018 

0.230035 298.07 0.00101 42.9231 301.3363 0.6276 6.6445 1.6906 0.37448 

0.115018 298.02 0.00136 42.5668 301.0024 0.6253 6.8380 1.6906 0.74666 
0.101325 298.02 0.00140 42.5177 300.9699 0.6249 6.8736 1.6905 0.84710 



Table 6B 

SOLUBILITY PROPERTIES OF AN ISENTROPICALLY EXPANDED 
I JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure 
W4 

Temperature 
03 

X 
X Component i 'i 

Inlet Condition: 

6.404040 

Outlet Conditions: 

5.123232 

3.842424 

2.561616 

1.280809 

0.640404 

0.101325 

298.15 0.0 Jet A 

N2 
O2 

297.94 0.00355 Jet A 

N2 
O2 

297.67 0.00716 Jet A 

N2 
O2 

297.31 0.01085 Jet A 

N2 
O2 

296.71 0.01463 Jet A 

N2 
O2 

296.15 0.01655 Jet A 

N2 
O2 

294.73 0.01823 Jet A 

N2 
O2 

0.900000 0.008032 
0.079000 0.853225 
0.021000 0.146743 

0.917724 0.000030 
0.063932 0.844112 
0.018344 0.155857 

0.936455 0.000030 
0.048435 0.833563 
0.015110 0.166407 

0.956311 0.000032 
0.032556 0.821278 
0.011133 0.178689 

0.977434 0.000045 
0.016311 0.806894 
0.006195 0.193061 

0.988521 0.000074 
0.008200 0.798766 
0.003279 0.201160 

0.998157 0.000365 
0.001297 0.791164 
0.000545 0.208471 



Table 6B (Continued) 

THERMODYNAMIC MIXTURE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature h V x 103 
S m 

Wa) (K) X (kJ;kg) (kJ,:g-K) (m3/W VR 

Inlet Condition: 

6.404040 298.15 0.0 55.8162 0.7157 1.6840 1 

Outlet Conditions: 

5.123232 

3.842424 

2.561616 

1.280808 

0.640404 

0.101325 

297.94 0.00355 53.6269 0.7157 1.7391 1.0327 

297.67 0.00716 51.3444 0.7157 1.8348 1.0895 
297.31 0.01085 48.8853 0.7157 2.0326 1.2070 

296.71 0.01463 45.9823 0.7157 2.6404 1.5680 

296.15 0.01655 43.9886 0.7157 3.8652 2.2955 

294.73 0.01823 40.3308 0.7157 16.9077 10.0392 
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Table6B (Continued) 

THERMODYNAMIC PHASE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure 
OfPa) 

Temperature hf h sf sg 
VfX103 

vg 
W) X (kJ/W (kJ:kg) (kJ/kg-K) &J/kg-K) b3/W b3/W 

Inlet Condition: 

6.404040 298.15 0.0 

Outlet Conditions: 

5.123232 297.94 0.00355 

3.842424 297.67 0.00716 

2.561616 297.31 0.01085 

1.280808 296.71 0.01463 

0.640404 296.15 0.01655 

0.101325 294.73 0.01823 

55.8162 290.0026 0.7157 5.6406 1.6840 0.01356 

52.7792 291.7802 0.6979 5.7145 1.6852 0.01688 

49.5976 293.5703 0.6789 5.8070 1.6863 0.02242 

46.1825 295.3205 0.6584 5.9332 1.6873 0.03352 

42.2581 296.8896 0.6351 6.1411 1.6880 0.06679 

39.7226 297.4274 0.6209 6.3431 1.6886 0.13323 

35.5647 297.0321 0.6015 6.8644 1.6870 0.83661 



Table 6C 

SOLUBILITY PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure 
(ma) 

Temperature 
00 Component X 

X i 'i 

Inlet Condition: 

0.550051 

Outlet Conditions: 

373.15 0.00 Jet A 0.990000 0.006575 
N2 0.007900 0.834859 
O2 0.002100 0.158566 

0.440041 373.13 0.00035 

0.330031 373.10 0.00072 

0.220020 373.06 0.00112 

0.110010 373.00 0.00163 

0.101325 372.99 0.00168 

Jet A 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 

0.991973 
0.006258 
0.001769 

0.993963 
0.004638 
0.001399 

0.008096 
0.825241 
0.166663 

6.010632 
0.814034 
0.175334 

0.995975 0.015698 
0.003043 0.799953 
0.000982 0.184349 

0.998009 0.030868 
0.001479 0.776931 
0.000513 0.192201 

0.998170 0.033464 
0.001357 0.773966 
0.000473 0.192569 



Table 6C (Continued) 

THERMODYNAMIC MIXTURE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure 
(ma) 

Temperature h S 
vm x lo3 

(K) X UcJnfk& (kJ/:g-K) b3/W VR 

Inlet Condition: 

0.550051 373.15 0.00 214.6126 1.1435 1.7881 1.0 

Outlet Conditions: 

0.440041 373.13 0.00035 214.4116 1.1435 1.8704 1.0466 

0.330031 373.10 0.00072 214.1988 1.1435 2.0110 1.1250 

0.220020 373.06 0.00112 213.9640 1.1435 2.2961 1.2839, 

0.110010 373.00 0.00163 213.6746 1.1435 3.1704 1.7722 

0.101325 372.99 0.00168 213.6464 1.1435 1.3178 1.8575 

m 
U 



Table6C (Continued) 

THERMODYNAMIC PHASE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature hf h 
(ma) 0-9 (kJ:kg) 

sf 
X sg 

VfX103 
vg 

(kJ/W &J/kg-K) (kJ/kg-K) b3/W (m3/kg) 

Inlet Condition: 

0.550051 373.15 0.00 214.6126 383.2103 1.1435 6.4496 1.7881 

Outlet Conditions: 

0.440041 373.13 0.00035 214.3515 383.9725 1.1416 6.4730 1.7882 

0.330031 373.10 0.00072 214.0750 385.3838 1.1396 6.4871 1.7883 

0.220020 373.06 0.00112 213.7685 388.4043 1.1375 6.4676 1.7883 

0.110010 373.00 0.00163 213.3750 297.3406 1.1351 6.2805 1.7880 

0.101325 372.99 0.00168 213.3341 398.7897 1.1349 6.2417 1.7880 

0.19091 

0.23655 

0.31115 

0.45515 

0.84983 

0.91241 



Table 6D 

SOLUBILITY PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure 
0-W 

Temperature 
(JO X Component X. 1 'i 

Inlet Condition: 

5.960325 373.15 0.0 Jet A 0.900000 0.001160 
N2 0.079000 0.837533 
O2 0.021000 0.161307 

Outlet Conditions: 

4.768260 

3.576195 372.66 0.00741 Jet A 

2.384130 372.28 0.01117 Jet A 

1.192065 371.65 0.01504 

0.596033 371.02 0.01719 

0.101325 369.22 0.02132 

372.93 0.00369 Jet A 

N2 
O2 

N2 
O2 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 

0.918305 0.001256 
0.063712 0.829635 
0.017983 0.169109 

0.937397 0.001441 
0.048125 0.820841 
0.014478 0.177718 

0.957346 0.001842 
0.032267 0.810943 
0.010387 0.187215 

0.978214 0.003090 
0.016185 0.799325 
0.005601 0.197586 

0.989013 0.005569 
0.008086 0.791614 
0.002906 0.202817 

0.998163 0.028356 
0.001339 0.768597 
0.000498 0.203047 



Table 6D (Continued) 

THERMODYNAMIC MIXTURE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature 
WW W X 

hm 
V 

S 
m x lo3 

(kJ/W (kJ&-K) h3/W VR 

Inlet Condition: 

0.960325 373.15 0.0 224.6962 1.2219 1.7815 1.0 

Outlet Conditions: 

4.768260 

3.576195 

2.384130 

1.192065 

0.596033 

0.101325 

372.93 0.00369 222.5290 1.2219 1.8605 1.0444 

372.66 0.00741 220.2388 1.2219 1.9949 1.1198 

372!28 0.01117 217.7204 1.2219 2.2677 1.2729 

371.65 0.01504 214.6368 1.2219 3.0953 1.7374 

371.02 0.01719 212.4087 1.2219 4.7619 2.6727 

369.22 0.02132 208.1594 1.2219 21.4029 12.0146 



Table6D (Continued) 

THERMODYNAMIC PHASE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature hf h 
NJ4 00 (kJ?W 

sf vg 
X sg 

VfX103 

&J/kg) (kJ/kg-K) (kJ/kg-K) b3/kg) b3/ke) 

Inlet Condition: 

5.960325 373.15 0.0 

Outlet Conditions: 

4.768260 372.93 0.00369 

3.576195 372.66 0.00741 

2.384130 372.28 0.01117 

1.192065 371.65 0.01504 

0.596033 371.02 0.01719 
0.101325 369.22 0.02132 

224.6962 373.4083 1.2219 5.8870 1.7815 0.01842 

221.9673 373.9807 1.2044 5.9536 1.7827 0.02287 

219.0863 374.5902 1.1860 6.0363 1.7837 0.03027 

215.9407 375.2832 1.1663 6.1467 1.7846 0.04503 

212.1673 376.3685 1.1441 6.3160 1.7850 0.08891 

209.5140 377.9361 1.1305 6.4479 1.7847 0.17498 
204.1761 390.9883 1.1102 6.3480 1.7821 0.92208 



Table 6E 

SOLUBILITY PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure 
W4 

Temperature 
W) 

X 
X Component i 'i 

Inlet Condition: 

0.515210 

Outlet Conditions: 

Outlet Conditions: 

0.412168 

0.309126 472.92 0.00282 

0.206084 472.57 0.00668 

0.101325 469.68 0.03824 

473.15 0.0 Jet A 

N2 
O2 

473.07 0.00110 Jet A 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
)2 
Jet A 

N2 
O2 

0.990000 0.179898 
0.007900 0.676503 
0.002100 0.143599 

0.992373 0.222450 
0.005959 0.222450 
0.001668 0.141976 

0.994760 0.292563 
0.004046 0.572588 
0.001194 0.134849 

0.997154 0.429191 
0.002169 0.457118 
0.000676 0.113692 

0.999486 0.792473 
0.000336 0.164356 
0.000128 0.043171 



Table 6E (Continued) 

THERMODYNAMIC MIXTURE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure 
OQa) 

Temperature h S 
vm x 10" 

(JO X (kJ:kg) (kJ,:g-K) (m3/W VR 

Inlet Condition: 

0.515210 473.15 0.0 479.0957 1.7696 2.0089 1.0 

Outlet Conditions: 

0.412168 473.07 0.00110 478.8808 1.7696 2.1793 1.0848 

0.309126 472.92 0.00282 478.6415 1.7696 2.5073 1.2479 

0.206084 472.57 0.00668 478.3469 1.7696 3.3880 1.6865 

0.101325 469.63 0.03824 477.7625 1.7696 11.9976 5.9728 



Table6E (Continued) 

THERMODYNAMIC PHASE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature hf h 
W4 W (kJ$kg) 

Sf 
X sg 

VfX103 
vg 

(kJ/W (kJ/kg-K) W/kg-K) b3k) (m3/kg) 

Inlet Condition: 

0.515210 473.15 0.0 

Outlet Conditions: 

0.412168 473.07 0.00110 

0.309126 472.92 0.00282 

0.206084 472.57 0.00668 

0.101325 469.68 0.03824 

479.0957 619.8631 1.7696 4.3113 2.0089 

478.7084 635.3923 1.7671 4.0449 2.0088 

478.1426 655.1951 1.7642 3.6929 2.0084 

476.9844 680.9649 1.7600 3.2088 2.0074 

468.5428 709.6162 1.7402 2.5097 1.9984 

0.1400 

0.1570 

0.1789 

0.2087 

0.0758 



Table 6F 

SOLUBILITY PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature 
OQa> 0.0 

X Component X. 
1 'i 

Inlet Condition: 

4.716380 473.15 0.0 Jet A 0.900000 0.025596 
N2 0.079000 0.802737 
O2 0.021000 0.171667 

Outlet Conditions: 

3.773104 

2.829820 

1.886552 

0.943216 

0.471638 

0.101325 

472.88 0.00451 Jet A 

472.52 

471.96 

470.78 

468.98 

455.93 

0.00936 

0.01510 

0.02457 

0.03848 

0.15708 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 
Jet A 

N2 
O2 

0.918958 0.030061 
0.063436 0.793179 
0.017606 0.176760 

0.938609 0.037521 
0.047581 0.780861 
0.013810 0.181618 

0.958482 0.052342 
0.031454 0.762311 
0.009564 0.185347 
0.980085 0.095589 
0.015096 0.720888 
0.004820 0.183522 

0.990867 0.176596 
0.006879 0.653167 
0.002259 0.170237 

0.998979 0.561830 
0.000763 0.346303 
0.000258 0.091867 2 



Table 6F (Continued) 

THERMODYNAMIC MIXTURE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature h S 
vm x lo3 

WW (K) X (kJ:kg) (kJ,:g-K) (m3/W VR 

Inlet Condition: 

4.716380 473.15 0.0 485.0349 1.8436 2.0022 1.0 

Outlet Conditions: 

3.773104 

2.829828 

1.886552 

0.943276 

0.471638 

0.101325 

472.88 0.00451 483.0870 1.8436 2.1385 1.0681 

472.52 0.00936 480.5181 1.8436 2.3700 1.2172 

471.96 0.01510 478.5431 1.8436 2.8455 1.4211 

470.78 0.002457 475.3175 1.8436 4.3584 2.1770 

468.98 0.03848 472.6569 1.8436 7.7954 3.8937 

455.93 0.15708 466.2086 1.8436 54.8576 27.4000 



Table6F (Continued) 

THERMODYNAMIC PHASE PROPERTIES OF AN ISENTROPICALLY EXPANDED 
JET A - SIMPLE AIR SATURATED LIQUID SYSTEM 

Pressure Temperature hf h VfX103 

(kJ:kg) 
sf sg vg 

0-W (K) X 
W/kg) (kJ/kg-K) (kJ/kg-K) b3/kg> (m3/kg) 

Inlet Condition: 

4.716380 473.15 0.0 

Outlet Conditions: 

3.773104 472.88 0.00451 

2.829828 472.52 0.00936 

1.886552 471.96 0.01510 

0.943276 470.78 0.02457 

0.471638 468.98 0.03848 

0.101325 455.91 0.15708 

485.0349 511.0828 1.8436 5.7093 2.0022 0.02632 

482.9387 515.8124 1.8262 5.6858 2.0029 0.03207 

480.5704 523.4156 1.8079 5.6261 2.0034 0.04118 

477.6422 537.3149 1.7880 5.4767 2.0032 0.05779 

472.9334 569.9545 1.7636 5.0209 2.0011 0.9795 

467.1582 610.0452 1.7438 4.3394 1.9964 0.15270 

429.8282 661.4287 1.6571 2.8448 1.9594 0.33872 

u 
u 
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8. Summary and Conclusions 

The overall objective of the present investigation was to determine 
the thermodynamic properties of Jet A fuel saturated with dissolved 
air at high pressures. This information is needed for subsequent de- 
velopment of the supercritical injector concept, proposed by Marek [l]. 

Supercritical injection involves dissolving air into a fuel prior 
to injection. When the saturated mixture passes through the injector, 
the reduction of pressure causes the air to come out of solution, simi- 

lar to the flashing of a superheated liquid. Flashing is known to 
enhance atomization and the presence of air in the primary zone of a 
spray flame is known to reduce pollutant emissions; therefore, super- 
critical injection has the potential to improve the performance of 
spray burners. 

The specific objectives of the present investigation were: (1) 
to measure the solubility and density characteristics of fuel-gas 
mixtures, (2) to correlate these results using basic thermodynamic 
theory, and (3) to theoretically examine the isentropic expansion 
characteristics of such mixtures. The practical fuel system, Jet A - 
air, was of primary concern; however, the systems Jet A - nitrogen, 
n-dodecane - nitrogen and n-dodecane - air were also considered, in 
order to help establish theoretical methods. 

Specific test arrangements were developed for the solubility and 
density measurements. The range of the experiments included pressures 
of 1.03-10.34 I@a and temperatures of 298-373 K, for the systems 
mentioned earlier. Experimental results were also obtained from 
earlier studies [19-221 for evaluation of theoretical methods. 

The theory involved application of the multicomponent forms of 
both the Redlich-Kwong [9], and Soave [13] equations of state; how- 
ever, the present data was largely correlated using the Soave approach. 
A computer program, based on the work of Starling [15], was developed 
to facilitate computations of solubility, density and isentropic ex- 
pansion properties. 

The lnajor conclusions of the investigation can be summarized as 
follows: 

1. The present solubility and density measurements could be cor- 
related by selecting reasonable values for the binary inter- 
action parameters in the Soave equation of state. This was 
accomplished by treating Jet A as a pseudo-compound. 

2. For the present test range, the solubility of air in Jet A 
was roughly proportional to pressure, The solubility also 
increased with temperature, but the temperature dependence 
was relatively weak. Maximum observed solubilities were at 
373 K and 10.34 MPa, where the mass fraction of dissolved air 
in the liquid was 0.0227-0.0267, depending on the particular 
sample of Jet A tested. 
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3. 

4. 

5. 

6. 

The effect of dissolved air on liquid density was small. Tem- 
perature variations resulted in density variations typical of 
hydrocarbon blends. 

Solubility predictions are reported over a wider range than 
the experiments. These results show that the mass fraction 
of dissolved air approaches a maximum of 0.6 near the thermo- 
dynamic critical point of the mixture. 

Computations werecompleted for the isentropic expansion of 
initially saturated dissolved air - Jet A mixtures. The 
presence of dissolved air appreciably increases the volumetric 
expansion ratio of the flow, which should result in improved 
atomization, particularly at low back pressures. 

The Soave equation of state provided the best correlation of 
data for conditions not too near the thermodynamic critical 
point. In contrast, the Redlich-Kwong equation of state pro- 
vided a fair correlation over the entire range of the data, 
and was clearly superior in the near-critical region. 

With thermodynamic properties and solubility levels established, 
current efforts are considering the supercritical injection concept. 
This involves evaluation of both injector atomization properties and 
combustion performance. 
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APPENDIX A 

COMPUTER PROGRAM 

C MAIN PROGRAM 
IMPLICIT REAL*8 (A-H,O-2) 
COMMON/VLEO1/NC,NTYPE,MOD,MODF,NOUT 
COMMON/VLE04/DELP,PF,TF,PI,TI,P,T 
COMMON/VLEO5/XK(lO),X(lO),Y(lO),Z(lO) 
COMMON/VLEO7/ES 
COMMON/VLElO/V,FL,XX,VR 
COtlP10N/VLE11/VLM,VVFl,DENL,DENV,R?IWL,RMWV,R~IIJF 
COMMON/VLE14/HL,HV,SL,SV,HM,S?t 
CALL INPUT 
CALL INDEP 
XOD=O 
XV=DLOG(PI) 
FS=O.ODO 
CALL SERCII(XV) 
PI=DEXP(XV) 
SUllY=O.ODO 
DO 10 I=l,NC 

10 SUMY=SUMY+Y(I) 
DO 20 I=l,NC 
Z(I)=X(I) 

20 Y(I)=Y(I)/SUPIY 
T=TI 
P=PI 
v=o. ODO 
CALL DENSIT 
CALL DEPART 
CALL IDEAL 
CALL ABSOL 
xx=o. on0 
VL=I.ODO/DENL 
VII=VL 
V?lS =v!l 
H:l=IIL 
VR=l.ODO 
SM=SL 
CALL OUTPUT 
IF(NTYPE.EQ.0) CO TO 999 
PF=PI*DELP 
NA=O 
IF((TF-TI).LE.O.ODO) GO TO 30 
WRITE(6.100) 
GO TO 939 

30 FS=SM 
P=PF 
XV=T 
1.1 0 D = 1 
CALL SERCH(XV) 
T=XV 
VL=l.ODO/DENL 
vv=l.O~O/~~fw 
VM=XX*VV+(l.ODO-XX)*VL 
VR=VM/VElS 
CALL OUTPUT 
IF(NA.EQ.l)GO TO 999 
DELP=DELP-0.20 
PF=PI*DELP 
IF(PF.GT.14.696DO) GO TO 40 
READ(5,")DELP 



NA=l 
PF=PI*DELP 83 

40 GO TO 30 
999 STOP 
100 FORtiAT('0'. 'TF>TI CALCULATION ASORTED') 

END 
SURROUTINE INPUT 
IrlPLICIT REAL*8 (A-11,0-Z) 
COMMON/VLEOl/NC,NTYPE,MOD,MODF,NOUT 
CO~~lr~O~~/VLE02/AK(10,10),R~~~1(l0),PC(lO),TC(lO),IJ(10),ID(10),NA~l~(lO) 
co~lf~~o~~/VL~O3/A(lO),Ro,C(IO),C(lO),D(l0),~(10),F(l0),C(10) 
CO>l!lON/VLE04/DELP,PF,TF,PI,TI,I',T 
CO~lnON/VLEO5/XK(lO),X(1O),Y(lO),Z(10) 
CO~l?lOE~/VLE15/ZC(10) 
CIIARACTER * 15 NAME 
READ(5,100)NC,NTYPE 
DO 10 I=l,NC 

10 READ(5,20O)ID(I),NA~~Eo,RMW(I),RM~~(I),TC(I),PC(I),ZC(I),~~(I) 
DO 20 I=l,NC 
READ(5,") A(I),n(I),C(I),D(I) 

20 READ(5,*)E(I),F(I),C(I) 
NCI=NC-1 
DO 40 I=I,NC 

40 AK(I,I)=o.ODO 
DO 50 I=l,NCl 
11=1+1 
DO 50 J=Il,NC 
READ(S,*)AK(I.J) 

50 AK(J,I)=AK(I,.J) 
C ECHOE PROPERTY DATA 

VRITE(6,300) 
DO GO I=l,NC 

60 ~~RITE(h,400)I,NA~lE(I).ID(I),R~~~~(I),TC(I).~C(I),ZC(I).~~(I) 
URITE(6,500) 
DO 70 I=l,NC 

70 r.rRITE(6,600)NArlE(I),A(I),R(I),C(I),D(I),~(~),F(I),G(I) 
WRITE(6,700) 
DO 80 I=l,NCl 
11=1+1 
DO 80 J=Il,IlC 

80 \~JRITE(6,800)I,J,AK(I,J) 
READ(5,*)TI,PI 
DO 90 I=l,NC 

30 READ(5,*)X(I),Y(I) 
WRITE(6,900)PI 
DO 110 I=l,NC 

110 WRITE(h,lOO0)I,Y(I) 
IF(NTYPE.EQ.0) GO TO 120 
READ(5,*)TF,DELP 
VRITE(6,llOO) 
GO TO 130 

120 WRITE(6,1200) 
130 RETURN 
100 FORHAT(212) 
200 FORMAT(I3,T5,A15,5FlO.4) 
300 FOR:lAT('l',29('*'), 'CRITICAL PROPERTY DATA',29('*'), 

1 I/' ',T38,'IDMO.',T48,'MU'.T5n,'TC'.T6n,'TC',T~~,'PC',T78,'ZC'.T~~,'~~ 
2’) 



84 

400 FOR?IAT(' ','CO!lPONENT ',12,': ',A15,T39,12,T45,F8.3,T55,F8.3,T65 
l,F8.3,T76,F6.4,T85,F7.4) 

500 FOR!lAT('O',19( '*'),'IDEAL GAS ISOBARIC IIEAT CAPACITY CONSTANTS', 
119('*'),//' ',T25,'A',T40,'H',T55,'C',T7O,'D',T85,'E',TlOO,'F', 
2T115,'G') 

600 FORMAT(' ',A15,T18,1P1D12.5,T33,lPlDl2.5, 
lT48,1P1D12.5,T63,1PlDl2.5,~7~,lPlDl2.5,T93,lPlDl2.5,TlO~,lPlDl2.5) 

700 FORxAT('O', 'SOAVE BINARY INTERACTION COEFFICIENTS :') 
800 FORIlAT(' ',T16,'K(',I2,',',12,')=',FG.4), 
900 FORHAT('O','BURDLE PT. INITIAL GUESSES :', 

1 I' ',T16,'PI=',FlO.3,'PsIA') 
1000 FORMAT(' ',T16,'Y(',Il,'>=',F8.6) 
1100 FORMAT('0',26('*' ),'ISENTROPIC EXPAl1SION PROCESS',26('*'), 

1 I' ',80('*'), 
2 # , lo('*-' ),'INLET VLE BUBBLE PT PRESSURE CALCULATION', 
310(‘*-!: />’ 

1200 FORMAT(+,20('*- ),'VLE RUBBLE PT. PRESSURE CALCULATION', 
120('*-')) 
END 
SUBROUTINE INDEP 
1:lPLICIT REAL*8 (A-11.0-Z) 
COMMON/VLEO1/NC,NTYPE,MOD,HODF,NOUT 
CON~iON/VLEO2/AK(1~,lO),R"lW(lO),PC(1O),TC(1O),~J(lO),ID(1O),NAIIE(1O) 
COM~lON/VLEO6/ALPJIA(lO),SA(lO),SR(10),S(lO) 
CHARACTER * 15 NA?lE 
R=10.731 
DO 10 I=l,NC 
TCR=TC(I)+459.67DO 
SA(I)=(O.42747DO*(R*TCR)**2)/PC(I) 
SB(I)=O.O8664DO*R*TCR/PC(I) 

10 S(1)=0.48508D0+1.55171D0*W(1)-0.151613D0*W(I)**2 
RETlJRN 
END 
SUBROUTINE SERClI(XV) 
IMPLICIT REAL*8 (A-ll,O-Z) 
COMtiON/VLEOl/NC,NTYPE,M~D,?lODF,NOUT 
COHIlON/VLEO7/FS 
DIMENSION xN(6O),FN(60) 
IT=1 
ITEl=50 
IF(MOD)10,10,20 

10 CALL BURBLE(XV,YV) 
GO TO 30 

20 CALL FLASII(XV,YV) 
30 XN(IT)=XV 

FN(IT)=YV 
IT=IT+l 
IF(IT-3)40,'+0,50 

40 xv=xv*1.01 
IF(~lOD)10,1O,2O 

50 XINC=-(X~~(IT-1)-XN(IT-2))/(FII(IT-l)-FN(IT-2))*(Ft~(IT-l)-FS) 
60 DXN=DARS(XINC)-0.5DO*DABS(XN(IT-1)) 

IF(DXN)80,80,70 
70 XINC=0.5DO*XINC 

CO TO 60 
80 XN(IT)=XN(IT-l)+XINC 

DELTA=DABS(XN(IT>-XN(IT-1)) 
IF(DELTA-l.OD-05)130,130,9~ 

90 IF(IT-IT~l>llO,llO.l2O 



110 XV=XN(IT) 85 

IF(MOD)l0,10,20 
120 WRITE(6,lOO) 
130 XV=XN(IT) 

RETURN 
100 FORMAT('SERCJ1 ITERATION LIIIIT EXCEEDED') 

END 
SUBROUTINE nLJBBLE(XV,YV) 
IMPLICIT REAL*8 (A-11,0-2) 
COM!4ON/VLEO1/NC,NTYPE,?lOD,MODF,NOJJT 
COHFfOt~/VLEO~ /DEI.P, PF,TF,PI,TI,P,T 
CO~~HON/VLEO~/ZLS,ZVS,~L,~v 
COtlMOt~/VLEO9/PIlIL(lO),P~IV(lO),FUL(lO),FUV(lO) 
COt~t~ON/VLEO5/XI~(l0),X(lO),Y(lO),Z(~O) 
NOUT=O 
tlODF=O 
T=TI 
P=DEXP(XV) 

C CALL FUCAC TO CALCIJLATE LIQUID PJlASE FIJGACITY OF EACH COMPONENT 
CALL FUGAC 
ZLS=ZL 
IF(NOUT)10,10,999 

10 ?IODF=l 
ITN=l 
ITNH=30 

C BEGIN INNER VAPOR FUGACITY J,OOP 
C CALL FUGAC TO CALCULATE VAPOR PHASE FUGACITY OF EACII CO'lPOtIENT 

20 CALL FUGAC 
zvs-zv 
IF(NOUT)30,30,993 

30 DO $0 I=l,NC 
XK(I)=(FUL(I>*Y(I)>/(FUVo*X(I)*X(I)) 
IF(DABS(XK(I>>.GE.l.OD-12) GO TO $0 
XK(I)=l.OD-12 

40 CONTINUE 
C CJIECK IF TtIE INDIVIDUAL FUGACITIES OF TJJE LIqUID AND VAPOR PIIASES 
C OF EACII COLfPOEIENT ARE EQUAL. 

DO 50 I=L,NC 
DELFU=FUL(I)/FUV(I>-l.ODO 
IF(DABS(DELFU>.GE.l.OD-0%) GO TO 60 

50 CONT-INUE 
GO TO 90 

60 ITN=ITN+l 
IF(ITN.GT.ITNtl)GO TO 80 
DO 70 I=l,NC 

70 Y(I>=X(I)*XK(I) 
GO TO 20 

80 lJRITE(h,lOO) 
GO TO 999 

90 SUM-O. on0 
DO 11.0 I=L,NC 

110 sUM=SUFl+X(I)*xK(I) 
C CALCULATE DEVIATIONOF SUM FRO11 ITS I?EqUIRED VALUE OF 1.0 

YV=SUN-l.ODO 
999 RETURN 
100 FORMAT('O', 'FUGACITIES FAILED TO CONVIIRGE If1 ITNtl ITERATIONS') 

END 
SUBROUTINE FLASlI(XV,YV) 
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IMPLICIT REAL"8 (A-JJ,O-Z) 
COMMOH/VLEO1/NC,NTYPE,MOD,!lDDF,NOUT 
COMMON/VLE04/DELP,PF,TF,PI,TI,P,T 
COMMON/VLEO5/XK(lO),X(lO),Y(lO),Z(lO) 
COMMON/VLEO8/ZLS,ZVS,ZJ,,ZV 
COMMON/VLEO9/P11IL(1O),PHIV(1O),FUL(1O),FUV(1O) 
COMMON/VLElO/V,FL,XX,VR 
C011110N/VLE11/VLM,VV14,DENL,DENV,RM~JL,RE11~lV,RN~~F 
COMMON/VLE14/HL,I1V,SL,SV,Htl,SM 
T=XV 
ITN=l 
ITNM=20 
CALJ. KI 

1 FL=0.5DO 
ITYAX=SO 

C*********************************************~***~******** 
TESTV=O.ODO 
TESTL=O.ODO 
DO 5 I=l,NC 
TESTL=TESTL+XK(I)*Z(I) 

5 TESTV=TESTV+Z(I)/XJ'.(I) 
IF(TESTL-l.OD0)7,160,7 

7 IF(TESTV-l.OD0)8,210,8 
C******~*************************************************** 

8 IT=0 
V=l.ODO-FL 

10 FVA=O.ODO 
FVAD=O.ODO 
DO 20 I=l,NC 
FVA=FVA+(Z(I)*(XK(I)-l.ODO))/(V*(XK(I)-1.ODO)+l.ODO) 
UW=(XK(I)-l.ODO)/(V*(XK(I)-l.ODO)+l.OJJO) 

20 FVAD=FVAD+Z(I)*WW**2 
IF(DABS(FVA)-l.OD-05)80,30,30 

30 CONTINUE 
V=V+FVA/FVAD 
IF(IT-ITMAX)40,70,70 

40 CONTINUE 
IT=IT+l 
IF(V-l.ODO)50,50,240 

50 IF(V)250,60,60 
60 CONTINUE 

GO TO 10 
70 WRITE(6,100)V,IT 

GO TO 120 
80 FL=l.ODO-V 

SUMX=O.ODO 
SUMY=O.ODO 
DO 90 I=l,NC 

Y(I)=(Z(I)*XK(I))/(V*(XK(I)-l.ODO)+l.ODO) 
X(I)=Y(I)/XK(I) 
SUMX=SUMX+X(I> 
SUMY=SUMY+Y(I) 

90 CONTINUE 
DO 110 I=l,NC 
x(I)=x(I)/su?lx 
Y(I)=Y(I)/SUMY 

110 CONTINUE 
GO TO 260 



120 1F(V)160,160,130 
130 IF(V-1.0D0)1+0,210,210 
140 ITllAX=lOO 

IF(IT-ITtlAX)10.10.150 
150 VRITE(6,2OO)V,IT 

GO TO 80 
c************************************************************ 

160 VRITE(6,300) 
V=O.ODO 
DO 170 I=l,NC 
X(1)-Z(I) 

170 Y(I)=Z(I)*XK(I) 
SUHY=O.ODO 
DO 180 I=l,NC 

180 SUNY=SUP[Y+Y(I) 
DO 190 I=l,NC 
Y(I)=Y(I)/SUMY 

190 XK(I)=Y(I)/X(I) 
RETIJRN 

C*************~****************~*****~~***~r***;t****~********** 
C************************~************************~********** 

210 WRITE(6.400) 
V=l.ODO 
DO 220 I=l,NC 
X(I)=Z(i)/XK(I) 

220 Y(I)=Z(I) 
SUMX=O.ODO 
DO 230 I=l,NC 

230 SUMX=SU~X+X(I> 
DO 235 I=l,NC 
X(I)=X(I)/SUMX 

235 XK(I)=Y(I)/X(I) 
RETURN 

C****************~******************************************* 
240 V=V-FVA/FVAD 

V=V+(l.ODO-V)/2.ODO 
GO TO 10 

250 V=V-FVA/FVAD 
V=V*0.5DO 
GO TO 10 

260 tlODF=O 
CALL FUGAC 
ZLS=ZL 
IF(NOUT)270,270,999 

270 ilODF=l 
CALL FUGAC 
z vs=z v 
IF(NOlJT)280,280.999 

280 DO 290 I=l.NC 
XK(I)=(FUL(I>*Y(I)>/(FUV(I)*X(I)) 
IF(DABS(XK(I)).GE.l.OD-12)GO TO 290 
XK(I)=l.OD-12 

290 CONTINUE 
DO 310 I=l,NC 
DELFU=FUL(I)/FUV(I)-l.ODO 
IF(DABS(DELFU>.GE.l.OD-04) GO TO 320 

310 CONTINUE 
GO TO 340 

320 ITN=ITN+l 

87 
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IF( ITN.GT.ITNM)GO TO 330 
GO TO 1 

330 WRITE(6,500) 
GO TO 999 

340 CALL DENSIT 
CALL DEPART 
CALL IDEAL 
CALL ABSOL 

C CALCULATE MASS FRACTION 
XX=V*RMUV/RMWF 
HM=XX*IIV+(l.ODO-XX)*HL 
SM=XX*SV+(l.ODO-XX)*SL 
YV=SM 

999 RETURN 
100 FORMAT('O', 'FLASH ITERATIOtl LIMIT EXCEEDED V=',F6.2,'IT=',I3) 
200 FORMAT('O', 'SECOND FLASH ITERATION LIMIT EXCEEDED V=',F6.2,'IT=', 

113) 
300 FORMAT('O', 'FLASH GIVES V<O') 
400 FORMAT('O', 'FLASH GIVES V>O') 
500 FORMAT('O', 'FUGACITY ITERATION LIMIT EXCEEDED') 

END 
SUBROUTINE FUGAC 
IMPLICIT REAL*8 (A-11,0-Z) 
COMMON/VLEO1/NC,NTYPE,MOD,MODF,NOlJT 
COM?~Ot?/VLE02/A~:(10,10),R~l~J(10),PC(1O),TC(1O),1J(10),ID(10),NA:I~(10) 
COTIMON/VLE04/DELP,PF,TF,PI,TI,P,T 
CO?lMON/VLEO5/XK(lO>,X(lO),Y(lO),Z(lO) 
COMMON/VLEO6/ALPJlA(lO),SA(lO),SB(lO),S(~O) 
COMtION/VLE08/ZLS,ZVS,ZL,XV 
COtl~lOt~/VLEO9/P1IIL(lO),PIIIV(lO),FUL(lO),F~JV(lO) 
UIMENSION XY(lO>,ALPHAA(lO,lO) 
CHARACTER * 15 NAIlE 
IF(tlODF.EQ.l)GO TO 20 
DO 10 I=l,NC 

10 XY(I)=X(I) 
GO TO 40 

20 DO 30 I=l,NC 
30 XY(I)=Y(I) 
40 TR=T+459.67DO 

XB=O.ODO 
XALPHA=O.ODO 
DO 50 I=l,NC 
TCl=TC(I)+459.67DO 
Tl=TR/TCl 
ALPHA(I)=(l.ODO+S(I)*(l.ODO-DSQRT(Tl)))">t2 

50 XB=XB+XY(I>*SB(I) 
DO 55 I=l.NC 
DO 55 J=l;NC 
ALPI~AA(I,J)=(~.ODO-AE(I,J))*DSQRT(AI.P~~A(I)*SA(I)*ALPIIA(J)*SA(J)) 

55 XALPHA=XALPIIA+XY(I)*XY(J)*ALPHAA(I,J) 
R=10.7313DO 
T-R=T+459,67DO 
A=XALPHA*P/(R*TR)**2 
B=XB*P/(R*TR) 
XP=-l.ODO 
Q=A-B-(B*B) 
R=-(A*B) 

C CALL THE CUBIC SOLVER TO SOLVE TIIE SOAVE CURIC COMPRESSIBILITY 



89 

C EQUATION. CUBIC RETURNS ONLY T!JO OF TIIE TIIREE J'OSSI'ILE ROOTS. THE 
C SMALLEST ROOT !lUST SE IJSED FOR TJIE LIQUID PIIASE(XL), ANn THE 
C GREATEST ROOT ?fUST 1E USED FOR TIIE VAPOR PIIASE(ZV). 

CALL CUBIC(XP,Q,R,ZV,ZL) 
IF('lODF.EQ.1) GO TO 60 
XZ=ZL 
GO TO 70 

60 XZ=ZV 
70 IF((XZ-B).LE.0.OnO.OR.(1.OnO+~/XZ).LE.O.ODO>t~DUT=1 

IF(NOUT.NE.l) GO TO SO 
WRITE(6,lOO) 

100 FORMAT('O', 'COtlPRESSIRIJ,ITY FACTORS SUPPLIED BY CUBIC MILT. NOT 
1 YIELD A PJIYSICALLY REALISTIC FUGACITY COEFFICIENT.') 
GO TO 999 

80 DO 120 I=l,NC 
SUN=O.ODO 
DO 90 J=l,NC 

C CALCULATE THE FUGACITY COEFFICIENT PUI AND TIIE FUGACITY. 
90 ~u~J=su~+xY(J)*ALPJIAA(I,J) 

PHIl=(SB(I)/-XB)*(XZ-l.ODO) 
PIII2=DLOG(XZ-9) 
PIII3=2.ODO*SUtl/XAJ~PlIA-SB(I)/XB 
PlII4=DLOG(1.ODO+B/XZ) 
PIII=PHI1-PIII2-A/l3*PMI3*PlII4 
IF(tlODF.EQ.l) GO TO 110 
PHIL(I)=DEXP(PIJI) 
FUL(I)=XY(I)*P*DEXP(PlII) 
GO TO 120 

110 PJIIV(I)=DEXP(PlII) 
FUV(I)=XY(I)*P*DEXP(PIII) 

120 CONTINUE 
999 RETURN 

END 
SUBROUTINE CURIC(XP,Q,R,ZJI,ZL) 

C THIS SUBROUTINE SOLVES FOR TIIE TIIREE ROOTS OF TlIE SOAVE CIJBIC 
C COMPRESSIBILITY EQUATION. IT RETIJRNS MIT11 ONLY THE IIIGII AND LOW 
C ROOTS, FOR TtIE VAPOR AND LIQIJID PIIASES RESPECTIVELY. 

IMPLICIT REAL*8 (A-11.0-Z) 
COtl~lON/VLEO1/NC,NTYPE,tlOD,MO.nF.NOUT 
DI:<ENSION RT(3),ANS(2) 
P=XP 
DO 50 1=1,3 

50 RT(I)=O.ODo 
A=Q-(P*P/3.D0) 
B=2.ODO*P*P*P/27.DO-P*Q/3.Do+R 
NOUT=O 
IF(A.EQ.O.DO.OR.B.EQ.O.DO) GO TO 20 
At~s(l)=~L0Gl0(DABs(A))*3.Do 
ANS(2)=DLOGlO(DABS(B))*2.Do 
DO 10 1=1,2 

10 IF(ANS(I).LE. -7B.268nO.OR.ANS(I).GE.75.B59DO) NOUT=l 
20 IF(NOUT) 70.70,500 

70 YY=B*B/4.nO+A*A*A/27.n0 
zz=-B/2.n0 
IF(YY) 100,101,102 

100 PHI=DARCOS((-B/2.nO)/nSQRT(-A*A*A/27.n0)) 
RT(1)=2.DO*nSQRT(-A/3.nO)*DCOS(PlII/3.nO)-P/3.DO 
RT(2)=2.DO*DSQRT(-A/3.DO)*nCOS(PlII/3.D0+2.o9~~~Do>-P/3.Do 
RT(3)=2.DO*DSQRT(-A/3.DO)*DCOS(PIII/3.DO+4.l8~8nO)-P/3.DO 
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GO TO 300 
101 RT(1)=2.DO*ZZ**(l.Do/3~no)-p/3*Do 

RT(2)=-ZZ**(l.DO/3.Do)-P/3~nO 
RT(3)=RT(2) 
GO TO 300 

102 EXPON=1.no/3.Do 
Y=nSQRT(YY) 
IF((ZZ+Y).LT.o.) Go To 103 
AA=(ZZ+Y)**EXPoN 
GO TO 104 

103 AA-( DABS (ZZ+Y) **r:xPoM) 
104 IF((ZZ-Y).LT.o.) GO TO 105 

BB=(ZZ-Y)**EXpOJJ 
GO TO 106 

105 BB=-(nABS(ZZ-Y)**EXPON) 
106 DO 107 1=1,3 

107 RT(I)=AA+BB-P/3.D0 
300 ZH=RT(l) 

ZL=RT(l) 
DO 400 1=2,3 
IF(RT(I).GT.ZJI) ZJJ=RT(I) 

4 00 IF(RT(I).LT.ZL) ZL=RT(I) 
500 RETURN 

END 
SUBROUTINE KI 
ItlPLICIT REAL*B (A-11,0-Z) 
COMMOPI/VLEO1/t~C,tITYPR,MOD,:~lOnF,NOUT 
COt~!~ON/VLEO2/A1:(lO,1O),RHIJ(1O),PC(1O),TC(1O),~~(1O),ID(1o),:~A?lE(lo) 
~~MM~N/~LE~~/DELP,PF,TF,PI,TI,P,T 
COtl:JOt~/VLEO5/XK(lO),X(lO),Y(lO),Z(lO) 
COMtJON/VLE15/ZC(lO) 
CHARACTER * 15 NAHE 
DO 40 I=l,NC 
TCR=TC(I) 
TRl=T 
TR=TRl/TCR 
IF(TRl-TCR)10,10,20 

10 ALPR=(4. 92nO*I~(I)+5.8lnO)*DLOG(TR)-8.38n-02*(6.92nO*~I(I)+2.06no)* 
1(36.ODO/TR-35.ODO-TR**6+42.OnO*DLOG(TR)) 

GO TO 30 
20 ALPR=-(16.26DO-73.85Do*ZC(I)+9O.OnO*ZC(I)**2)*(l.OnO-TR)/TR- 

11O.ODO**(-8.h8nO*(TR-l.nDO+G.2DO"ZC(I))**2) 
30 

40 

XK(I)=PC(I)/P*DEXP(ALPR) 
IF(DABS(XK(I)).GT.l.oD-12) GO TO 40 
XK(I)=l.OD-12 
CONTINUE 
RETURN 
EtID 
SUBROUTINE DEIJSIT 
IMPLICIT REAL*8 (A-11,0-Z) 
COP1MON/VLEO1/NC,NTYPE,'J@T~,'IODF,NOUT 
COMt4ON/VLE04/nELP,PF,TF,PI,TI,P,T 
COMMON/VLEO5/XK(lO),X(JO),Y(lO),Z(lo) 
COMMOtI/VLEOB;ZLS,Zvs,ZL,Zv 
COMtION/VLE11/VL"J,VVtl,DEtJL,D~I~V,R!I~~L,Rtl~~tV,R:J~JF 
CO~l~lOl~/VI~EO2/AK(lO,lO),R~l~~(lO),PC(lo),TC(lO),~~(lo),In(lO),t~A?lE(lO) 
CHARACTER * 15 NAllE 
R=10.731DO 
TR=T+459.67DJ-l 

i 

k- 



C 
C 

C 

C 
C 
C 

CALCIJLATE TIJE J,IQlJI?? ANT) VAPOR IIOLAR DEMSITII’S 91 
DENL!l=l’/(ZLS*R*TR) 
DENV!l=P/(%VS*R*TR) 

CALCULATE i.lOLAR SPECIFIC VOLIJtIE 
VLN=l. OnO/J~EtJLt~l 
VW=l. ODO/DENV:l 
R!lIJL=O. ODO 
R:lWV=O. ODO 
IUlWF=O. ODO 

CALCULATE TJJE AVERAGE tlOLECUJ.AR CIEIGIJT OF THE LIQUID AND 
VAPOR PHASES. 

DO 10 I=l,NC 
RMWF=R:~iWF+Z (I)*R:liJ( I) 
R!lWL=R!lWJ,+X( I)*R:lFI( I) 

10 RllWV=RtlWV+Y (I)*R!.iW( I) 
CALCIJLATE TIIE J,IQUID AND VAPOR GRAVIMETRIC DENSITIES 

DENL=DENLN*R?lTJL 
DEtIV=DENVtl*RFI\IV 
RETIJRII 
E NJ) 
SUB ROJJT INE DEPART 

suBRouTIt.JE DEPART CAJ,CIJLATES TIIE ENTIIALPY h:tn E:ITROPY (DEPART)UKKS 
FROfi TllE IDEAL GAS STATE FOR ?OTII T’IE LI~JIII) A?Jn VAPOR PHASES. TIITS 
IS DONE USING EXPRESSlOllS DERIVEn FRO’1 TllE SOAVE EqlJATIOtI OF STIZTT.. 

I’IPLICIT REAL”8 (A-II, O-Z > 
C0!~itlOH/VLE01 /NC ,IITYI’E,:lOD,‘iODF ,tIOlJT 
COti!iOtI/VLF.02/AY,(10,10),R’Il~t(IO),Pc:(J0),TC(1T)),~J(10),In(1I)),:IA~iT:(1C 
COtitiOt~/VLEO~/DCLP,PF,TF,PI,TI,P,T 
cotiriotI/vLEo5/xK(lo),x(lo>,x(lo> 
CO~i!iON/VJ~EO6/ALPlIA( IO) ,SA( 10) ,S’: (10) ,S( 10) 
CO!“i!lOt?/VLE08/zLS,zVS ,ZL,ZV 
COEl’iOtI/VJ,E 11 /VJ,‘l, VV:l , DErrL , DKHV , l??i111., R’I’JV , R!I\IIT 
COtI!iOtI/VLE12/IID~P1~,IJnEPv,s~F,rJ,,snEPv 
CIIARACTER * 15 HA‘lE 
DIIIENSION RETA(10,10),XY(10) 
:iODD=O 

10 IF(!lODD. NE. 0) CO TO 30 
no 20 I=l,w 

20 XY(I)=X(I) 
x7, =z LS 
V=VLIi 
GO TO 50 

30 no 40 I=1 ,Nc 
40 XY(I)=Y(I) 

XZ=%VS 
v =VVEl 

50 x3=0. on0 
XAJ,PIJA=O. ODO 
PALPIIA=O. ODO 
R=lO. 731D0 
CONV=144.OD0/778.16DO 
TR=T+4 59.67 
DO 60 I=l,NC 
TCI=TC (I)+4 59.67 
XS=XB+XY(I)*SB(I) 
DO 60 J=l,NC 
TCJ=TC(J)+459.67 
BETA(I,J)=XY(I)*XY(J)*(l.ODO-AK(I,J))~DSQRT(SA(I)*SA(J)) 
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X~~J,PllA=XAJ~PlIA+neTA(I,J)*D~~RT(ALPrlA(I)*ALPHA(J)) 
A~=~(J)*~S~P.T(AJ.F~JA(I)/(TR*~.J)) 
A2=S(I)*DSqRT(ALPHA(J)/(TR*TCI)) 

60 PALPIIA=PALPHA+(BETA(I.J)/2.0nO)*(Al+A2) 
PALPlIA=-PALPIIA 
Hl=(XALPHA-TR*PALPHA)/XB 
112=DLoG(v/(v+xn)) 
113=R*TR*(XZ-l.ODO) 
HDEP=Hl*H2+113 
Sl=-R*DLOC(V/(V-XB)) 
SZ=-(PALPHA/XB)*DLOG(V/(Y+XB)) 
PREF=1&.696DO 
S3A=O.ODO 
DO 70 I=l,NC 

70 S3A=S3A+XY(I>*DLOC((V*PREF)/(XY(I)*R*TR)) 
S3=R*S3A 
SDEP=Sl+SZ+S3 
IF(~lODD.NE.O)GO TO 80 
MO D D = 1 

C CONVERSION FROM FT-LSF TO BTU ENERGY UNITS 
HDEPL=HDEP*CONV 
SDEPL=SDEP*CONV 
CO TO 10 

80 HDEPV=HDEP*CONV 
SDEPV=SDEP*CONV 
RETURN 
END 
SUBROUTINE IDEAL 

C SUBROUTINE IDEAJ, CALCULATES THE (IDEAL) GAS STATE ENTIIALPY AND 
C ENTROPY FOR THE VAPOR J,IqUID E~UILISRIIJM SYSTEM. 

IMPLICIT REAJ>*S (A-11.0-Z) 
CO?lMOM/Vl.EOl/NC .NTYPE ,MOD,MODF .HOUT 
CO~P101J/VLE02/AI:(10,10),R~I~J(10),PC(IO),TC(10),~J(l~),ID(lO),NA!l~(lO) 
CO~l~~O~~/VLE03/A(10),R(10),C(10).D(10).E(lO),F(1O),C(lO) 
COMMON/VJ,EO!,/DELP,PF,TF,PI,TI,P,T 
COMMON/VLEfl5/XK(lO),X(lG),Y(lI-J),Z(l~) 
COMMON/VLE13/HOL,HOV,SOL,SOV 
C0:11~01~/VLE11/VLFl,VVtl.DENL,DENV,RIIlIL.R~l~JV,R~l~IF 
DIMENSION WL(10).\JV(10),H0(10),S0(10) 
CJIARACTER * 15 NAME 
JlREF=500.ODO 
TR=T+$~~.~~DO 
TREF=536.67DO 
Tl=TR 
T2=TR**2 
T3=TR**3 
T$ =TR"*!, 
T5=TR**5 

C CALCULATE INDIVIDUAL COMPONENT IDEAI, GAS ENTHALPIES AND ENTKOFIES 
DO 10 I=l,NC 
tIl=A(I) 
112=B(I)*Tl 
113=C(I)*T2 
H4=D(I)*T3 
JJ5=E(I)*TG 
JJ6=F(I)*T5 
HO(I)=H1+112+113+116+115+116 
Sl=B(I)*DLOG(Tl) 
S2=2.ODO*C(I)*Tl 



S3=1.5DO*D(I)*T2 
S4=(4.ODO/3.ODO)fiE(I)*T3 93 
S5=(5.ODO/4.ODO)*F(I)*T4 
S6=G(I) 
SO(I)=Sl+S2+S3+S4+S5+Sb 

10 CONTINUE 
CALCJJLATE idEIGHT FRACTIONS 

DO 20 I=l,NC 
~JV(I)=Y(I)*R?I~~(I)/R:IWV 

20 JJL(I)=X(I)*RtltJ(I)/RtIWJ, 
CALCULATE TliE MIXTIJRE IDEAL GAS ENTIIALPY AND ENTROPY FOR BOTH 
LIQUID AND VAPOR PHASES. 

li0L=0.ODO 
SOL=O.ODO 
lIOV=O. ODO 
sov=o. ODO 

NOTE THAT UIJLIKE ENTHALPY, THE IDEAL GAS ENTROPY OF THE MIXTURE 
INCLUDES A CORRECTION FOR MIXING(FINAL LOGARITHItiIC TERM) 

R1=1.986DO 
PREF=14.69fiDO 

C 

C 
C 

C 
C 

C 
C 

C 

C 

DO 40 I=i,NC 
IioL=lioL+JJL(I>*!io(I) 
IiOV=HOV+\JV(I)*~IO(I) 
soL=sOL+\JL(I)*SO(I) 
sov=sov+wv(I>*so(I) 

40 CONTINUE 
RETURN 
END 
SUBROUTINE ASSOL 

SUBROUTINE ABSOL CALCULATES TllE (ASSOL)tJTE EtJTliAJ.PY AND ENTROPY OF 
THE MIXTURE AT TJIE SYSTEM TE‘IPERATURE AND PRESSURE. 

IMPLICIT REAL*8 (A-11,0-Z) 
COMM0N/VLE11 /VLH,VVM,DENL,DEMV,R‘I~JL,R!I~JV,R'IWF 
COtIMOtJ/VLE12/HDEPJ,,11DEPV,SDEPL,SDEPV 
C0?1MON/VLE13/IIOL,J10V,SOL,SOV 
COEI?ION/VLE14/I1L,llV,SL,SV,llti,Stl 

REDEFINE DEPARTIJRES TO GRAVIMETRIC BASIS 
IiDEPL=JIDEPL/Rt4UL 
IIDEPV=HDEPV/RtIUV 
SDEPL=SDEPL/RMIJL 
SDEPV=SDEPV/RtlUV 

CALCULATE ABSOLUTE GRAVIMETRIC ENTIIALPIES AND ENTROPIES 
IiL=HOL+IiDEPL 
HV=iiOV+liDEPV 
SL=SOL+SDEPL 
SV=SOV+SDEPV 
RETURN 
END 
SUBROUTINE OUTPUT 
IMPLICIT REAL*8 (A-11,0-7,) 
COtitiON/VLEO1/NC,NTYPE,tIOD,MODF,NOUT 
COti~lOt~/VLEO2/AK(1~,1O),R?lW(l~),PC(lO),TC(1O),1J(1O),ID(1O),NA:lE(lO) 
COMti0N/VLE04/DELP,PF,TF,PI,TI,TI,P,T 
COt4MON/VLEO5/XK(lO>,X(lO),Y(lO),Z(lO) 
COPIMOM/VLE08/ZLS,ZV.S,ZL,ZV 
COMMON/VLE1O/V,FL,XX,VR 
COMFlOt~/VJ~E11/VJ~il,VVtl,DENL,DENV,R~l1~lL,RMIJV,R'l~~F 
COMMON/VJ~E14/JlL,HV,SL,SV,IiM,Stl 
CO~i:ION/VLE16/DENLR,DENVK,1l"11<,liLK,llVK,StIJ:,SVK,SL~:,T1:,PK 
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CHARACTER * 15 tJA?lE 
CALL CONVER 

30 IF(MOD)37,37,35 
35 HRITE(6,1200) 
37 WRITE(6,4OO)TK,PK 

WRITE(6,500) 
WRITE(6,600) 
DO 40 I=l,NC 

40 WRITE(6,7OO)NAME(I),zo,x(I),X(I),Y(I) 
URITE(6,800)XX 
WRITE(6,9OO)R!iWF ,RtlWV ,R?iWL 
WRITE(6,10OO)DENVK,DENLK 
IF(xOD)60,60,50 

50 WRITE(6,1050)VR,DELP 
60 \JRITE(6,11OO)11tIK,HVK,HLK,StiK,SVK,SLK 

WRITE(16,1300)PK,TK 
RETURN 

400 FORtiAT(5X,' TEtlPERATURE=',F8.2,' DEG.K',5X,' PRESSURE=',F9.6,' :lPA 
l',,/) 

500 FORilAT(31X,'MOLE FRACTION',/25X,26('-')) 
600 FORMAT(25X,' FEED',4X,'LIQUID',4X,'VAI'OR',/) 
700 FORMAT(6X,A15,3(3X,F8.6)) 
800 FORIiAT(//,5X,' VAPOR MASS FRACTION=',F8.5,/) 
900 FOR>lAT(5X,' FEED tIW=',F8.3,4X,' VAPOR !.l11=',F8.3,4X,' LIQUID tl\J=',F 

18.3,,) 
1000 FORMAT(SX,' VAPOR DENSITY=',F8.4,' KG PER CU-ti',4X,'LIQ DENSITY= 

1' ,F8.4,' KG PER ClJ-ti',/> 
1050 FOR:iAT(5X,' VOLUMETRIC EXPANSION RATIO=',F8.4,5X,'PRESSURE RATIO=' 

l,F6.4,/) 
1100 FORMAT(SX,' MIXTURE ENTIIALPY=',FlO.4,' KJ/KG', 

1 /5x; VAPOR ENTiIAJ,PY=',F10.4,' KJ,KG', 
2 /5x; LIQUID ENTiiALPY=',F10.4,' KJ,KG', 
3 /5x; MIXTURE ENTROPY=',F10.4,' KJ,KC-K', 
4 ,5X,' VAPOR ENTROPY=',F10.4,' KJ,KC-K', 

,5x ' LIOUID ENTROPY=',F10.4,' KJ/KG-K') 
12005FOR!~AT(,,' ',l(+* -'),'OUTLET VLE FLASH CAJ>CULATIOtJ',lO('*-'),,) 
1300 FORMAT(lP2D20.6) 

END 
SURROUTINE COFIVER 
IMPLICIT REAL"8 (A-11.0-Z) 
COMtION,VLE04,DF,LP,PF,TF,PI,TI,P,T 
COMM0N,VLE11,VL!~I, VV:i, DENL, DEt,JV, R:IlIL ,RtlVV,R’IIJF 
cotItioN,vLE14,1IL,IIV,SL,sv,1l:1, s:1 
COPI?iON,VLE16,DEt~LY,,DEtIV,:,lItlK,~iLK,llV~:,S:l~:,SVK,SJ,K,TK.PK 
TK=(T-32.0D0)*(5.0D0,9.0D0)+277.1500 
PK=P*O.O068947DO 
DENVK=DENV*16.01845DO 
DENLK=DENL*16.01845DO 
11?iK=liti*2. 32596DO 
HVK=HV*2.32596DO 
!iLK=llJ.*2.32596DO 
SMK=Sll*4.18673DO 
SVK=SV*4,18673DO 
SLK=SL*!,.18673DO 
RETURN 
END 
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APPENDIXB 

STJMMARY OF SOLTJBILITY DATA 

Table 7 

SOLLJBILITY PROPERTIES OF n-DODECANE-NITROGEN SYSTEM 
~--_- __,_ . . _ _- ; - _ I 

Barometrica Predicted 
Pressure Temperature Pressure Pressureb 

OfPa) (K) (mm JW 
+%avg. xg 

f OfPa) 
-- ._-_---- . . . .-~ -- 

1.03 300.15 736.73 1.6350 0.0146 1.01 
1.03 373.15 725.93 1.6250 0.0143 0.91 

2.07 298.15 737.11 3.0050 0.0265 1.86 
2.07 373.15 725.93 3.4250 0.0296 1.90 

4.82 297.15 737.36 7.2550 0.0616 4.54 
4.82 373.15 725.68 8.2650 0.0685 4.58 

10.34 297.15 737.62 16.7950 0.1319 10.80 
10.34 373.15 725.81 18.3400 0.1404 10.10 

aAmbient temperature = 298.15K. 

b Equilibrium pressure at test temperature and measured composition. 
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Table 8 

SOLUBILITY PROPERTIES OF n-DODECANE-AIR SYSTEM 

. 

Barometrica Predicted 
Pressure Temperature Pressure Pressureb 

(ma) 0.0 (mm Hd (ma) 

1.03 248.82 738.29 1.5900 0.0142 0.90 
1.03 373.15 731.52 1.8250 0.0161 0.96 

2.07 297.40 738.00 3.5600 0.0312 2.02 
2.07 373.15 727.33 3.8200 0.0330 1.99 

4.82 297.65 737.62 9.6000 0.0722 4.93 
4.82 373.15 727.46 9.3200 0.0768 4.84 

10.34 297.15 737.87 19.3600 0.1491 11.37 
10.34 373.15 727.20 21.0250 0.1579 10.85 

aAmbient temperature = 298.15K. 

b Equilibrium pressure at test temperature and measured composition. 

I 

L. 
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Table 9 

SOLUBILITY PROPERTIES OF JET A (79) - NITROGEN SYSTEM 

Barometrica Predicted 
Pressure Temperature Pressure Pressure 

(ma) (K) (mm Hd 
(>)avg. xg 
Hf (ma) 

1.03 298.15 724.15 1.0850 0.0094 0.95 
1.03 373.15 727.46 1.3300 0.0116 1.09 

2.07 298.65 730.50 2.2550 0.0196 2.01 
2.07 373.65 727.96 2.7950 0.0240 2.19 

4.82 298.40 737.24 5.3800 0.0458 4.92 
4.82 373.15 727.84 6.7050 0.0558 5.29 

10.34 296.65 722.12 12.8000 0.1006 15.02 
10.34 373.15 727.96 15.2700 0.1186 12.22 

aAmbient temperature = 298.15K. 
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Table 10 

SOLUBILITY PROPERTIES OF JET A (79) - AIR SYSTEM 

Barometrica Predicted 
Pressure Temperature Pressure Pressure 

OfPa) (JO (mm J%) 
(%)avg. xg 
Hf Wa) 

1.03 295.82 732.87 1.3467 0.0118 1.08 
1.03 373.15 732.28 1.5100 0.0132 1.10 

2.07 296.65 732.66 2.7600 0.0239 2.24 
2.07 373.15 731.90 3.2250 0.0278 2.36 

4.82 298.15 732.16 6.8300 0.0571 5.64 
4.82 373.15 731.52 7.6600 0.0635 5.61 

10.34 297.15 731.90 15.1600 0.1184 13.11 
10.34 373.15 731.39 16.9600 0.1306 12.55 

aAmbient temperature = 298.15K. 
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Table 11 

SOLUBILITY PROPERTIES OF JET A (80) - NITROGEN SYSTEM 
_---~ .~~__~_- .__- _ _ __~“. .-.- 

Barometrica 
Pressure Temperature Pressure 

(ma) (K) (mm Hd 
----------___ -=----_ _=__ _- I 

Predicted 
Pressure 

(MPa) 

1.03 299.15 727.96 1.2600 0.0121 1.03 
1.03 373.15 731.77 1.4000 0.0135 1.04 

2.07 298.65 728.09 2.6500 0.0251 2.17 
2.07 373.15 729.23 3.0250 0.0286 2.24 

4.82 298.65 728.47 6.5000 0.0594 5.43 
4.82 373.15 729.23 7.5100 0.0680 5.57 

10.34 299.15 727.20 14.6300 0.1242 12.70 
10.34 373.15 727.46 16.5300 0.1381 12.34 

--._- _. -----i- __~-- - ” ._-~-- 

aAmbient temperature = 298.15K. 
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Table 12 

SOLUBILITY PROPERTIES OF JET A (80) - AIR SYSTEM 

Barometrica Predicted 
Pressure Temperature Pressure 

OfPa) (J.0 (mm W 
(-yg)avg xg 
Hf 

Pressure 
NJa) 

1.03 297.65 725.17 1.4550 0.0139 1.08 
1.03 373.15 732.41 1.5550 0.0150 1.08 

2.07 298.15 725.42 3.0800 0.0289 2.29 
2.07 373.15 732.28 3.3050 0.0312 2.28 

4.82 297.15 725.81 7.8700 0.0707 5.97 
4.82 373.15 732.03 8.1050 0.0733 5.60 

10.34 
10.34 

297.40 726.19 18.4050 0.1512 14.61 
373.15 731.77 18.6650 0.1540 12.95 

aAmbient temperature = 298.15K. 
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Table 13 

DENSITY CHARACTERISTICS OF JET A (79) - NITROGEN SYSTEM 

Temperature Pressure 
(JO OfW 

296.15 1.03421 

Density 
(kg/m3 > 

835.3 

Predicted 
Density 
(kg/m3 > 

815.0 

296.15 2.02705 833.0 815.1 

296.65 5.03316 831.9 815.3 

296.15 9.26652 832.5 815.4 

Table 14 

DENSITY CHARACTERISTICS OF JET A (79) - AIR SYSTEM 

Temperature 
(0 

Pressure 
(ma) 

Density 
(kg/m3 > 

Predicted 
Density 
(kg/m3 > 

296.15 0.098595 835.9 ---- 

296.15 1.03421 835.0 814.8 

296.65 2.02705 835.7 814.9 

296.15 5.03316 835.2 815.1 

296.15 10.3421 836.4 815.4 
_-. 
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APPENDIX C 

SUMMARY OF DENSITY DATA 

Table 15 

DENSITY CHARACTERISTICS OF JET A (80) - AIR SYSTEM 

Temperature Pressure 
0.0 OfPa) 

Density 
(kg/m3 > 

Predicted 
Densi y 

5 &g/m > 

296.15 0.098595 815.3 ---- 

296.15 1.03421 815.1 804.8 

295.15 2.02705 810.5 804.9 

297.65 5.03316 811.4 805.0 

297.65 10.3421 810.3 805.2 


