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NATTONAL: ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAT. NOTE NO. 1078

AN ANATLYSIS OF THE FACTORS AFFECTING THE STATE OF
FUEL AND ATR MIXTURES

By Mitchell Gilbert, John N. Howard
and Bruce L. Hicks

SUMMARY

The factors important in determining the state and the rate of
change of state of mixtures of liquid fuel, fuel vapor, and dry air
are discussed with reference to basic physical variables such as
pressures, temperatures, and amounts present of liquid fuel, fusel
vapor, and air,

Data in the form of curves and tables are given to enable esgti-
mation of temperatures and other conditions required for complete
or partlal vaporization of various fusla. An estimate is also made
of the maximum and minimum time Tor evaporation of differont sizes
of fuel Wrops; the importance of knowledge of the Tactors affecting
vaporization time is indicated from this estimate.

INTRODUCTION

Knowledge of the physical state of the fuel-air mixture (that
is, the mixture quality) within the precombustion zones of a Jjet-
propulsion burner and at the intake ports of multicylinder recipro-
cating engines 1s necessary 'in present aircraft-engine research. In
the Jet-propulsion burner research much work is being done in evalu-
ating the performance of fuels. The variation In rate and campleteness
of combustion with different fuels cannot be completely understood
unless the vaporization factors are given their proper emphasis in
explaining the processes leading to combustion, In the reclprocating-
engine field knowledge of mixture quality is needed for the correlation
of fuel knock ratings between multicylinder engines and single-cyclindexr
laboratory engines for studying the performance of various engine coin~-
ponents and for improving fuel distribution to cylinders. The propexr
evaluation of the effects of internal coolants in engines could be
materially aided by mixture-quality information. Methods of descrip-
tion of mixture quality are therefore worth while subjects of investi-
gation with regard to both conventional and Jet-propelled power plants,
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In principle, all physical propertiea of the mixture that influ-
ence the performance of individual engine cylinders and the character
of burning in Jet-propulsion units should be determined., Because of
the complex, unstable, and heterogeneous nature of the fuel-air .
mixture usually existing hetween the point of fuel injection and the
intake port or actual combustion zone, complete specificatlon of
these physical properties is difficult and has seldom been tried.
Instead, so-called mixture temperatures and calculated equilibrium-
air-distillation temperatures have been used for estimating mixture
guality. Both methods are inadequate because important factors
affecting mixture quality and vaporization processes are neglecteld.
Measurements of true mixture temperatures are difficult because of
wet-bulb effects on the temperature-measuring device., Equlilbrium-
alr-distillation temperatures are inadequate becauvse they cannot
describe the dynamic process by which fuel-alr mixtures are formed,
but only equilibrium states, :

It is the purpose of this paper to describe the physical prop-
erties that are necessary to specify mixture quality in a system con-
taining fuel and dry air and to evaluate tho theoretlcal roclation
between these proporties and the physical properties of the mixture,

NOTATION
Cpa spocific heat of air at constant pressure, (Btw/(1b)(°R))
cP gpocific heat of fuel at constant pressure differentiated
by °pz and ¢ v for liquid and vapor, respectively,
(Btw/(1b) (°R))
4, diameter of fuel drop, (in.)
D diffusion cocfficient, (=q in,/sec)
il over-all fucl-air ratilo
R ratio of fuel vapor to air
a dimonsional constant, (32.2 lb(mass)-ft/lb(force)-secz)
L,Ly,L, latent heats of vaporization, (Btu/1b)
My molecular weight of air, (1b/lb-molecule)
Me molecular weight of fuel, (1b/lb-molecule)

total pressure of system (sum of all partial pressures),
(in. Hg absolute)
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Pg
Pr

Dg

partial pressure of alr, (in. Hg absolute)
partial pressure of fuel, (in. Hg aebsolute)

saturation pressure of fuel corresponding to the fuel tem-
perature, (in. Hg absolute)

gas constant for air, ((0.7535 in. Hg){cu £t)/(1b)(°R))
ratio of molecular weight of fuel to that of air

slope at 80-percent-evaporated point of A.S.T.M. distillation
curve, (°R/percent evaporated)

fraction of fusl evaporated

slope et 100X-percent-evaporated point of A.S.T.M. distil~
lation curve, (°R/percent evaporated)

air- or gas-phase temperature, (°R)
fusl temperature, (°R)
dew-point temperature of fuel-air mixture, (°R)

temperature at S0-percent-evaporated point of A.S.T.M. dis-
tillation curve, (°R)

temperaturs at 100X-psrcent-evaporated point of A.S.T.M.
distillation curve, (°R)

equilibrium-air-distillation temperature for 100X percent
evaporated, (°R)

time, (sec)

welght of air, (1b)
weight of fuel, (1b)
density of air, (lb/cu ft)

density of liguid fuel, (1lb/ou ft)

DESCRIPTION OF MIXTURE QUALITY

A definitive study of the physical state of fuel-air mixtures

is not possible until those properties of the mixture have been found
which characterize its state and which can be specifiecd and measured
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without ambiguity. These propertius can be clearly specified for a
wmixture formed from dry air and a pure single-component fuel. The
characteristics of such a simple mixture will therefore be described
and the descripiion can be carried over to complex fuels by analogy.

Equilibrium in & fuel-air mixture may be defined as any physical
state that does not change spontaneously with time. The existence of
eilther thermal or evaporative squilibrium is sufficient to define
thermodynamic equilibrium in a fuel-air mixture composed of ligquid
fuel, fuel vapor, and air, the ccndition of supersaturation excluded.
When a fusl-air system is not in equilibrium, heat and material trans-
fer betwsen and within the gas and liquid phases will occur that will
drive the system toward thermodynamic equilibrium. Further, the system,
if unacted upon by external forces that may bring about pseudoequilib-
rium in the thermal or evaporative processss, must attaln thermal and
eveporative squilibrium simultensously. Thus, liquid fuel introduced
into air at the same temperature as the fuel would result In a system
momenterily in thermal equilibrium. The unsaturated condition of the
air with respect to the fuel vapor, however, would cause evaporation
and the temperature of the system would drop (assuming adiabatic con-
ditions). At the true equilibrium state the evaporation would have
ceased and the temperature would be uniform throughout the system.

The roverse situation with the system inltlally in evaporative equl-
librium but out of thermal balance can alsd be visualized as being a
cage of pseudosquilibrium.

An appropriaste idealized modsl of an engine intake pipe or of a
Jet-propulsion burmer unit is a straight tubs containing a nonequi-
librium mixture. Althcough fuel-vapor and liquid concentrations, air
velocities, temperstures, etc. may vary within the cross section of
the flow, a descrintion of the mixture quality can be based for present
purposes on the assumption that the system 1s uniform. Consequently,
it will bo assumed that in any crosa section of the flowing charge
(1) all liquid is present in the form of drops uniformly distributed,
(2) the fusl temporaturo Ty and the size of all drups is the same,
(3) the temperature of the gas phase T, 1is the same throughout, and
(4) the fuel vapor in the gas phase is uniformly distributed (the
fuel-air ratio f 1in the gas phase is constant). If X 1is the frac-
tion evapcrated, the messes of liquid and gassous fuel per unit mass
of air are f£(l1 - X) and fX, respectively. For a given single-
component fuel, knowlodge of f, X, Ty, T, and the tctal pres-
sure Pp coompletely dofines the state of the mixture under the stated
assumptions. These five properties of the mixture, which will be
called mixturc parameters, are thererore those that should be employed
in studying either the physical equilibrium or nonequilibrium of a
mixture of fuel and air and in determining the relation between engine
rerformance and mixture quality.
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The mixture can be sald to be in equilibrium during a given
Interval of time, in view of the assumed uniformity, if Ty = Tp
during this time or if the partial pressure of the fuel pp satis-
fies the equilibrium vanor-pressure~temperature relation for the
fuel, which can be symbolized by pg = pr = F(Te) = F(Ta). The
simplest criterion of squilibrium is obviously the thermal one. The
complete description of the equilibrium state requires four of the
five mixture parsmeters (X, f, p, and Ty = Tf).

When the mixture is not in equilibrium, the complete description
requires all five parameters and, iIn addition, kmowledge of the
intrinsic properties of the system to determine the rate of approach
to equilibrium, such as (1) the latent heat of vaporization of the
fuel L, (2) the specific heat of the air cpa &nd of the fuel opy
and cpy, (3) the molecular weights of the fuel and air My and Mg,
(4) the vapor-pressure-—temperature relation for the fuel, and (5) the
heat~- and material-transfer coefficients throughout the mixture as
determined by the mechanical state of the fluid (that is, the drop
size of the fuel and the turbulence and velocity of the air and fuel).
It is importent to note that knowledge of these intrinsic properties
and an adequate measurement of the state of the mixture will permit
determination of the rate of approach to equilibrium (at a given
instant) only if the equilibrium states are also known. The conditions
describing equilibrium and nonequilibrium mixtures are assumed to be
applicable to the description of both single-component and multicom-
ponent fuel-air mixtures.

PREDICTION OF MIXTURE QUALITY
Equilibrium-Air-Distillation Temperature

Dew-point temperature. - One step toward the prediction of mixture
quality involves a determination of the combinations of fuel proper-
ties and engine conditions that will insure complete vaporization of
the fuel (X = 1). The four other mixture parameters (f, Ta, Tr,
and p) will be assumed to be determined by the operating conditions.
The value of each parameter will vary if distribution of fuel and air
1s not uniform among the intake parts of a multicylinder engine or €6
each part of a Jet-propulsion burner assewbly. On the other hand,
the properties of tihe fuel distributed to each intake port or to each
part of the Jet-propulsion combustion chamber f£ix its distillation
curve, latent heat of evaporation, and specific heat.

Complete vaporization of the fuel in the mixture at the equilib-
rium gtate can be conveniently specified by reference to the dew-point
temperature po, which is the lowest temperature at which wholly
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vaporizod fuel coan oxist in an ogullibrium fucl-air mixturo, For a
givon fuol, initizl fuol and 2ir tomperaturos, and total pressure,
tho maxinum fucl-2ir ratio that pormita complote vaporization la tho
fuol-zir ratio for tho dow-noint condition.

The condition Ta = po at ony timo ig gufficiont to spocify

comploto vaporization in 2 true equilibrivm mixture. For a given fuel
the dew-point temperature is a function of the total pressure p, =~
the fuel-alir ratlo f, and the vaporization characteristics of the
fuel, Because the partial pressure of the fuel p at the dew point
is destermined by the value of the temperaturs, the partial pressure

of the air Py at the dew point l1s fixed for a given value of p. o
Thus, specification of the fuel, and of p and £, determines po,
Prs; Py and the molar concentration of fuel and air present in a
dew-point mixture.

The relations among Tg, Ty, P, Ty, and the fuel properties
can be exhibited in the form of graphs.” In figures 1 to 5 the dew-
point temperature is plotted as & function of £ with p as paramester
for several pure fuels covering a range of volatility., The curves are
based on the vapor-pressure-temperature charscteristics of the fuels
a8 given In refersnces 1 and 2 and the equations derived in appendix A,
Figure 6 gives similar information for two gasolines whose A.S.T.M.
distillations have 90-percent points of 710° R and 7600 R (250° F and
300° F) and equal slopes at the 90-percent points. Figure 7 shows the
dew-point curves for a typical kerosene that might be used as a jet-
propulsion fuel (Tgy = 922° R). Figures 6 and 7 are based on equa-
tions derived from reference 3 and described in apperdix B.

It is evident in figure 6 that the dew-point temperature for
Tan = 710° R fuel at a total pressure p of 90 inches of mercury
abfolute are substantially the same as the dew-point temperatures
for TSO = 760° R fuel at a total pressure of 30 inches for all fuel-

air ratios. The form of tho equations from which these curves are
derived indicates that linear interpolation between the curves for
two fusls as in figere 6 is permissible wheon the Sgg slopes are
equal. Thus from figure 6 tho dew-point tomperature of an AN-F-28
fuol (Tgy = 737° R) for p = 60 inches and f = 0.10 is

545 + (582 - 545) 27/50 = 565° R. This fuol therefore cammot be
completoly vaporized at 565° R and a manifold pressure of 60 inches
if vho fuel-air ratio excecds C.10; also at that temperature, a loss
volatile fuel could not be campletely vaporized at the given pressurc
and fuol-air ratio. '

Figuros 1 to 7 cannot be usod dircctly to find what initial tem-
poratures of the liquid fuel and of theo alr are neceesary in ordoer
that tie given fucl-air mixture willl just reach the dew-point conditiqn
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at equilibrium. In order to determine these temperatures, it will
be assumed that all the heat necessery to evaporate the fuel and
change its temperature from Ts <to the final dew-point temperature
po is abstracted from the air in the fuel-air mixture and that no
heat ig lost to or gained from the surroundings. The initisl air
temperature Ty will therefore exceed the finel or dew-point tem-
perature of the mixture and this excess willl be larger, the larger
the excess of T, over Tr. The relation between Tg - Tgp and
fusl-air ratlo is presented in figures 8 and 9, which are based on
calculations discussed in appondix A. It will be noted that the
total-pressure and the vapor-pressure characteristice of the fuel
do not enter into figures 8 and 9 except insofar as these variables
affect Tgp. Figure 8 i1s vaelid under all conditions for all types
of fuel whose average L = 144 Btu/(1b) and whose average
¢,y = 0.58 Btu/(1b) (°R), values assumed to be representative of
cBrrent aviation fuels. TFigure 9 is based on & kerosens whose aver-
age L = 108 Btu/(1b) and whose average cpy = 0.61 Btu/ (1b) (°R).
Numerical examples. - The solution of a Pfew typical problems
will indicate how figure 8 or 9 is to be used.

(1) What is the dew point of the fuel of lowest volatility that
can be completely evaporatoed ediabatically for initial air and fuel
tomperaturss of 500° R and a fuel-air ratio of 0.107

In the case of equal initial fuel and air temperatures, the
process oOf vaporization is accompanied by self-cooling of the fuel
through vaporization and cooling of the air by the fuel until the
system reaches the dew-point temperature at equilibrium. From fig-
ure 8 at £ = 0.10, Ty - Tr =0, Tg - Tagp 1is found to bo 489;
therefore, Tgp = 452° R (-8° F) and no fuel with a higher dew-point
temperature would be completely vaporized at a fusl-alr ratio of 0.10,
If Ty = 600° R and Ty = 500° R, the limiting Tap = 5329 R (72° F)

(2) Suppose & fuol whose dew-point temperature Ty, &t a fuel-
air ratio of 0.08 is 510° R must be evaporated adiabatically by air
with initial temperature of 560° R. What is the minimum initial
liquid fuel temperature for complets vaporization?

Tg - Tgp = 50°, £ = 0,08. Therefore, from figure 8,
Tg - Tr ¥ 60° and T = 560 - 60 = 5000 R (40° F). If the fuel wers
initially colder, it would not evaporate complotely. '

Dew-point temperatures used in connection with figure 8 can, of
course, be evaluated from figure 6 or its equivalent. It should be
noted that the direoction of change of Ty, for fixed f and Tgp,
is always opposite to that for Tp. : I' '
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Partial vaporization. - A second stage in the prediction of
mixture quality is reached when calculations of equilibrium fuel-
air mixtures that contain liquid fuel (X <l) are required. The
correlation made by Bridgemen (reference 3) gives an equation for
computing temperatures of partly vaporized equilibrium fuvel-air
mixtures of multicomponent fuels. This equation is given in appen-
dix B and ig similar +o that used for computing dew points. A
graphical equivalent of the method used in developing flgures 8 and
9 can then be used for the calculation of initial air temperatures
necessary to evaporate fraction X of the fuel.

Rate of Vaporilzetion

A more complete and general prediction of mixture quality is
possible if the rate of vaporization of the mixbture can be specified
at any instant in the vaporization process in addition to the equi-
librium conditions. The initial state of the mixbture cen be described
by specifying the fuel and the values of Ty, Tp, £, p, and that
X = 0. The rate of change of the parameters Ty, Te, £, and pr
with tims is determined by the volatility of the fuel and other proper-
ties of the fuel-air mixture and hy the values of these parameters
and of p during evaporation. The total pressure p will not be
affected appreciabliy by the vapcrization for the fusl-air ratios and
the air-flow velocitiles ordinerily encountered in Jet-propulsion and
reciprocating-engine power plants. If the vaporization and heat-
and material-transfer processes are sufficiently rapid, the mixture
willl reach equilibrium before passing into the intake ports of an
engine or before appreciable travel in the combustlon chamber of a
Jet-propulsion unit, If the rates are too small, equilibrium will
not be attained. In elther case, prediction of mixture quality at a
given point will depend upon knowledge of the rabes of vapcrization
and of heat and material trensfer in the mixture during its passage
from the point of fuel injection to the point of interest.

At present it is 3wmpossible to compute rates of vaporization
for mixtures of air and s fuel that contains many constituents. Tt
is poselble, however, to compute the evaporation rate for a mixture
of air and a pure fuel such as that described in & previous section
DESCRIPTION OF MIXTURE QUALITY.

The minimum time for complete evaporation (that ie, that corre-
sponding to imothermal evaporation into a maintained vacuum) can be
estimated by an integration (see appendix C) using the evaporation .
rate given in reference 4, which sets & useful lower limit to the
total evaporation time required. This minimm time for evaporation
is given by the expresasion
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prdy [TRgTe
Pg

g Tre (sec) (1)

tpyp = 0.0099

vhere Tp 1is the temperature of the fuel drop. Actually Ty will

drop samewhat during evaporation but it is assumed to be constant at
the initial value because then equaticn (1) gives the lowest valus’

for tmin‘

The maximum timeas for compleve evaporation of drops of a given
size (that is, that corresponding to diffusion through still air)

can be estimated approximately for a given fimal fuel-air ratio from

the equation (derived from references 5 and 6)

prdo P
Q
t = 0,125 ( )I (Bec) (2)

where pg 1s the saturation pressure of the fuel and Py tho

partial pressurs of fuel vapor near the end of vaporization. Various
refinenents in conditions are made by Fuchs (reference 7), such

as limited space for ovaporation, motlon of the drop relative to

the gas atmosphere. the nonstatlionary nature of the vaporization
process, the lowering of the drop temporature due to evaporation,

and variations in vapor pressure at the drop surface due to curvature
and size, The net effect of these refinements will not significently
change tho moaximum given by equation (2).

As an 1llustration of the results obtained from equations (1)
and (2), tho times of evaporation of isooctane in air are calculated
for various conditions. From the ompirical relation for the diffusion
cocfficient D given iIn reforenco 8 for isooctans

22.1 x 107° ¢,3/2

D= = (sq in./sec) (3)

Equution (2) thon becomes for an r of 3.941 and an air tomperature
of 610° R (150° F)

2

or 2 a 2 {sec) (4)

1 = 0.0951
max Pa(Pg - Pp) ©
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The meximum and minimwm times of evaporation of isooctane are tabu-
lated in teble I for various conditions. The minimum time tpy, 1is
calculated for drops of 80° F and 100° F evaporating into a meintained
vacuum. The maximum time itpayx 18 calculated for evaporation con-
trolled by diffusion through air at 150° F. The drop sizes d, and
the initial fuel temperatures ty are assumed the same as in the
vacuun case, bubt the final fuel-air ratios are taken to be 0,10 and
0.01. The value of pp in equation (4) is then taken to be equal to

(r f 7)P (see appendix A) thus assuring that the value of tmax

obtained is an upper limit.
TABLE I - MAXTMUM AND MINIMUM TIMES FOR

EVAPORATION OF IROPS

do Ir tmin Cmax (sec)
(in.) | (°R) (sec) f=0.10| £=0.01
0.1 540 | 0.048 458 296

.05 540 .024 115 74

.01 540 ,0048 4.58 2.96

.005 540 .0024 1.15 .74

.001 540 .00048 .0458 .0296

1 560 .029 216 171

.05 560 .015 53.9 42.8

.01 560 0029 2.16 1.71

.005 560 .0015 .539 .428

.00L 560 00029 .0216 L0171

The date in table I eare plotted in figure 10. The ratio B
tmax/tmin ig proportional to dy In accordance with equations (1) .
and (4). For the values of d, plotted in figure 10 the ratio
varies from 100 for do = 0.001 inch to 10,000 for do = 0.1 inch.
The vaporization time of a drop will probebly lie somewhere between
the limits shown in figure 10 and can be theoretically predicted
with greater accuracy only if the mechanisms controlling material
and heat tranefer in the fuel-alr mixture, such as the intengity
and scale of turbulence, are represented in the theory.

With the time for complete vaporization probably lying betwesen
wide limits, the time for the formation of mixtures of a given value
of X is equally difficult to estimate. The vaporization process
will generally take place in a limited space with varying boundary
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conditions both at the drop surface and at scme distance from the
drop depending on the geometry of the system. The complexity of
the mathematical solution of this problem 1s indicated in refer-
ence 7, Furthermore, the application of rate of vaporizetion
theory to complex fuels involves the effects of multicomponont dis-
tillation and the values of Ty, Py, Pe, D, and r become all

the more difficult to determine, The compleote solution of mixture-
quality problems can, therefore, be seon to require exporimontal
methods,

CONCLUSIONS
Baged on this analysls, the followlng conclusions were drawn:

1. Mixture quality for a simple fuel can bo specified by five
mixture paramotors; (a) the temperature of the air, (b) tho temper-
ature of the ligquid fuol, (c) the fuel-alr ratio, (d) the fraction
vaporized, end (o) the total pressure.

2. The changes in qunlity of the mixbturc as it passes through
a duct are a function of the five mixturc parameters, of the inten-
sity and scalc of turbulence of the alr flow, and of the physical
properties of the fuel and air; that is, tho latent heat of vapor-
fzation, the liquid and vapor specific heats, the vapor-pressure-
temporature relation and molecular weight of tho fusel, the specific
heat of air, and the hoat- and material~transfer coefficients
throughout the mixturec,

3. At the present time, mixture guality cannot be determined by
theorctical prediction, Semltheorctical calculations of dew-point
tomporatures, of the latent heat effcct and of vaporization ratos
can. howover, be of assistonce in designing and interproting oxpori-
montg.

Alrceraft Engline Rosoarch Laboratory,
National Advisory Comittee for Aerconautics,
Cleveland, Ohio, January 28, 1946,
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APPENDIX A

DEW-POINT TEMPERATURES

Bridgemen (reference 3) has reported a method of determining
the dew-point temperatures of multicomponent fuels at atmospheric
or lower pressures from date obtained from the standard A.S.T.M.
evaporation curve of automotive fuels. For the calculations in the
present reporit, his equations were assumed to hold for an AN-F-28
fuel and a kerosene fuel for a range of fuel-air ratios from 0.01
to 0,11 and for a range of pressures from 30 to S0 inches of mercuxry
absolute. o

From Bridgeman (reference 3) the following equation has been
derived

Tap=2/3 Tgg - 8.95/ 8gq +46. 8+1o 132 +0.109 log,,(0.0348p - 0.04)f |Tgq
(s)

The average error in calculated Ty by equation (5) is about

+29 R. About one case in ten may lead to an error of *7° R. The
data for figure 6 were oblalned by assuming Sgg = 3.0 and com-
puting Ty, for a range of values of p and f and for two values
of Tggp, namely 710° and 760° R. For figure 7 Sgg is 1.67 and Tgq

is 922° R. Equation (5) and subsequent equation (11) can be used for
gasolines and kerosenes.

For a pure (single-component) fuel the partial pressure of the
fuel is obtained from Dalton's law. Thus

_/"fo fo
P =(/-—————- p=—i-p (6)
£ W, , WeX Wg 8

,\Ma Mg Mg
where p = Py + Pp. The term in parentheses represents the mol
W
fraction of fuel vapor. In equation (6), gg = r and ﬁ£ = f may
be substituted, giving 8

r + £fX r

(7)
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At the dew point X = 1,

Pr = Pg
thus:
fpa, VAR A
Pg =% = {; o (8)

The value of Py for a given pure fuel is calculated from equa-

tion (8) as a functicn of f and p and the dew-point temperature
is the temperature that corresponds to Py in the vapor pressure-
temperature relation for the fuel.

The initlal air temperature necessary for complete adiabatic
vaporization of the liguid fuel in an air-fuel mixture can be com~
puted from a heat balance. Assuming that no fuel is evaporated at
the start, all the heat used in evaporating the fuel and bringing
it to the equilibrimm dew-point temperature must be supplied by the
air, Therefore : :

Cha (T, - po - Tp) £ (9)
with the heat balance writien for unit maess of air. In order that
thls equation be exact, it is necessary that the values of I and

cP be properly chosen. Either L 1s the latent heat of evaporation
of the fuel at 1tsg inltiel temperature Tf and cp is its mean
specific heat ¢ - at constant pressure in the gas phase between
temperatures po and Tf or L 1s the latent heat at the final

temperature po and ¢ is the mean gpecific heat cpz of the
liquid fuel over the same temmperature range.
Equation (9) may be solved for T, - Tap *
r -
(Tq = Tgp) = B+ opy (T, - Tf)_l_f/(cpa + epy) (10) B

Figure 8 has been computed from this eguation with

Cop = 0.24 Btu/(1p) (°R), o,y = 0.58 Btu/(1b)(°R) and L = 144 Btu/(1b)
for a series of values of f and Ta - Ty . Figure 9 for kerosene

has been computed for values of 52 and I of Q.61 and 108,
regpectively., It must be remembered that the value of L for a

multicomponent fuel at a glven temperature ls the value corresponding
to the average composition of the vaporizing liquid.
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APPENDIX B

PARTIAL VAPCRIZATION TEMFERATURES

For the equilibrium partial vaporization of & fuel-air mixture,
equations given in Bridgoman (reforence 3) when combined and expressed
in units of degrees Rankine and inches of mercury absolute become

Tey = 2/3 Ty + 19.2 ,bX log;, 2(1-X) + 46 8

+ TY O 132 + 0.108 loglo (0.0348p - 0.04) fxi (11)
in which f is tne initial 1iquid fuel-air ratio and fX (or fv)
is the vapor fuel-air ratio. No data arec available on the equilib-
rim partial vaporization temperatures of fuel-air mixtures at
pressures groater than 1 atmosphere. The validity of equation (11)
is thus not establishod for pressures that involve significant
changes in the solubility of air in gagoline such that the wvapor-
liquid equilibria are appreciably altered. A convenient aid to the
use of eguations (5) and (11) is given in table IT. The brackotod
right-hand term of equation (5) or (11)

10.132 + 0.109 logj, (0.0348p - 0.04) £

is tabulated as a function F (p, f,) where f_  may bo teken as f
for the dew-point condition and as fX for the case of partial
vaporization. Calculations involving the uso of equation (5) or (1l)
are greatly simplified by the usse of table IT. Table IT must be
uged with caubtion for pressures greater than 30 inches of mercury
abgolute when calculating T beczsuse the errors due to shifts in
vapor-liquid equilibria with pressure.will be mainly in the values
tabulated in table II.

In the case of equilibrium partial vaporization, the heat-balance
equation analogous to equation (8) is

Coa (Tg - Tex) =1q fX + cpy T (Tex - Ty) (12)

In equation (12) Ly rust be chosen at the final fuel temperature
Teoy end ¢,y must be the moan liguid specific heat at constant

pressure between temperatures Tf and TfX‘ An equivalent form
of equation (12) is
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¢pa (Ta - Tex) = Lp £X + £(Tex - Te) (opy + AcK) (13)

where L, is the latent heat of evaporation at the initial fuel
temperature, Cp1 the mean liquid specific heat, and the term Ac
represents the mean difference in the specific heats of the fuel
vapor and liquid (cPv - cpz) over the temperature range. The
term Ac 1s also equal to the mean valus, over the temperature

range, of the rate of change in latent hsat of evaporation of the
fuel with respect to temperature.

Data on the latent heats and specific hoats of the gas and

liquid phases of petrolcum fractions may be obtained from reofer-
ences 9 and 10.
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APPENDIX C

EVAPORATION OF A DROP INTO VACUUM
For o drop of diamcter 4 the evaporation rate is

dm
% - ~nda (grams/sec) (14)

where

m mosg of drop, grams

G evaporation rate, grams/sec om?®

ndz surface area of drop, em?

The mass of a drop is the volume times density:

ﬂdspf'
M = e

6

whers primed symbols represent quantitiss wlth cgs units corre-
gsponding to similar uvnprimed symbols used in the body of the paper
with English units,

The change in masg upon evaporation during an infinitesimal
longth of time,

1 2
dm = - gpe'd“d(d) (15)
If equation (15) is substituted 1n equation (14) and the rosulting

)
cquation integratod betwoen the limits t =0, d =d ' and t =t,
d = 0, then.
t pf'd'o'
26

Konnard (reforonco 4, p. 69) dorivos from the kinotic thoory
of gases

(16)

, -
P
G = ——— _ (grans/soc cn?)
'ExRT (17)
whero
R- gas constant/grom
T absolute tomperature, °k
2

P, scaturation pressuro of fuel vapor, dynes/cm
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In the case of evaporation into a maintained vacuum, such thLat
all the vapor molecules are removed from the vieinity of the drop
as soon as they leave the surfacse, the value of o = 1.0. Then,
remembering that

RMp = Ry' My
oY
R = §E;
r

where Ra' 1s the gas consta.nt/gram for air, equation (16) beccmes

. . pf tdo T KRarT_ _
= ~_98| 4 op (lb)

which, upon substitution of unprimed symwbols representing English
units, gives equation (1) '

. 0.0099 ped, [Ty

min = 52 oy (sec)
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fuel (kerosene) wnen the mixture reaches the dew-point condition through adlabatlc eva

tion of all the lliquid fuel.
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Fig. 10 NACA TN No. 1078
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Figure |10. - Maximum and minimum (vacuum) vaporization times for fuel
drops at constant temperature as functions of drop size for iscoctane.
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