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ABSTRACT

. A PHENOMENOLOGICAL EXPERIMENTAL METHOD

FOR THE INVESTIGATION OF FUEL SPRAY EVAPORATION
'in this study, a new concept for the investigation of
‘fuel spray evaporation froﬁ a phenomenological approach 1is
1ntroduced. This concept is based upon the physically ob-
served fact that when a liquid spray evaporates in a closed
high temperature environment, the heat for evaporation is
taken solely from the ehvironment. The total amount of heat
transferred to the fuel.at any time is governed by the char-
acteristics of the spray, and the heat and mass transfer
processes of the system. This heat also controls the amount
of fuel evaporated, and the states of the fuel and its va-
pour at that time; These in turn are functions of certain
physical and tﬁérmbdynamic properties of the fuel. There-
fore, if the total heat loss of the environment can be
.measured, the aﬁount of fuel evaporated can be estimated.
From this, some spray evaporation characteristics may be 
predictéd. Based on this concept, an experimental method
1é devised. This approach then offers an alternative to the
existing mechanistic approach.

The techniqueAinvolves injecting a predetermined mass of
liquid fuel into an evaporation chamber at constant rate and
measuring the pressure decrease and the amount of injected
fuel as functions of time. From these data, and provided
that certain thermodyﬁamic and physical properties of the

fuel are known, two important characteristics of the spray

vii



can then be calculated. These are:
a). The lifetime of the spray, which is an average
lifetime of all droplets in the spray, and
b). The fraction of environmental gas cooled by the'
| mixing of the fuel vapour and the surrounding gas.

The present technique has many advantages. Most signi-
ficant of all is that it can be appiied over any pressure
range as long as a quadratic law of droplet evaporation
holds true. Data on latent heat of evaporation near the
thermodynamic critical point of the fuel, on.diffusion co-
efficient, and on vapour pressure of the fuel at pressures
equal to or above the critical pressure which were neces-
sary in all previous theoretical stu@ies, are no longér re-
quired. The present technique also sérveé to integrate
automatically.all the governing parameters of spray evapora-
tion. .

Even when there are no available phjsical and thermo-
dynamic properties of the fuei, this technique can still be
used to compare different injector nozzle designs for identi-
cal operating conditions.

To verify this concept and the experimental method, a
total of five sefies of spray evaporation experiments were

carried out with three different injector-plates.
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.Chapter 1

Introduction

In modern liquid fuel. internal combustion engilnes,
one of the components which fequires considerable atten-
tion 1is the combﬁstion.chamber. Normally, a combustion
chamber is designed to give high combustion efficiency and
intensity, long service life and freedom from deposits and
pollutant emissions. An essentilal prerequisite to achleve
these ends is good fuel injection, atomization and mixing;
since it is well known that thesé physical pfocesses are
the limiting factors. Also, 1t is often necessary to oper-
ate these engilnes at pressures well in excess of the criti-
cal pressure of the fuel. In recognition of these facts,
many investigators have devoted much effort to the study of
fundamental liQuid fuel combustion mechanisms at low and
high pressures. However the application of the results ob-
tained for single droplets to obtain the characteristics of
the combustion of sprays is not an easy matter and remalins
an outstanding problem fundamental to spray combustion re-
search.

The function of an injector is Fo introduce and
to meter the flow of fuel or fuels to the combustion
chamber. It also serves to atomlze and to mix the fuel
and oxidizer in such a manner that a correctly propor-
tioned mixture will result. A standard procedure employed

in the evaluation of injector performance is full scale

1




testing, an expensive yet necessary proposition at the
.present.

psually, the fuel is introduced into the combus-
tion chamber in the form of a spray. The physical processes
which take place when a spray is formed are evaporation of
fuel and mixing of fuel vapour with the surrounding gaseous
mixture. Both of these are highly dependent on injector
performance.

Spray evaporation is an extremely complicated
process. It involves such phenomena as fuel atomization,
droplet motion, evaporation of moving droplets, droplet
size and spatial distribution, and interference between
droplets. Each of these phenomena in turn is'dependent on
one or more of three groups of controlling factors. These
are:

a). Mechanical - the type and physical dimen-
sions of the atomizer.

b).b Operational - the conditions of operation
such as injection pressure differential,
temperature and pressure.

¢). Fuel - the physical properties such as
heat of vaporization, specific heat, vis-
cosity, surface tension and density of
the fuel.

Many investigators have treated spray evaporation

theoretically and experimentally. In general, their



analytical methods consist of applying the single droplet
- evaporation empirical relation and integrating with an
assumed drop size distribution function. In so doing, it
is assumed that the semi-empirical relations obtained from
single droplet studies are Qalid for the evaporation of
individual droplets of varying size which constitute the
ensemble of the spray. These analytical methods do not
take into consideration influencing factors such as:

a). Single droplet evaporation experiments
normally employ a much larger droplet
than those normally encountered in a
spray and results obtained from these
studies may be of questionéble applica-
bility to the analysis of the spray.

b). The size distribution and droplet spatial
distribution change with time, and are
not accounted for in any existing
theory.

c). The role of boundary iayer transport
under conditions of motion whereby
forced convection effects become pfedom—
inart.

d). The influence of surface deformation on
the rate of evaporation.

e). Interference between neighboring drops

during evaporation.



In addition, many of the assumptions in the single
.droplet evaporation analysis, even though valid at low and
méderate pressure ranges, faill to reméin valid at pressures
equal to and above the critical pressure of the fuel. At this
high pressure level, coupled with high surroundling tempera-
ture, the surface tension of the liquid can become very low.
This can lead to substantial departures from the assumed
spherical shape and furthermore can lead to droplet shatter-
ing. It 1s also difficult to détermine the latent heat of
vaporization, the diffusion'coefficient, and the vapour pres-
sure of the fuel under these condltlons.

In view of these many uncertainties, and. the unmana-
geable task of setting up the differential equations to take
into account all the governing parameters of spray evapora-
tion, the best approach seems to be experimental.

The brésent study introduces a new concept for the
inveétigation of spray evaporation from a phenomenological
approach. This concept 1s based on observed physical pheno-
mena of spray evaopration in a high temperature environment
- and the relationship between the evaporated fuel mass and the
heat transfer within a closed system. To verify the validity
of thls concept, an experimént method is devised for spray
evaporation studies. The results so obtailned would be signifi-

cant advanﬁage in injector design considerations. The present

method has many advantages. Most significant of all 1s that it

can be applied over any pressure range as long as a qugdratic



law* of droplet evaporation holds true. It has been found
that the quadratic law holds true except in extremely high
pressures,.i.e. at ﬁressures several times that of the
eritical pressure of the fuel. Also, by making use of the
fact that the thermodynamic'properties are point functions
and by conveniently choosing the various processes between
the initial and final stétes of the fuel under investiga-
tion, it is possible to eliminate the use of the latent
heat of evaporation near to the critical point of the fuel.
Data on diffusion coefficient and vapour pressure of the
fuel at pressures equal to or above the critical pressures
are also no longer required.

The major feature of the present téchnique is
that it serves as an automatic integrator of all the
governing parameters of spray evaporation. The input to
this integrator is a known mass'of liquid fuel injected in
the form of a conical spray. This input is then combined
automatically with all the influencing factors to give
certain data which can simply be transférmed into two im-
portant characteristics of the spray. These are:

a). The lifetime of the spray, which is.an
average lifetime of all droplets in the

spray, and

*
d2-law of droplet evaporation states that the drop surface

area changes linearly with time during evaporation.



b). The fraction of environmental gas cooled

by the mixing of the fuel vapour and the

surrounding gas. This provides informa-

tion on both the spread of the spray and

the mixing
Since these are important
tion, application of this

information on combustion

of the gases.
characteristics in spray combus-
technique should furnish wvaluable

chamber and fuel injector designs.

The technique involves injecting at constant

rate a predetermined mass

of liquid fuel into an evapora-

tion chamber and monitoring the pressure decrease and the

amount of injected fuel as functions of time. Both of

these are dependent on the physical properties of the fuel,

of the inert gas and the operating conditions. Corresponding

to any injected mass of fuel, there is a maximum pressure

decrease which would occur if the gas and fuel wvapour

mixture is perfectly insulated from the evaporation

chamber. This 1is true regardless of the time period which

would be required for complete evaporation. However, in

order to provide a standard reference time and pressure,

the fuel is assumed to evaporate instantaneously and to

produce a maximum pressure decrease in the evaporation

chamber. This pressure decrease, resulting from an idealized

process, will be referred

to as a hypothetical instantaneous

pressure decrease so as to eliminate the probable confusion

with the ideal gas treatments in the present study. It is




obvious that this hypothetical pressure decrease can only

be achieved experimentally at some later time, since fuel
evaporation cannot occur instantaneously. The difference
between this time and the time at which the same pressufe
would be obtained if evaporation were instantaneous is termed
the Evaporation Lag. In other words, the actual spray
evaporation prodess is lagging behind the ideallzed proéess
by an amount which 1s called the Evaporation Lag;

From the Evaporation Lag, the lifetime of a spray
and the spread coefficient can be calculated if certain
physical and thermodynamic properties of the fuel are known.
The spread coefficient is defined here as the fraction of
environmental gas which is cooled by spray evaporation.

Even when physical and thermodynamic properties
of the fuel are not available, this technique can still be
used to compare different nozzle designs. In this case, a
moré efficient nozzle will give a faster rate of pressure
drop under identical operating conditions.

In Chapter II, a review of theoretical studies
on spray evaporation and related phenomena is given.
Chapter III contains the review of experimental studies on
the same phenomena. Theoretical analysis of the present
study is given in Chapter IV. The corresponding experi-
mental technique and apparatus are reported in Chapter V.
Chapter VI is devoted entirely to the evaluation and dis-

cussion of the present experimental technique and results



of the ethyl alcohol and water spray evaporation experiments.
The present investigation is one of several
projects on liquid-fuel rocket—-engline research at the

National Research Council of Canada.



Chapter II

Literature Survey - Theoretical Studies

Since all available studies on spray evaporation
are based upon the single droplet evaporation treatment, it
is necessary to review certain analytical solutions for the
single droplet evaporation problem. The main requirements
of any theoretical treatment of droplet evaporation is that
it gives an insight into the dependence of evaporation on
the physical processes that occur. It must also be in
agreement with the experimental results. These criteria
have been met by a number of theoretical analyses.

The procedure of discussion in this chapter will
be as follows. PFirst, single droplet evaporation treatments
will be reviewed. This is followed by a brief discussion of
the physical properties of sprays. Finally, a literature

survey on spray evaporation is given.



2.1 Single droplet evaporation - At low and moderate

pressures

The most fundamental process in spray evaporation

is the evaporation of the individual drops comprising the

spray. Because the general phenomenon 1is one of heat and

mass transfer, the rate of evaporation can be calculated

from either the rate of mass transfer or the rate of heat

transfer approach.

10

The usual simplifying assumptions in the derivation

of the fundamental equation for the evaporation rate are:

1).
2).

3).
L).
5) .
6).

7.

8).

The drop is spherical.

The droplet is considered to be a single,
pure component.

The surrounding atmosphere extends
unbounded in all directilons.

The atmosphere is at uniform temperature
and pressure. The change of droplet
temperature is neglected.

The evapofation process is quasi-steady.
The vapour is saturated on the surface of
the drop.

The vapour pressure of the drop is small in
comparison with the total pressure.

There are no convection effects.



2.1.1 = Evaporation rate from the rate of mass transfer
approach.

The theory of the evaporation process in a gas
environment owes its origins to Maxwell (ref. 2-1) and
Stefan (ref. 2-2). Their theory is based on the assumption
that the vapouf in the immediate surrounding of the 1liquid
droplet surface is completely saturated, and that
consequently the evaporationbrate depends only on the
velocity of diffusion of the vapour into the surrounding

space. 1In its most general form, the diffusion equation may

be written:

div(D grad G) = 3%-+ v « grad G (2-1)

where D is the diffusion coefficient, G the concentration of
vapour in gas phase, and Vv is the velocity vector. Equation
(2-1) when applied to a droplet can be expressed in spherical

polar co-ordinates as:

2 ' 2
or T oF  pfsineg r“sine 236
(2-2)
_3a .,y 26, e, Ve 3G
- 3t r or r 9 rsinb 93¢

The wvapour concentration distribution is obtained
by solving equation (2-2). Because the size of the droplet
changes continuously, equation (2-2) is subjected to the
existence of a free boundary. This introduces afnon—

linearity into the equation and consequently, only a few




exact solutions are known.

The case of a single, stationary, isolated drop
was solved by Fuchs (ref. 2-3). He discarded the time
dependence of the vapour distribution by introducing the
concept of a stagnant boundary layer surrounding the drop.
The convective terms in the diffusion equation, equation
(2-2), were also neglected-in evaluating the diffusive flux.
This gives the quasi-steady theory of droplet evaporation.

The droplet evaporation rate obtained by Fuchs is

-g—fg = lhrDrdM(Grd - G) (2-3)

where dm/dt is the evaporation rate in mass per unit time,
"rd" the drop radius, M the molecular weight, Gw.the vapour
concentration in moles per unit volume at r+», and Grd the
vapour concentraticn at the drop surface. Fuchs also
examined the simplifying assumptions one by one and
corresponding corrections were introduced into equation
(2-3). |

The case of a moving drop was investigated by
- Fr8ssling (réf. 2-4). The evaporation rate of a droplet in

an air stream obtained by Frd8ssling is given by the semi-

empirical formula:

_dm

aE = MﬂDrdM(Gr - G )f (2-%)

da
where all the terms are the same as in equation (2-3). The

factor "f" is the wind-factor which was determined




experimentally. Nearly all of the subsequent works in spray
evaporations are, in part, based upon FrBssling's original -

analysis.




2.1.2 Evaporation rate from the rate of heat transfer
approach

Ranz (ref. 2-5) analyzed the evaporation of a drop
of volatile liquid in high-temperature surroundings in terms
of the rate of heat transfer. Thls approach was followed
because the rate of heat transfer is better understood and
values of thermal conductivity are more readily available
than values of diffusivity. The only drawback of this methbd
is that the droplet surface temperature must be known.
Usually, for surroundings with temperatures several hundred
degrees above the boiling point, the sufface temperature is
taken as very nearly the boiling point. Also, since a
dynamic balance exists between the rate of heat fransfer
and the rate of mass transfer, the éalculation of evaporation
rate from this approach requires some knowledge of the rate
of mass transfer.

Both analytical approaches gave an evaporation
rate proportional to the diameter of the evaporating'drop
and hence the drop surface area changes linearly withvtime.

The latter is generally known as the quadratic or "d2"

law
of single droplet evaporation. These analyses have been
found to be satisfactory at low and moderate pressures.
However, it was pointed out by Kirkaldy (ref. 2-6) that the
operation of neglecting the time dependence in the

derivation of the evaporation rate from the quasi-steady

theory is mathematically untenable.




2.2 Single droplz2t evaporation - At pressures near to or
above the critical pressure of the ligquid fuel

Weiber (ref. 2-T7) applied the heat transfer rate
approach of the‘low pressure quasi-steady evaporation model
in his study. He calculated the steady-state temperatures
and temperature, mass, and trajectory histories of heptane'
_and oxygen droplets in high-pressure and high-temperature
environments. In this case, steady state implies that all
the energy arriving at the droplet is carried away entirely
by the mass transfer. Welber found that at sufficiently
high pressure, both heptane and oxygen droplets would be
heated up to their respective critical temperatures. He-
stated that above critical conditions, mass transfer from
these droplets cannot be calculated because of the lack of
theory for this region. He suggested that his finding sets
an upper limit to the applicable regime of the present low-
pressure vaporization theory. However, no cpnsideratibnAwas
given to the non-ideal effects which are encountered at high
pressures 1in this study.A Weiber also neglected the effects
of pressure on the physical properties of the substances.

Manrique and Borman (ref. 2-8) calculated the
steady state droplet evaporation in the region of its
thermodynamic critical point. They took into consideration
the effects of non-ideal mixtures, solubility of the ambient
gas in the 1liquid drop, variation of the physical properties
due to difference in vapour concentration, the effect of

total pressure on vapour pressure, and the non-ideality of




the latent heat of vaporization. They found that there is
a linear relationship between the steady-state vaporization
time and the square of the droplet radius.

Brzustowskl (ref. 2-9) discussed the applicability
of the quasi-steady droplet theory. He stated.that the A
evaporation kinetics would 5ecome the limiting factor in
droplet combustion whenever the maximum diffusion rate
exceeds the maximum evaporation rate. In such a case, the
quasi-steady droplet theory becomes invalid.' Brzustowski
also pointed out that when the difference in density between
vapour and liquid phases of a fuel is no longer large, the
liquid surface regreséion velocity and the storage of mass
in the vapour phase can not be néglected. This, therefore,
rendered invalid the quasi-steady droplet theory af high
pressures. A pressure of 1/10 of the critical pfessure of
~ the fuel was suggested to be the upper limit for the quasi—’
steady droplet theory in- describing droplet combustion.

Kotake and Okaéaki (ref. 2-10) treated the droplet
evaporation process as an unsteady diffusion-controlled
phenomenon. Their results indicated that during the process,
both mass and heat transfer at the droplet surface can not
reach a gquasi-steady state. However, they did not take into
consideration the variable physical properties of the fuel
in their calculation and their findings have yet to be

verified experimentally.
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2.3 Physical properties of sprays

These properties will be briefly reviewed.

a). Atomization (ref. 2-11) - Very briefly,

atomization generally takes place in three steps; (i) the
initial disturbance of the surface of the Jet‘ofiliquid,

(ii), the formation of ligaments which then break up into
fragments, and (iii) the further breakup of the fragments
into smaller droplets. The problem of determining
theoretically the form of disturbance that most rapidly leads
to jJet 1instability has been solved for several typical cases.
For the impinging nozzles, a mathematical treatment would be
very difficult due to the complexity of the spray. The
nozzle used in the present study is of this type.

b). Droplet size distribution (ref. 2-11) - The

most important factors that influence drop size are (1) -
nozzle design, (ii), operating conditions, especially
pressure, (11i) the properties of the liquid and of the gas
into which the fuel is injected, and (iv),-the relative

A velocity between the liquid and the gas. In general, sprays
consist of dispersed drops of a range of sizes. The relative
abundances of the various sizes of drops varies over the
range. A number of useful mathematical expressions
describing the size distribution of a spray have the same

general form:

b a ’
a5 = acédcexp(—bcﬁdc) (2-5)



where N 1s the cumulative number of droplets having diameters

less than a given size Gd, and a,s bc, pP,> q, are independent

constants. Among these mathematical expressions, the more
important are:

(1). the Rosin-Rammler equation which is useful -
for sprays produced by vortex—typé atomizing
nozzles,

(ii). the Nukiyama - Tanasawa expression which is
most useful for alr atomization, and

(iii). the logarithmico - normal equation which is

useful for impinging jet tjpes of atomizers.

It has been found that the above three equations

can correlate the results for a large numper of different
types of atomizers. However, because they are not based on
any fundamental theoretical analysis, theif usefulness
depends largely on the excellence of fitting the experimental

' results.

¢). Spray mass distribution (ref. 2-11) - Most

nozzles develop a spray which is closely conical in shape.
However, depending upon the nozzle design, the concentration
of drops in the radial direction can be changed. The con-
centration of drops may be a maximum along the axis of the
nozzle and gradually decrease to zero at the edge of the
conical surface. Another distribution is that the
concentration along the nozzle axis is at a value lower than

the maximum and rises to a maximum at some distance from the



nozzle axis, and then falls to zéro at the conical surface.
d). SErax angle - In the case of conical sprays,

the spray angle is defined as that total included angle which

takes in some Specific fraction of the total mass in the

Spray. The specific fraction is chosen arbitrarily.

e). Drop velocity - The velocity of the drops in
the entire Spray has not been measured. However, based on
Ssome short time droplet velocity measurements in certain
parts of the sSpray, it is correct to assume that there is a
distribution of velocities among the drops. It is also safe
to assume that the velocity of any single drop changesAwith

time as the drop evaporates.

19
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2.4 Spray evaporation

Available spray evaporation literature can be
divided into four main groups according to practical
applications. Only those studles which are related to
internal combustion engines will be considered here. I* is
found that the general theoretical approach in treating
spray evaporation problems is to integrate the avalillable
single droplet evaporation rate equation over an assumed
drop-size distributioﬁ relation for a spray to obtain the
total evaporation rate. Therefore, in the light of the
existing evaporation theory for individual drops in motion,
it is not surprising that any analytical solution on spray
evaporation rate would be, at best, an approximation. It
is also unfortunate that, in order to utilize the semi-
empirical relations for the evaporation of the individual -
drops , numerous doubtful assumptions were made in order to
circumvent certain mathematical difficulties which weré
encountered in analyzing the spréy.

The earliest theoretical study on spray evaporation
was done by Probert (ref. 2-12). The problem was examined
using the Rosin-Rammler relation for size distribution in a
spray ahd an experimental law concerning the effect of size
on the evaporation of single droplets. He studied ﬁhe effects
of size and distribution on the evaporation rate of a spray.
One of his assumptions was that the single drop evaporates

at a rate proportional to its diameter.




Sacks (ref. 2-13) calculated theoretically the
rate of spray evaporation. By assuming that the spray obeys

the Rosin-Rammler distribution law, he integraéed the

evaporation rate for individual drops over thls distribution

to obtain the evaporation rate for the spray.
For a single droplet in still air, assuming that

G, = 0 and Gr = Pr /RT, the evaporation rate of a droplet
o d

in still air at atmospheric pressure is given by the

Langmuir expression
Prd
= 2'H‘D5dM RT (2-6)

o8

At constant pressure and temperature, equation (2-6) becomes

dm

ac ~ Kela (2-7)

where Kc = 2nDMPr /RT is a constant of evaporation. If Gd
da 4

is in microns, the number of droplets having diameters

between Gd and Gd + dﬁd_per cubic centimeter is, according

to the Rosin-Rammler distribution

C
ng-h _ {i@]
12 8 3 .
Na§y = —Tz = 6x10°_ pn, S——e V¢ asy (2-8)
még s, ©
6 ¢

where nc is the distribution constant in Rosin-Rammler law.

Therefore, for a spray, the evaporation rate is given by:
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dm _
- a?]sp. = [ Kchdde
° (2-9)
) e
12 °° n -3 %
6x10 c [ c]
n KCI ncsd e de
8 o

Transforming to the gamma function, equation (2-9) becomes

DMP )
12 r

dm _ 12x10 d 2 .
-3 = ; 5 = r(r - =) (2-10)
c

The calculated result was found to be 100 times greater than
the experimentally determined evaporation rate. This diffefence
is intfoduced mainly through the usage of lnaccurate values -of
the diffusion coefficient and vapour pressure in equation (2-10).
By applying the Fr8ssling single droplet evaporation
rate equation to the unidirectional spray; Fledderman and
Eanson (ref. 2-14) attempted to develop an equation for pre-—
dicting the total evaporation rate of a spray. The
Nukiyama-Tanasawa relation was used to describe the drop
size distribution 6f the spray.
Benson (ref. 2-15) proposed a method for predicting
the rate of evaporation of a spray in which the mutual
effects of adjacent drops are important. This theoretical
study appeared to be the first to take into consideration
the effects of adjacent drops. However, the assumption that

the drop size variation during evaporation is small, makes
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the analysis applicable only to low volatility fuels. His
method is to define a sphere of inflﬁenge associated with
each drop. This surface is defined by the condition that

the net flux of vapour is zero. The problem then reduces

to the solution of

9aG _ 2 BG)

D 3
3t~ 2 E(r 3T (2-11)

for a single droplet and subject to the boundary conditions

G =G at r=r when £t > 0 (2-12a) -
rd da -
G =0 at r >ry when t =0 (2-12b)
3G _ g atr=r when t > 0 (2-12¢)
r si | -

where gy is the radius of the sphere of influence. From
the single droplet evaporation rate, a semi-empirical
expression was derived to describe the evaporation rate of
the spray.

Hof fman and Gauvin (refs. 2-16, 2-17, 2-18)
studied spray evaporation in a high temperature environment.
Their investigation is in three parts. The first part deals
with radiant heat transfer to clouds of droplets and
particles. The difficulties inherent in the calculation of
the absorption of thermal radiation by clouds Sf particles
suspended in an absorbing gas medium was discussed. The
method of formulating radiation configuration factors for a

cylindrical column containing an absorbing medium was



presented and some of these configuration factors have been
calculated for their particular experimental eguipment.
Part two deals with the calculation of the evaporative load
distribution in a spray of droplets suspended in-an absorbing
gas medium contained in a cylindrical column after a
temperature profile for the gas has been assumed. Their
calculated results emphaeize_the importance of the physical
characteristics of the spray, such as initial drop size and
distribution, drop velocities and spray angle. Part three
deals with the method of calculating the heat flux
distribution along the hot walls of a vertical cylindrical
column containing a suspension of evaporating droplets in
an absorbing atmosphere flowing downward.

Dickinson and Marshall Jr. (ref. 2-19) developed
the mathematical equations for the evaporation of sprays
with non-uniform drop size distribution. The problem was
divided into two cases. Case I dealt with sprays which have
sufficiently low relative velocities, so that the rate of
evaporation corresponded to zero velocity conditions. Case
ITI dealt with sprays which have appreciable relative velocity.
The heat transfer rate approach was used to calculate the
rate of evaporation of a single drop. To obtain the
evaporation rate of sprays, four types of drop size
distribution were considered. These are: (i) Log-normal,
(ii) Square-root normal, (iii) Rosin-Rammler, and (iv)

Nukiyama-Tanasawa relations for drop size distributions.
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In summary, all theoretical developments of the

Spray evaporatlon problem can be criticized on a multiplicity
of points. The principal objection is that dynamic spray
evaporation is either treated from (i) the standpoint of the
behavior of some average droplet in the ensemble, followihg'
an empirical evaporation law for a moving droplét, or (ii)
from a consideration of the entire drop ensemble following
the Maxwellian evaporation law for'a static drop. Ezxcept in
Benson's work, the evaporation of individual drops has been
conslidered as taking place in an infinite medium, thus
neglecting the mutual influence of neighboring drops.
Another objection is the use of the various drop-slze
distribution relations which are assumed to be wvalid through-
out the life-time of the spray. This is certainl& not the
case since the evaporation rates of the drops change with
time and the drop-size distribution in the spray also changés.

..It‘would appear that much experimental work on
Spray evaporations is needed, before any radical development
can be made in the theory of spray evaporation in combustion

chambers.
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Chapter III

Literature Survey - Experimental Studies

To obtain a fu11>understanding of the spray
evaporation process, it is necessary to have complete know-
ledge of the mechanism of evaporation of the individual
droplets that make up the spray. It is therefore approp-
riate to briefly survey experimental studies on single

droplet evaporation before reviewing spray evaporation

studies.
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3.1 Single droplet evaporation studies

Nearly all measurements of droplet evaporation in
a moving gas stream were carried out on droplets which were
suspended from filaments. This technique appears to be due
to Frossling (ref. 2-4) and has been adopted by most.othér
workers. The method involves picking up a liquid drop and ‘
suspending it on the end of the fillament. This is then
placed in the air stream which is maintained at a fixed
temperature and linear velocity. The change of the drop
diameter as function of time is obtained from successive
photographs of the drop. The droplet evaporation rate is
calculated from these data. |
Frdssling pointed out the principal sources of
error which arise in connection ﬁith his method. Since
these errors apply generaily to all such single droplet
evaporation studies, they will be listed below:
a). Deviation from spherical shape -
Appreciable distortion occurs only to
comparatively large drops.
b). Compressibility of the surrounding gas. -

For flows over a sphere, the radially |

dependent pressure variations are of the

order 6f magnitude of the dynamic pressure.

Only in the range of low velocities may the

ccmpressibility of the gas stream be

neglected at the leading point of a small
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evaporating droplet.

c¢). Effect of Turbulence - At low intensities
of stream turbulence, the effect of tur-
bulence on droplet evaporation of small
drops is negligible.

Other sources of error include transient condition
of evaporation, assumption of saturated wvapour pressure at
the drop sSurface, and the deviation of the vapour from the
Ideal-Gas Law.

Frdssling's measurements were obtained from evapo-
rating drops of nitrobenzene, aniline, water and naphthalene
in an air stream maintained at an ambient temperature of
20°C. The time rate of change of d2 was shown to be directly
Proportional to the Square root of the stream Reynold's
number.

Bradley et al. (ref. 3-1) studied the droplet
evaporation rate at low bpressures by means of a microbalance.
Their experimental data verified Fuch's theory on droplet
evaporation at atmospheric pressure.

Ranz and Marshall Jr. (ref. 3-2) investigated the
factors which influence the rate of evaporation of pure
liquid drops. Their results confirmed the analogy between
heat and mass transfer of droplet evaporation at low
Reynold's numbers.

Hoffman and Gauvin (ref. 3-3) measured the evapo-

ration rate of stationary droplets of water, methanol,




cumene, pentane'and benzene in high temperature surround-
ings. Their results satisfied the d2-l1aw of droplet evap-
oration.

Priem et al. (ref. 3-4) measured temperature,
mass and radius histories of small drops of different'hydro—
carbon fuels. They found that an appreciable portion of
the drop may be vaporized during the "heating-up" period
of droplet evaporation. They also showed that a quasi-
steady film theory could accurately predict droplet his-
tories at atmospheric pressure and a wide range of am-
bient temperature, air velocity, and droplet size.

Savery and Borman (ref. 3-5) measured the size
and temperature histories of vaporizing n-heptane and
Freon-13 droplets suspended in a hot air stream of pres—
sures up to 100 atmospheres. The quasi-steady film theory,
which was reported by Priem and co-workers, was modified
and appligd to high pressuré evaporation studies. Al1l
their calculated size and temperature histories of droplet
evaporation were found to agree with their experimental

data within the estimated uncertainties.

29
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3.2 Spray evaporation studiles

Measurement of spray evaporation in a moving gas
stream 1s difficult because it requires a rather cohplete |
knowledge of the drop-size distribution at several points
along the alr stream. An experimental technique is satis;
factory only if it can measure the drop-size distribution
without disturbing the flow. The earliest significant ex-
perimental work on'spray evaporation is largely concerned
with the ignition and combusﬁion.of ligquid fuels in com-
pression-ignition engines.

Wollers and Ehmcke (ref. 3-6), in connection with
thelr work on diesel engines, studied spray evaporation on
a variety of fuel oils. Their technique was‘to inject a
fuel spray into a preheated bomb at relatively high'pres—
sures. The pressure-time and tempefature data were then
used to determine the spray evaporation rate. They con-
cluded that ignition in the diesel engine does not require
fuel vaporization. Unfortunately, this conclusion was
misinterpreted by a number of other investigators, who con-
cluded that not only did vaporization have no effect on
the combustion process, but that ignition started in the
liquid phase.

Rothrock and Waldron (ref. 3-7) used high-
speed cinematography as a means of measuring the variation
of fuel-spray vaporization with engine speed. They found

that considerable vaporization of the injected spray
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oceurred between injection and combustion and that spray
evaporation markedly influenced the rate of combustion in a
high-speed compression-ignition engine.

Selden and Spencer (ref. 3-8) investigated the
evaporation of fuel-oll sprays by injecting the fuel into
a heated and pressurized bomb. Pressure change in the bomb
was monitored. This study furnished considerable data con-
cerning the initial heat exchange between the inert gas in
the bomb and the fuel spray. However, the rate of evapo-
ration can not be determined from this experimental data.

Godsave (ref. 3-9) in his study-of fuel spray
combustion concluded that spray evaporation was controlled
by two distinct rate-determining mechanisms. At.relatively
low temperature, the evaporation is governed by diffusion.
In this case, vapour pressure of the fuel is the predomin-
ant parameter. At elevated temperatures, heat transfer
rate to the spray is the most important quantity.

Sacks (ref. 2-13) studied the evaporation rate of
a kerosine spray which was produced by a pressure-jet
atomizer operating at 50 and 80 psi fuel injection'pressure.
The ambient air had a temperature of 22°C and the pressure
was approximately equal to the standard atmosphefe. His
experimental method consisted of passing a slow stream of
air at a constant rate through a spray. The rate of evap-
oration was estimated by determining the concentration of

fuel vapour in the air leaving the chamber.
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Bahr (ref. 3-10) investigated experimentally the
evaporation and spreading of isooctane sSprays over a range
of inlet-air conditions common in ram-jet engines. The
distribution profiles were measured over the following
ranges of variables: inlet-air temperature, 540°R to 850°R;
inlet-air velocities, 100 to 350 feet per second; inlet-air
static pressure, 18 to 35 inches of mercury absolute; fuel-
injection pressure drop, 25 to 85 psi; diameter of fueli
injector orifice, 0.024 to 0.041 inch; and axial distance
from fuel injector, 5 to 18 inches. Empirical expressions
were obtained which related the evaporation rate and the
degree of spreading of the sprays to the experimental
variables. ’

It was found that:

a). Evaporation rate increased with increasing
air temperature. This was attributed to
the greater heat transfer to the evapora-
ting liquid drops.

b). ﬁigher temperature decreased air density,
thus allowed greater upstream penetration
of the spray and longer residence time.

c). The degree of spray evaporation was found
to increase with air velocity. This
influence was probably the result of a
combination of factors. FinerAatomization

of the injected fuel and higher heat
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transfer coefficients between the air
and droplets would be expected at the
higher air velocities. These factors
served tq increase spray evaporation.
However, greater air velocities would‘
also be expected to decrease the resi-
dence time of the spray. - Shedding of
the vapour boundary layer of the drop is
also a factor.

d). An increase in air pressure decreased
the degree of spray evaporation. An in-
crease in air density caused a shorter
upstream penetration, thus shorter spray
residence time.

e). Higher injection pressure produced finer
spray and as a result, a higher evapora-
tion rate.

£). - The dégree of spray evaporation was un-
affected by changes in the diameter of
the injection nozzle.

Ingebo (ref. 3-11) used a droplet camera to ob-
tain drop-size distribution and drop-velocity data for
isococtane sprays injected into a turbuient air stream.
Evaporation rates and drag coefficients were calculated for
isooctane drops accelerating and evaporating in air stream

having velocities of 140 and 180 feet per second. The
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evaporation rate of a drop was determined from the heat-
transfer equation, and a semi-empirical expression for spray
evaporation was obtained from this single droplet analysis.

Fledderman and Hanson (ref. 2-14) investigated
the effect of turbulence and relative velocity upon the
evaporation of a liquid fuel spray. A hollow-cone-spray,
with the maximum mass distribution located away from the
nozzle axis, was used. It was found that an increase in
turbulence iﬁtensity increases the evaporation rate of the
spray. They also concluded that the effect of turbulence
did not appear to work throughnthe Reynolds number but
Seemed to be due rather to an increase in the coefficient
of diffusion.

Benson (ref. 3-12) measured the rate of evapora-
tion of a spray in an air stream. His method is based on
the cooling produced when a Spray evaporates adiabatically.
By measuring the air stream temperature at various down-
stream locations, the rate of evaporation was determined.
The equipment works well when the air stream is.at room
temperature. However, when high temperatures and pressures
are involved, this experimental technique would require
very complicated equipment.

Sjenitzer (ref. 3-13) studied the evaporation of
a liquid spray injected into a gas stream. In order to
make the problem manageable mathematically, he assumed a

uniform spray droplet size. The analysis is based on
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Frossling's empirical formula for the evaporation of a
spherical liquid droplet in a moving gas stream and Ingebo's
expression for the instantaneous, unsteady-state drag co-
efficient of evaporating droplets.

Sandri and Wong (ref. 3-14) determined experi-
mentally the average life time of sprays at high tempera-
tures, and pressures. The method involves injecting liquid
fuel, such as ethyl alcohol or n-pentane, into a closed
chamber filled with nitrogen_gas at high temperature and
pressure. The evaporation of the liquid droplets in the
chamber decreases the gas temperature and consequentiy
céuses a pressure.decrease. Since the duration of the ex-
periments 1is of the order of 100 milliseconds, the amount
of heat transferred from the chamber wall to the gas is not
appreciable. Thus, by ﬁeasuring the pressure drop cor-
responding to the known amount of liquid fuel injected,
the evaporation lag can be determined. The limitations of
the apparatus were pointed out to be:

(l)_ The evaporation éhamber was not large
enough, and

(2) only 1liquid fuels that wet glass and metal
surfaces well could be examined, because
of the particular fuel injection guantity
measuring method used. _

Newman and Brzustowski (ref. 3-15) investigated

the behaviour of liquid sprays at pressure and temperature
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close to the critical properties of the injected liquia.

The geometry of the spray was studied by photographic means.
Data on the dynamic and thermai‘characteristics of the spray
were also collected. Six different regimes of jet behaviour
have been identified. The two-phase spray was treated
analytically asAa turbulent submerged jet. Conservation
equations of mass, momentum, energy, and a modified jet
propagation equation were solved to give the axial velocity,
concentration and temperature difference decay rates.

The problem of spray evaporation under high
temperature and low pressure conditions appears to have
received considerably more atteﬁtion from both theoretical
and experimental standpoints. The reason for the lack of
experimental data on spray evaporation under high tempera-
ture and high pressure conditions can be traced to the
inherent difficulties associated With measuring spray
evaporation under such conditions. It would appear that
experimental techniques for studying spray evaporation at
high pressure and high temperature are needed.

An extensive literature survey on sprays can
be found in "Spray Literature Abstracts" by De Juhasz

(ref. 3-16).
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Chapter IV

Spray Evaporation - Analytical Study

4.1 Description of phenomenon and Outline of Analytical
Treatment

When liquid fuel is sprayed through an injector .
into an enclosure filled with an inert gas at high
temperature and pressure, heat transfer takes place between
the droplets of the liquid spray and the surrounding gas.

The ensulng evaporation of . the droplets decreases the gas
temperature and consequently causes a pressure drop within
the enclosure. The pressure drop at any time aftér the
beginning of injection will always be smaller than that which
would occur if all the injected fuel were immediately
vaporized. The condition that would be required for such
instantaneous evaporation is that the heat transfer rate
between the hot gas and the droplets in the spray be infihite.
This of course cannot be achieved in practice. However, the
theoretical pressure drop for this hypothetical case can be
calculated and thence the Evaporation Lag, previously defined,
can be determined. Frcm the Evaporation Lag, the lifetime

of the spray can then be calculated.

The object of this chapter is the derivation of an
expression of the 1ifetime of a spray. In this analytical
development, the following sequence of steps take place.

Section 4.2 contains the theoretical description

of the spray, the formulation of the problem and the
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Justificatlon of assumptions. Section 4.3 gives the basic
equations. The 1ldeal gas P-V-T relationship is used. In
section U4.4.1, the basic equations are solved to give a
total of four sets of expressions for the hypothetical
instantaneous.temperature and pressure decreases as functions
of injected fuel mass to linert gas mass ratio, X, or the
mass ratio of the injected fuel to the cooled portion of
the lnert gas, x'. Normally, the last set of expression
wlill be used as the reference standard because it 1s the
most general solution. The other three sets are special
cases of the general solution. Therefore, a certain amount
of repetition in the analytical treatment will be evident
in this section. However, it was decided to present the
analysis in this manner to show the theoretical development
sequence of the present study. Consequently, in section

L. 4,1, the most simplified special case,.i.e. by treating
the fuel vapour as an ideal gas during isothermal compression,
is considered first. The specific.internal energy of the
fuel vapour remains constant during this process. Also,

the entire inert gas mass is assumed to be cooled uniformly.
When solutions of the basic equations were obtained, the
next logical step for improving the solutions was taken.
This is accomplished by assuming that only a portion of the
inert gas in the evaporation chamber, i.e. the portion
occupying the same volume as the spray and the fuel vapour,

is cooled to a uniform temperature while the remaining
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portion maintains its original temperature. This means

that the continuous mixture temperature profile at any cross
section is replaced by a rectangular curve. This curve has
a discontinuity at the boundaries of the spray cone and a
magnitude equivalent to the average temperature decrease
within the spray cone. The governing equations again can be
solved. In section 4. 4.2, real vapour properties are
considered in solving the basic equations to further improve
the analysis. Changes in specific internal energy of the fuel
vapour during isothermal compression is accounted for. Again,
the entire inert gas mass was considered, in the first case,
to have been cooled to a uniform temperature. In the second
and most general case, only a portion of the inert gas mass
is assumed to be cooled uniformly. A comparison of the
hypothetical pressure decrease for ethyl alcohol between

the ideal gas and non-ideal gas solutions is presented in
section 4.4.3. In section 5.5, a formula which describes
the liquid fuel mass existing in the evaporation chamber

at any time during the fuel injection period isg derived.
This formula is used in the development of equations in the
following sections and is vélid for both ideal and non-ideal
cases. In section 4.6, the conditions in the evaporation
chamber during fuei injection are considered. The energy
balance equation and the basic equations of section 4.3 are
solved to give expressions for the actual temperature and

pressure drop as functions of injected fuel mass and the
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mixing characteristic, «. From these expressions and
those in section U.4, the lifetime of a spray is derived
(equation 4-69d for an ideal gas; equation 4-85 for a
non-ideal gas). However, certain experimental information
is required before this expression can be used. In the
derivation, one has to introduce into the energy balance
equation a certain heat transfer characteristic of the
equipment. This heat transfer characteristic'is unique for
any given set of operating conditions and can not be
determined theoretically. Therefore, experimental data
must be used for an estimation of this characteristic.
Section 4.7 results in relationships describing the end
of liquid fuel evaporation; These are necessary in order
to fix a reference time on the experimental data. The
heat tfansfer characteristic of the équipment is then
estimated from the experimental daﬁa beyond the reference
time. Section 4.8 then contains equations for estimating
the heat transfer characteristic of the equipment for the
ideal gas and non-ideal gas  cases.

With this additional information, the lifetime

of the spray can be calculated.




4.2 Theoretical Model Spray

A theoretical analysis will be performed modelling

the continuous liquid fuel injection and the subsequent

breaking up and evaporation processes in a closed chamber at

high temperature and pressure. The theoretical model spray

is assumed to possess the following characteristics.

a).

b).

The liquid fuel mass.injection rate is
constant. In any real situation, the fuel
injection rate varies from zero at time zero
and increases to a constant value in a very
short time. By keeping the initial transient
period to less than 1% of the total fuel
injection period, the constant mass injection
rate assumption gives a good description of
the actual phenomenon.

The initial droplet size is uniform and
constant at formation. It has been pointed
out by Giffin and Lamb (ref. U4-1) that both
the fineness and uniformity of a liquid spray
improve with increase in surrounding gas
pressure. At 400 and 600 psi, the droplet
diameter varies within a narrow range only.
Therefore, the above assumption is a good
approximation for this study. It also
simplifies the mathematical treatment and

description of the spray.




¢c). The mass evaporation rate of all droplets
having the same size is the same. However,
local conditions such as vapour concentration,
droplet spatial distribution, will create
some deviations. Nevertheless, the
mathematical simplicity introduced by this
assumption Jjustifies its adoption in the
present analysis.

d). The mass evaporation rate of the spray is
constant over the entire fuel injection
period and is the same as the mass injection
rate. This assumption is valid except for a
short initial transient period.

e). There is no wall effect. The surrounding is
considered infinite.

f). The evaporation process of the spray is
assumed to be quasi-steady. Since the
temperature drop and consequenﬁly the
pressure drop is kept small, this assumption
should not introduce any significant error
in the analysis. The initial transient be-
havior of the spray is not considered because
it covers only a relatively short period.

For the analysis, the whole physical evaporation

process is divided into five distinct periods. These are:

1). Before injection - A period up to the moment




2).

3).

by.
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of liquid fuel injection into the evaporation
chamber, for which the state of both the
liquid fuel and the inert gas are well
defined.

Transient period of liquid fuel injection or
liquid fuel build-up period - A relatively
short period beginning at the instant of fuel
injection and ending at the instant when the
evaporation rate equals the injection rate.
Droplet build-up terminates at this point.
Quasi-steady state fuel injection - A périod
during which the temperature and pressure of
the mixture of fuel vapour and inert gas in
the evaporation chamber change only very
little. The liquid fuel injection rate re-
mains constant and is identical to the
evaporation rate. Approximate mathematical
expressions for both temperature and pressure
of the mixture can be developed as a function
of the injected fuel mass.

After fuel injection; evaporation of re-
maining droplets resulting in further
temperature drop - During this period, the
remaining liquid fuel mass decreases with
time and tends to decrease the temperature of

the fuel vapour and gas mixture. On the
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other hand, heat transfer takes place from
the chamber wall to the mixture and tends to
increase the mixture temperature. As long
as the effect of the first phenomenon is pre-
dominant, the mixture temperature and
consequently the pressure will continue to
drop until both phenomena have equal effects,
and the mixture temperature and pressure
gttain minimum values. For this period, a
mathematical formula can be derived to
describe the remaining liquid fuel mass at
any specific time within the period.

After fuel injection; warm-up period - At the
beginning of this period, some liquid fuel
still remains. However, droplet evaporation
has less influence on the mixture temperature
than thaf of heat transfer. The net result
is a slow rise in mixture temperature. When
all liquid has evaporated, the mixture
temperature continues to rise because of heat
transfer. The final mixture temperature is
identical to the initial temperature of the
inert gas. The final pressure, on the other
hand, will be above the original value due to
an increase of mass within the evaporation
chamber. Approximate mathematical expressions

for this period can be developed.
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4.3 Baslic Equations

.Theoretical calculations of temperature and
pressure drops are bésed on the Ideal Gas Law, the internal
energy equation and the conservation of mass for the inert
gas and fuel system. Let V be the volume of the evaporation

chamber,m1 the mass of inert gas in the chamber, M., its

1
molecular weight, m, the mass of injected fuel and M2 its

molecular weight. Then, assuming that the gas is cooled

uniformly by the spray, we have before injection
PV =-IRT (4-1)

where the subscript "o" refers to initial conditions,
subscript "1" refers to the inert gas.

After evaporation of the fuel, one has

+

EL?

[
Zh?

PV =( ) RT (4-2)

2
where subscript "2" refers to the fuel.

Neglecting the kinetic energy of the liquid fuel,
the internal energy of the gas and fuel system must be

constant and is given by the internal energy balance
= L
mieq + m,e, mlel’0 + m2e2,0 (4-3)

where eq and e, are the specific internal energies of the

inert gas and fuel respectively.
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If only part of the gas is cooled by the spray,
equation (4-1) still holds. However equations (4-2) and
L
(4-3) must be modified. Assume that m; 1is the mass of gas

which is cooled, then after fuel injection, one has

T T
m - m m m
Pv=-2_"Lro 4+ (Et+_2)RT (4-1)
T o ¥ Mt m,

The internal energy equation for the system is now given by

4 4
(my = my) ey o+ m e +mye, =me; 5+ me,

(4-5)




4.4 Development of Hypothetical Instantaneous Temperature

and Pressure Drop Formulae

Solution of the basic equations gives the
"Hypothetical Instantaneous Temperature and Pressure Drop
Formulae", when heat transfer from the chamber wall and
evaporation lag are neglected. Four sets of solutions will
be given. Case I, the fuel vapour is considered ah ideal
gas. Case II, the fuel vapour is.considered a non-ideal gas.
For each case, the gas in the chamber is cooled either
uniformly or partially.

Consider the case when the gas is uniformly cooléd.
The specific internal energy of the gas at the end of fuel

evaporation is:

e, = el,O + cvl (T -~ To) (4-6)

where cvl is the specific heat of the gas at constant volume.
For the fuel, an arbitrary path is chosen such that
the physical properties of the ligquid fuel being investigated
are available for all processes between the end states.
Since the specific internal energy is a property, i.e. a
point function, its change between any two states is
independent of the processes which brought about the changef
The arbitrarily chosen path is:
a). Decrease of initial pressure to 1 atmosphere
at constant temperature. The specific

internal energy of the liquid fuel remains

the same when it is assumed to be independent

K7



of pressure. |

b). Heating-up of the liquid fuél to its boiling
temperature at constant atmospheric pressure.
Increase of the specific internal energy of

the fuel 1s accounted for by the term

where'c2 is the specific heat of the liquid

fuel, Ts its normal boiling point, T the

2,0
initial temperature of the liquid fuel.

c). Isobaric evaporation of the liquid fuel at
atmospheric pressure. To derive an expression
which describes the specific internal energy
increase during this process, the definition
of enthalpy and the first law of thermo-

dynamics are used. The specific enthalpy is

given as

h=e + P v ¥

where P is the pressure, v the specific

volume. In differential form, it becomes

dh = de + P dv + v 4P . (4-7)

¥
Units must be consistent
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From the first law of thermodynamics, one has

de = dq - P dv (4-8)

where dq is the heat transferred to the fuel.

Elimination of "de" from these two equations

gives
dh = dq + v 4P (4-9)

The heat supplied Aq to the fuel increases the
enthalpy by an amount Ah. In this case, the
change in enthalpy is termed the latent heat
of evaporation and is denoted by L2.
Referring back to the definition of the
specific enthalpy, the change in specific

internal energy due to a phase change is given

by

Ae = Ah -~ PatAv = L Av

2 ~ Pag

where Pat is atmospheric pressure and
Av = Vat,s where vat,s is the specific volume
of the vapour at atmospheric pressure and
temperature TS.

Heating-up of the fuel vapour to its final

temperature by a constant pressure process.

The specific internal energy increase is given

by
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as

P T
e dT - P (v, - v__) = c. ar - 2T . p 4
i Py at' at at "at,s

'O
n

=
n

where Vat 1s the specific volume at .
atmospheric pressure and the final temperature
T. |

e). Increase of vapour pressure to its final value
by a constant temperature process. This has
two possibilities depending on whether the

vapour 1s considered an ideal gas or a non-

ideal gas.

The ideal gas apprbximation is used, since gt low pressure
and high temperature this assumption is valid.
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4.4.1 Case I. Fuel Vapour is considered an ideal gas

In process (e), compression of the vapour at
constant temperature does not change its specific internal
energy. The work done on the fuel vapour is extfacted from
it in the form of heat loss. In equation form, the specific

internal energy of the fuel is therefore

The specific heat at constant pressure cp2 which appears in
the last integral is variable with temperature. However,
the final temperature T of the gas decreases from its
original value To only by a comparatively small amount
during fuel injection. It is therefore possible to simplify

the above equation by letting

T T,
aT = c dT + c T — T
[ °p, [ P, p, ¢ o’

where 35 is an average value of cp for the comparatively
2 2
small interval To -~ T and the first integral on the right-

hand side has a constant value. So one has
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1if c, is not constant, the integral

is integrated either analytically or numérically.

With the assumption that all the heat for
evaporation comes from the hot gas, the résulting formulae
for the hypothetical instantaneous pressure and temperature

decreases of the system must then be functions of the fuel

to gas mass ratio

X = — (4-11)

T P
1 b.+]° e ar+| e ar-3 T
B. = -
175, T |2 2 D, p, ©
1 iy by
2,0 S
(4-123)
oMy . )
po= L -12b
M,
- (R/M
1 C
Vi

equation (4-10) becomes
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e, f e2’O + vy cvl Ti + By cvl T, (4-10a)

where Ti is the hypothetical temperature when the vapour is
considered an ideal gas. Substitution of equations (4-6)
(4-10a) into equation (4-3) gives

ml(Ti - T)) + m,, (BiTo + YiTi) =0 | (4-3a)

Making use of equation (4-11), equation (4-3a) can be re-

arranged to give the instantaneous temperature decrease

(Bs+vy) |
ATi = To - Ti = To X —(T'Yix)— (4-13)

The corresponding pressure decrease expression is obtained
from equations (4-1) and (4-2). Dividing equation (4-2) by
equation (4-1) gives

Pi Ti
po-r (1 +
(o] (o]

T

m,.M . :
oMy i
) = (1 + xu) (4-14)
my M, To

Making'use of equation (4-13) and eliminating T,/T, from

equation (4-14) gives

AP, = P - P, = POX

Equation (4-15) gives the instantaneous pressure decrease in

the evaporation chamber due to liquid fuel spray evaporation.
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If only part of the gas is cooled, equations
(4-4) and (4-5) must be used in the derivation of the
hypothetical instantaneous temperature and pressure decrease

expressions. Now define

N

X' = (4-16)

Substitution of equations (4-6) and (4-10a) into equation
(4-5) gives

| = - -
mlT1 + m2YiTi miTo m2BiTo (4-17)

where Ti is the hypothetical temperature when part of the gas
is cooled and the vapour is considered an ideal gas.

Dividing equation (4-17) by mi and making use of equation
(4-16) gives

=+ = (4-18)
To (1 + x'Yi)
] 1 ' Bi * Yi Yy
or ATi = TO - Ti = Tox _IL_'*'_?_:L—X—' (4-19)

Equation (4-19) expresses the hypothetical instantaneous

temperature decrease when the cooled portion of the hot gas
is mi.

The corresponding pressure decrease expression is
obtained by dividing equation (4-4) by equation (U4-1) and

making use .of equations (4-12b), (4-16) and (4-18). The
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resulting expression is

(B;+y,-u) + B.ux'
= - = i i i
APy = Py = Pj = PoX [ T+ vx° (4-20)

Equation (4-20) can be simplified further if Tix' << 1

because

! ~
T+ v’ &7 Yax'

Making this substitution, equation (4-20) becomes

(4-21)

The validity of the approximation can be investigated with
the following typical example. |

Consider the initial conditions of the evaporation
chamber as follows:

a). Inert gas - Nitrogen

b). Temperature - 800°F (689.8°K)

¢). Pressure - U400 psig.

d). Volume - 82.36 liters (constant)

The mass of nitrogen gas in the evaporation
chamber is 1132.6 grams. Assume that 20 c.c. of ethyl
alcohol is injected. At 0°C, ethyl alcohol has a density of

0.80 gm/c.c. The mass of ethyl alcohol injected is 16 grams.

g
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Assume that only one third of the nitrogen gas is cooled,

then

X' = 0.042,38

For this combination and initial conditions, Cp2 is given by
(Ref. L4-2) | |

Cp, = 4.946 + 0.049,08T — 0.000,023,855T2 + .000,000,004,5T3

and Ebz ~ 0.628 cal/g.°C. R = 83.15 x .0244. M, = 46.07g.
and Cvl = 0.197,32 (Ref. 4-3).
From equation (4-12c¢)
_ 0.628 — .0244 x 83.15/46.07 _
Yy < 0.197 = 2.964
and y;x' = 0.125. The error introduced through the

approximation is

(I;;ziTy - (l—YiX )

1
(T+y;x ™)

and is within the limit of experimental accuracy.
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h.y,.2 Case IX. Fuel vapour considered as a non-ideal gas

The first four processes 1istéd in section 4.4
still apply. Process (e), the increase of vapour pressure
to its final value by a constant temperature process will
however in the non-ideal case cause a change in the specific
internal energy. This change is calculated in two parts.
The first part consists of a change from the initial state
of the process, T = To and P = 1 atm. to the initial
conditions existing in the chamber, T = To and P = P_. This

o
is given by

e2(To, Po) - e2(To, P =1 atm.)

The second part consists of changes due to deviation of

temperature from To and pressure from Po and is given by

d[ez(T,P) - e2(T,P = 1 atm)]

Bez(T,P) aez(T,l) 3e2(T,P)
= — - |57 aT + _——55—-_ dp
P P ‘ T

For small changes in temperature and pressure, the partial
derivatives can be determined by assuming the changes follow

a linear relationship.
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Lot 8e2(T,P) 8e2(T,1)
e T | " || =2
P P
4 aez(T,P)
an I -
K T

Then, the total change in specific internal energy for the

process is
e2(To,Po) - e2(To,1) f a(T—To) + b(P—Po)

where a and b are to be determined from available data for

the fuel vapour. For ethyl alcohol, a and b are célculated

from figure (5-1).

The specific internal energy of the fuel is

therefore,

S
e, = e2’0 + [ Csz + L2A- M l CPZQT + e2(To,Po)
T T

(4-22)
- e2(To,l) + a(T—TO) + b(P—Po)

Equation (4-22) is simplified as in section 4.4.1 to give

S o
RT T
= - o= + dT + C_ (T-T
€y = €y o * I C,AaT + L [T cp2 p2( o)
T

(4-22a)

_ - + bP - DbP
+ e,(T_,P ) - e,(T ,1) + aT - aT, + D o
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Values for ez(T,P) are obtained from figure (5-1) by letting

e,(T,P) = hy(T,P) - Pv, .
Again, assuming that all the heat for evaporation
comes from the hot gas and that the heat transfer rate is
infinite between the two substances, the temperature and
pressure decreases caused by immedliate complete evaporation
of injected liquid fuel may agaih be expressed in terms of
dimenslionless constants and the fuel—to—gas mass ratio, x.
To derive the formula for the hypothetical
instantaneous temperature decrease we introduce two new

dimensionless constants

T T

s o
_ 1 -
Bn = m—o- [L2 + [ Csz + l szdT + e2(TO,Po) e2(To,l)
1 TZ,O TS
(4-23a)
- Cp T - aTo - bPo]
2
Eb + a — =/
v = =2 2 (4-23b)
n C
V1

Substitution of equations (4-12b), (4-23a), and (4-23b) into
equation (4-22a) gives

e2,0 + YnCv Tn + Bncv

L lTo + bP_ (4-22b)
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where Tn and Pn are the hypothetical temperature and pressure
respectively for the non-ideal gas case.

Next, equations (4-6), (4-22b) are substituted
into equation (4-3) to give

bP :
n - .
ml(Tn—To) + mZ(BnTo t YTy * E;fo =0 (4-24)
1
Making use of equation (4-11), equation (4-24) after re-
arranging gives the instantaneous temperature decrease for

the non-ideal gas case

b n
Yn* BptT T

v
AT_ = T T T X TF 7. (4-25)

. Eliminating Tn/To from equations (4-14) and (4-25) gives the

corresponding pressure formula

P L P . '
n_ (1+ yp) 4 b . _n -
= - XB. - X ) (4-26)
Po (1 + xyn) n : Cvl TO

Rearranging of equation (4-26) gives the instantaneous

pressure decrease as

(B, + Y, + & — 1) + (T + B )ux

AP = P -P_ = P x —>
n °© 1+ (v, + 2) x + uex

(4-26a)




where T =5 ° TQ (L-26Db)

Equation (4-26a) gives the pressure drop caused by
instantaneous spray evaporation when the fuel vapour is
conslidered a non-ideal gas. It has the same form as
equation (4-15) which is an expression for the pressure drop
when the vapour 1s considered an ideal gas. If non-ideal
effects are neglected, equation (4-26a) becomes identical to

equation (4-15).

When only part of the gas in the chamber is cooled,
we have from equations (4-5), (4-6), and (4-22b)

| ] 4 _ 'T III b P' (4_27)
m T, + myy, Ty = myT, - mB T, - m; 3 n

Vi

|

Dividing equation (4-27) by m,; and making use of equation
(4-16) gives

_ ‘ P
w 2. _n
T' (1 - X'Bn - X CV TO
- 1 (4-272)
To 1 + x'Yn A v
or
Pl
b n
(Yn + B, C, T;)
' -— ! = ' ‘ .1 4270
AT =T - T = T.x T+ XY, ( 7b)

The corresponding pressure decrease formula is

obtained by combining equations (4-1), (4-4), (4-12b), (4-16)

61
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and (4-27a) to give

' ' Byt Y, T - )+ (To+ B )ux!
P x
n n o 1+ x" v, + xt + xx'ug

(4-28)

It can be readily observed that this equation is the same as

equation (4-20) when non-ideal gas properties are neglected.
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4.4.3 Sample calculation of the difference between ideal
and non-ideal instantaneous pressure decrease for .
ethyl alcohol

It can be readily observed from equations (4-15),
(4-20), (4-26a) and (4-28) that the instantaneous pressure
decrease 1ls proportional to Po)é The influences of non-
ideal gas effects énd partial cooling of the inert gas are
accounted for in the fractlion which follows this product.
This fraction varies with both fuel and operating conditions.
_ Consider a typical example using nitrogen as the
inert gas and ethyl alcohol as fuel. The initial chamber

conditions are:

T = 900°F (755.3) °K

o
and P, = hi4.7 psia. For
x= 0.01 and x = .01/.3 = .03.
By = -.144,735 (section 4.4.1 , equation (4-12a))
Y; = 3.142,1 (section 4.4.1 , equation (4-12c))

From figure (4-1), appendix A

20,400-28.21x24.205%1.9 _
h6.07

haih.644 cal/g.

e2(To,Po) = h(TO,PO) - Pv

and e2(TO,1) = h(To,l) - v = 44k .3 cal/g.

e2(480°C, 1 atm.) 443 cal/g.

e2(M2O°C, 1 atm.) 406.276 cal/g.



e,(480°C, 30 atm.) 411.67 cal/g.

e2(420°C, 30 atm.)

375.098 cal/g.

e2(480°c, 20 atm.) 426.27 cal/g.

aez(T,l) e2(480°C, 1l atm) -~ e2(420°C, 1 atm)
3T, | T80°C —050°C = .612,06
. P
8e,(T,30)]  e,(480°C, 30) - e,(420°C, 30)
3T, = I80°C — §20°C = .597,633
. p ,
. de,(T,30) 9e,(T,1)
a = = | - |—=¥—| = -0.015,433
’ P » P
= = ~1.460

oP

[ae2(480, P)] e,(480,30) - e,(480,20)
b =
30-20
T

= . o _ _
c = C T - "'2819333:5

B 0.020,04 (section 4.4.2 , equation (4-23a))

n

Yn 3.062,431 (section 4.4.2 , equation (4-23b))

The two instantaneous pressure decreases are:

APg = P x(2.160) (Ideal gas formula, section 4.4.1,
' equation (4-20))
AP; = Pox(1.990) (Non-ideal gas formula, section
4.4.2 , equation (4-28))

It can be seen that the two differ by approximately 10%. ,‘.l
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4.5 Determination of the Liquid Fuel Mass existing in the
Evaporation Chamber during Injection

If we now consider the fact that evaporation of
the droplets require a finite time period, then the mass of
fuel existing in the liquid phase during injection is
determined in the following manner. The initial radius of
all droplets is assumed to be r,. Theory (Refs. 4-4, 2-3)
and experiments (Refs. 4-5, 4-6) nave shown that the

evaporation of droplets follows a quadratic law so that

r® =2 (1 - t7/ty) (4-29)

where t' 1s the age of the droplet, i.e. the time elapsed

after injection of the droplet, t. is the lifetime of the

L
droplet, and r is the droplet radius at age t'. For each

droplet having an age t', its radius compared to its initial

radius is

r _ _t'i% : _
;; = (1 tL) (4-30)

The corresponding volume of the dfoplet compared to its

initial volume is proportional to

(1 - E—')% (4-31)
n )

Consider an infinitely small period of time, dt', the liquid

fuel mass injected during this time is

r’n2dt ' (4-32)
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If the density of the liquid.fuel 1s assumed constant, the
droplet mass at any time t' when expressed as a ratio of the
initial injected mass 1s proportional to its volume ratio.
The mass of all droplets of an age between t' and t' + d4t'
will therefore be the product of the mass injected during
dt', given by equation (4-32), and the ratio given by
equation (4-31). In equation form, this is

dm(’“) = ﬁlzdt' (1-t'/tL)3”- (4-33)

where ﬁz 1s the rate of fuel injection.
During the initial transient period, if the
quadratic law 1s assumed, the liquid mass build-up 1s given

by integrating equation (4-33) from t'=6 to t'=t. This glives

t t

(2) _ ¢ £ty =27 t %
I dm = mZI (l—t at!' = 5 matL 1-(l-tL)

o o :

(4-34)

for t < tL.
The validity of equation (4-34) hinges on the assumption that
droplet evaporation follows the quadratic law. As long as
the quadratic law remains valid, equation (4-34) will give
the order of magnitude of the transient period. This is of
the order of tL.

The total mass of liquid fuel at any time during
fuel injection other than the initial transient period is

obtained by integrating equation (4-33) between t'=o and
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t'=tL. This gives
t:
m{%) - I am®) = 2 5 ¢ (4-35)
o

Ul

2L

This amount is constant during the injection period except
for the initial transient period.

So far in the analysis all liquid drops were
assumed to have constant density regardless of their
temperature changes. However, when the decrease in density
of the droplets is considered, equation (4-33) requires
modification. For a fixed mass, the change in volume, as a
result of temperature increase, is invefsely proportionalhto'
the change in density. Therefore, the equation which

describes the liquid fuel mass existing during injection is

my(1 = £ %
2 )
am%) = - L at ' (4-36)
(1 + 8AT)

where § is the volume expansion coefficient of the liquid
fuel, AT 1is the temperature change of the droplets. For
ethyl alcohol, & = 0.745 x 1073/°C and the critical
temperature of ethyl alcohol is Tc = 243.1°C. If the
injection temperature of ethyl a106h01 is set at 0°C and the
final temperature reached by the fuel droplets is the

critical temperature, then

AT = 243.1°C
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However, a majority of the liquid fuel droplets is at a
temperature closer to the initial injection temperaturé.
Taking the average change in droplet temperature equal to
one-third of the maximum temperature_change and that the
temperature change is a linear function of the droplet 1ife—

time, then for ethyl alcohol, equation (4-36) becomes

£y %

my(1 - &=
am(®) = L

(1L + .745 x 10”3 x 243 &£
3t

at’'

s, (4-37)
(1-8"
- 5 L
= m, = dt
(1 + .060,345 £=)
L

Since 0.060345 %l € .060,345 << 1 for 0 ¢ t' € tp,
L
T
1 e~ 1 - .060,345 &
1+ .060,345 & L

L

Using the above approximation, equation (U4-37) can be written

as
%

an®) = hy(1 - gD - £ at (4-38)

where n = .060,345.




Integration of equation (4-38) gives

t
() r;‘2 v g K2
m ot = n = (1 - £) at?
o]

"
Uil
He

L

(4-39)

= £y, (1 -2 )

Comparison ofvequations (4-35) and (4-39) shows that the two
calculated liquid‘masses during injection differ by the |
factor (1-2n/7). This factor can be considered as a
correction factor to the idealized condition. For the case
of ethyl alcohol, this factor has a value of 0.98276. The
error Iintroduced in the liquid mass calculation is less than
2% if the thermal expansion of the liquid fuel is neglected.
For liquid fuel with high §AT value, the term

1/(1 + S8AT) would be expressed in power series of the form

1
(1 + 8AT)

= 1 - SAT + (SAT)Z = (86AT)3 + ——— (b4-10)

Taking only the first four terms, equation (4-37) becomes
3
/2
2 3 '
2) _ t! t! t! . t '
dm( ~x |1l - n— + {ne— - In— miy{l - — dt
[ tL [ tL] [ tL 2 tL

Integration of equation (4-41) gives

69
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(2) Myt (1 - 20+ ghbn? - A3 (u-n2)

=
H
Ui

2 4 2 L8 3
where the correction factor is now (1 - Fn+g3n - ggz " )
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4.6 Conditions during Injection and Lifetime of gpray

We shall now consider the real conditions in the
evaporation chamber during fuel injection, taking into
account the finite lifetime of the droplets, heat transfer
from the wall and the fact that the entire mass of gas in-
the evaporation chamber is not at a uniform temperature.-
We shall, however, still make some simplifying assumptions
in addition to the ones outlined in section 4.2. These are:

a). The liquid droplets are considered to remain
at their initial temperature throughout their
lifetime. Many theoretical calculations have
been performed to determine the droplet
temperature and arrived at conflicting
results. For small droplets, verification of
these theoretical studies by direct measure-—
ment is difficult.

b). The fuel vapour, on the other hand, is
considered to be at the ‘temperature T of
the gas, neglecting the fact that part of the
vapour will still be at lower temperature
between'Ts and T.

c). For the inert gas it is assumed that part of
it remains at the originsl temperature TO
while another portion (of mass mi) is at

temperature T.
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d). The chamber wall, during the whole process,
is considered to remain at constant initial
temperature, To' This is very close to the
actual case because of the large mass and
heat capacity of the evaporation chémber used.

e). The volume of the liquid spray droplets is
neglected. The volume of the evaporation
chamber is 82.36 liters and the volume of the

" liquid spray droplets is approximately 0.025
liters. |

With these assumptions, we can now write the

energy balance equation for the different cases.
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4.6.1 Case I. Fuel vapour is considered an ideal gas

The energy balance equation is

t ot
dm(”’](ez-ez,o).= HSI (T -T)dt

mi(el-el,o) + [my(t) - I
o

o .
(4-143)
Here, H 1s the overall heat transfer coefficient and S is

the evaporation chamber inside surface area, and

t
m,(t) = mZI at . (4-44)
o .
t .
The term dm(z) has two forms depending on the time t. -

These are ®given by equations (4-34) and (4-35). Therefore
equation (4-43) also has two forms. For t < t;» equation
(4-43) can be written as

1 . - 2 t 5/2
ml(el-el,O) + {m2(t) - '5' Iﬁth[l-(l - -t_I:) ]}(ez-ez’o)

t o (4-45)
= HS[ (T -T)dt |

o

During this initial transient fuel injection period, the
right-hand side term of equation (4-45) is negligible
because of the small temperature gradient existing between
the evaporation chamber wall and the inert gas.

For t. < t, equation (4-43) becomes
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my(ey—e; o) + [my(t) = 0.4yt I(epme, o) =
(4-16)

t , t
= HSI (TO—T)dt = HSI (TO—T)dt
tL ~ o

Making use of equations (4-6), (4-10), (4-11), (4-12's) and
(4-16), equation (4-46) can be written as

t
K(T-T ) + (x-A)(B4T  + y;T) = —to— I (T _-T)at (4-47)
1 vy Jo

where ' A= 0.4 rﬁth/ml | . (4-48)

kK = x/x' = m:'L/ml ~ constant (within the time interval of
interest) | (4-49)
k is a mixing or Jet: spread coefficient. Equation (4-47) can
best be solved‘by approximation. The term on the right-hand
side of equation (4-47) while not negligible, is still small
compared to the other terms. Hence one finds a first
approximation for T by letting the right-hand side egual to
zero. This gives, after rearranging the term on the left-

hand side of equation (4-47).

(B: + v;)(x=2)
T T = T L =

o o Kk + Yi(x—k) (#-50)

Substitution of equation (4-50) into the integral in

equation (4-47) gives




t

(T -T)dt = ™ 9 4 22X 4

o~T)at = T (B,+y,) 3 YiX~k&nfl + = (4-51) .
o 2Y3

In view of the fact that x << 1 and A << X, the logarithm

can be expanded into a series. Taking only the first two

terms 1n the series expansion, one has

YiX
YyX = Kln[l + K-Yill
2.2
Y3X Y3 X

= YiX = K|—=%—~ -
P 2y )?

2 2
[2(K—Yik)2vix-2vix K(K—Yil) + ky;X ]
2(K-Yil)2

2,2

[-2ky; 2 + 2vfA° + wy;x]vix

2(K—Yik)2

Kvi(xz - 2%A)
2(K—Yik)2

R

¥2 (x-k)2 (4-52)
i 2K : :

Y
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In the derivation of equation (4-52), terms of lower order

of magnitude were dropped.

Now, from equations (4-47), (4-51) and (4-52)

2
_ _HS (x=A)° _
K(T=T ) + (Xx-A)(B T _+y T) = fi,C, T (B;+y; ) K52 =
1
' (4-53)
. 2
= . To(Bi-[-Yi)LX-;(L)_
where o = HS/ZIhZCv (4-53a)

1
Rearranging (4-53) gives

Y1 X=A (x=2)°
T[l + -—K—(x—x):l =T {1 - B8, X%+ “(31+Y1)‘XK2_

212 Y -1
or Tl='To 1 - 3iixiil + a(ei+yi)ixi%l— [i + 7}(X-A£]
(4-54)

Y5 -1 .
The term [l + 1%(x—k5] can be expressed in series as

2
. -1 . v5(x=2)°
[1 + %}(x_x{] = 1 - Ii(xfx) + 22 T ... (b4-55)

Substituting equation (4-55) into (4-54) and dropping terms

containing.(x—l)3 and higher order terms, equation (4-54)
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becomes
( A

=
]
H

K
K
. \ 4
Equation (4-56) gives an approximation to the evaporation

i : 2
1 - (By+y,) [ﬂﬂ - <a+vi>9L;‘)—]5 (4-56)

chamber temperature as a function of the injected fuel
quantity. The accuracy of this approximation may be tested

as follows:

First, differentiate equation (4-47) with respect
to t to obtain

aT HS

[ + (x-M)vylgg + (BT, + YiT)g%- = m, C (T,-T)
: : 17vy
(4-57)
ax _ B o
where 3F = 0 - (4-58)

Making use of the expression for d, equation (4-57) may be

written as

[k + (x-M)v 285 + [(B;-20)T_ + (y;+2)TIFX = 0 (4-59)

If the expression for T as given by equation (4-56) is exact,
the left-hand side of equation (4-59) shall be identical to
zero. When T is not exact, substitution of T, and dT/dt into
equation (4-59) would not satisfy the equality. The resulting
value, which differs from zero, is the deviation due to

approximation. This temperature approximation will now be




checked in the following manner.
Differentiation of equation (4-56) gives
dT

qE = = To(Byty )1 = (oty) (x-1)E1: & (4-60)

Substitution of equations (4-56), and (U4-60) into the left-
hand side of equation (4—52) gives, after simplifying,

2T

—2 (B,+y,) (oty ) (o + 311)( -1)2 (u—61>
2 P Y5 Yy 3 /X

which is of second order in (x-A), and is small compared to
the other terms.

The corresponding approximate expression for the
evaporation chamber pressure is derived from

1
my -y
M

m, - O.HmZtL
M

]
m

PV = IV[_l

1

+

RTo + RT (4-62)

1 2

and equations (4-1), (4-48) and (4-49) to give

P = P {(1-x) + [k+u(x-A) Iz} (4-63) -

o]

Substituting equation (4-56) for T/T  into equation (4-63)

gives

)2
P oa {1 = (Bytvy-i)(x-3) + (Bytyy) (oryy - XAy

(4-64)

78
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Equation (U4-64) is the approximation of the real evaporation
chamber pressure during fuel injection, developed from the
assumptions outlined at the beginning of this section. It
is noted that the ratio « appears only in a term of small
order of magnitude, i.e. the term containing (x—A)a..
Therefore, the spatial distribution of the spray droplets
has no more influence on the actual pressure than it has on
the ideal pressure, (see section 4.4.1, equation 4_21). One
interesting observation regarding equation (4-64) is that
when mi + 0, 1i.e. X' > ©» and k 0; P becomes infinite.’
Therefore, equations (4-56) and (4-64) are valid only when

K # 0. For the present study, x' has the same order of
magnitude as x, the value of k lies between 1/5 and 1.
During the fuel injection period, k is much closer to the
lower range.

The accuracy of equation (4-64) can be estimated
by comparing it to the ideal pressure decrease of equation
(4-21). If A = 0, i.e. no liquid droplets in the evaporation
chamber during injection; and o« = 0, i.e. no héat transfer,
equation (4-64) becomes after rearranging

Po=Py = Pox[(Bytyy—1) = (By+yy) (vy-wE1  (4-65)

which 1s identical to equation (4-21) since x/x = X'.
To derive the expression for the lifetime of the spray, one

requires the quantity




80

where both P ang dp/dxX are to be determineq éxperimentally.
We will define this quantity as A",

A" = (P-Pi)/%% (4-66)

Calculating A" fpom equations (4-64) ana (4-65a), one finds

(By+vy) 5 5
2(Bi+Yi)
B K(Bi+Yi—uF'(“+Y1‘“)FX‘A)

A+

(4-662a)

Expanding the denominator of equation (4-66a) in series gives

-1 :
2(Bi+v.) (x=2) o 2(BsHy ) (x=2)
i 1 - i i / -
[; © k(B Fy W Coky; —n) =1+ k(B Fy;—my ‘etyy—u)

"<31+Yi)2(x-k)2(a+vi-u)2 8(31+Yi)3(XfA)3(d+yi-ﬁ)3
+

> 3 —3 + ...
K2(Bi+vi—u) KZ(By+y ~n)

| (4-67)
Making use of equation (4-67), one obtains




n ( Bi+Yi ) 2 ‘N2
At = {A + K(Bi+yi-ﬁ7'[(°+Yi—")(XfA) = (v;-wx ]}

2(B3+7y) (X=2) Cotyy=1) BB +v,) 2 (x=0) P (aty -w)

1l + +

+ * ® @
2 N2 .

_ (4-68)
Dropping terms containing AZ, XA, and x3, equation- (4-68)

can be simplified to give

al(By+y:) 5

A" A+ (B, Frp-1) X (4-69)
Solving equation (4-69) for A giveé
(B;+v:)
A= A" -~ | Yl 2 (4-69a)

k(B ty;—1) X

Using the definitions of A and A", equations (4-48) and

(4—66), one obtains

m -(P-P,) a(B;+y;)
. 2 - 1 - i 1 2 4—6 b
0.4t m, - dP/dx K(B;+y;-u) X (4-69D)
ap M a(Bs+y;)m 5

0.4t, = —(P-P,)/(5= + =) - =—>— X (4-69c)

or L ( i dx my K(Bi+yi'u)m2

However, a§-= %% s therefore

0.4t = —(P~P;) /3¢ - Kx° | (4-69d)

&1
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b X m, HS (B;+v;) .
where = - . — . (4-70)
m5C K(By+y;-u)

For the evaluation of formula (4-69d), P and drP/d4dt

are taken from the actual pressure-time curve while P, 1is

i
calculated from equation (U4-20). The constant K, which has

the dimension of time, can be determined from a slow warm-
up curve as will be descriﬁed in section (4#.8). The first
term on the right-hand side of equation (4-69d4) (which is
positive) is the evaporation lag as defined in the
introduction. Apart from the term -Kx2 which allows for the
influence of heat transfer, the evaporétion lag is therefore
proportional to the 1ifétime tL of the droplets by the
factor 0.4.

It will be noted that the éorrection term in
formula (4-694) is negative and proportional to x2, hence to
the sduare of time. The formula is, of course, only an
approximation because the heat transfér coefficient H is not
necessarily the same during the slow warm-up as during

injection. Neither will the ratio k be quite constant.

However, H and k appear only in small correction terms.
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h.6.2 Case II. Fuel vapour is considered a non-ideal gas

The energy balancé equation is obtained by

combining equations (4-6), (4-22b), and (4-46) to give, for

tL <t

t
' .
m,C vl(T-To)+(m2-.llm2’cL)(YnCvlT+BnCvlTo+bP) = HSI (T -T)dt

ty,

(4-71)

From the modified equation (4-4), one obtains a relationship

between T and P as

m m m Lim, t P
P=J1-2p + |2+ 2q- =Ll 21 (4-72)
1 1 1 1 o
Py
or bP = (1-k) bPo + (k+xu-Au) b T T (4-73)

o

Substituting equation (4-73) into equation (4-71) and dividing

by mlel gives

t
- - - +(k+xu-2A T]= (T -T)dt
K (T=T )+ (x=1) [y, T+8 T +(1-K) TT +(k+xu-Au)zT] mleJo °

(4-71a)

Equation (4-71la) is solved by means of the approximation
technique of section (4.6.1).

Let

t
J (TO—T)dt = 0
o




8L

Then, equation (4-7la) gives

k=(x=2)B ~(x-2)(1-k)C

T _ _
T, = RFXEOVF (X-2) (RAXE=AT) (4-7%)
T T ' (v _+8 )#(1+xu-lu)c
T o . n n
d - m—— E c——— -
an 1 T, T_ (x=2) KF(X=A) Y+ (X=2) (KFXU-AN) T

(v, +8,) + (1+xu-aw)z

(4-75)
(B +2—KkZ) (x=2) -k
=T |1+ —> . 5
nex“+ (v rg-22uz) (x-2)-A"pe+x
But
2 _ 2 2 476
gux” = tu(x-A)° + 2xAgu - A"zu - (4-76)

Elimination of the term Cux2 from equations (4-75) and (4-76)

gives

TO—T x

+z-kT) (X=A) -
T |1 + — (Bn ; Ko X < (4-752a)
© zu(x-2) “+(y +xz) (x-2)+x
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and

]

t t
(B +5—-kZT) (x~A)-k
I (T,-T)at = T_t + TOI n 5 dt
o SHIX=A)"+(y +xT) (x-A)+x

=T0t+E—T

my X (B, +Z-KkT) (X-2)-k
2 © X

A 2
o TM{X=2)T+(y +kL) (x-2A)+k
(4-77)
Let X = x-A, equation (4-77) can be written as

t X=2A ' —
m (B_+z~kZ)X-k
| T

(T -T)at = T _t + = T — —
o m,, _y X +(yn+K;)§¢K

(b-772a)

The integrand of equation (4-77a) can be expressed in power

series
210%811% 310 , 211 _ 210°11 % 4
= =2 b Pio - b 2 |=
byotby XD, X 10 10
a- ~b 2 a-. b a- ,b
10211 10P12 11P11|<2
+ — — g X + o oo
b 3 b. .2 b. 2 |~
10 10 10
(4-78)
where a,, = ~K, 239 = (B+L-KZ), byg = K, by = Y, +KT,

by, = ZH.
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Taking only the first two terms in the power series and

substituting intc equation (4-77a) gives

3

© my X=A (XA v +r) _
(To-Tat = T t + =7 {-[ aX + X dX

A
[

o m, Y -A
l v
m (B +y _+%)
2
=22 B 2o
m,

(4-79)

Substitution of equation (4-79) into equation (4-Tla) gives

K(T—To) + (x—A)[ynT+BnTo+(l-K)cTo + (k+Xpu-Au)zT

HST (B_+v_+T) »
= 0 n '‘n (X2-21X)
2m.,C K
2 vl

(4-80)

or after rearrange

[2(B,_+v,+5) (X2=2Ax) +x—(x=2) B, ~(x-2) (1-x) ]
o K+(X=A) v +(X-2) (k+xu=-Ap) g

T = T
(4-80a)

The accuracy of this approximate solution may be investigated
by comparing equation (4-T74) with equation (4-80a). These

two equations differ by the amount

(g +y +2)(x°-2A%)

4-81
XM Y, + (X=X (RFXR-AW) T (4-81)




Using the numerical values of section 4.4.3 and otx= 1, the
numerator of equation (4-81) equals approximately to 0.001.
The relative magnitude of this fraction compared to the

numerator of equation (4-T4) is

%(Bn+Yn+§5(X2‘2AX) < 1%
K=(x=2)B, - (x-2)(1-Kk)Z

Since the denominator of both equations are the same, one
can conclude that the approximation is satisfactory.
The corresponding formula for the pressure is

obtained by eliminating T from equations (4-73) and (4-80a).
This gives

| 2
Crtu(x-2)101- XA _ A oy n)va(p by +2) X2
P~PO l-x+ Y — — A)2 K
[1+ B(x-2) + (x=-A)z + ug X2

*Pé{l‘(X'A)(Yn+Bn+C—ﬁ) + (xfl)QC(Bh+F'Ynf“)
( —A)Z | L-82)
+ ” (Bn+Yn+§)(“+Yn’“)} e

Equation (4-82) is the approximation of the actual
evaporation chamber pressure during fuel injection, developed

for a non-ideal gas.

*Whenlx and o = 0, this equation simply gives the hypothetical

pressure as specified by equation (4-28).
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To obtain a formula for the lifetime of the spray,

we equate the theoretical and experimental quantities in the

following form:
'y /Ap
_(P_Pn)/dx

the theoretical part is derived by making use of equations

(4-28) and (4-82) and then solve the resulting equation
for A.

n = -—
Let ¢ Y, + B, * t-u

Equation (4—82) becomes

Y- . N
P = P_{1-¢"x+¢"A + (x-A)%z(e"-2v,) + £x:%l_ (¢"+n) (aty -u)}

(4-82a)

~ P_{-0™2(x-A)z(¢"-2y,) + 2(x-2) L&) (gpy L))

28

(4-83)

Making the similar substitutions and rearranging, equation

(4-28) becomes

1 . s ﬁ
P, ~ PoIl = ¢"x—(z+8,) » = + (v +2)¢" X}  (4-28a)

From equations (4-28a), (4-82a) and (4-83), one has
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' 2 2
P-P, {A¢"+<x-x)2c<¢"-2vn>+[<;+sn)u-(yn+c>¢"1%;-+ (6" +1) (at+y, ~u) XD "
e - 20e08em-2v,) - 2(x-n) T (g4 )

» ' 2y, 2 2 1312
~ {a+(x-2)%z(1 - )+ (T ) X o (vp+o)d- 4+ (1 + g%>(a+yn-u)ix—%l—4

2y _
2002 - i+ 2D g4y (1 s

H
30}

@

AV tBatt) 2 M8 4roy —w)
X n n _ -
P O © Y |ty reemy — x| (4-8W)

or
] 2 )
o bt P-P,  omy (v +B_+5)X . mq [(Bn+c-vn-}% _ _1_]
- ~ - - Py " " L] + + -
. %% km, (v, +8 +r-u) 2 Yn*Pptew )

(4-85)

Equation (4-85) gives the lifetime of the spray when the

fuel vapour is considered as a non-ideal gas. All quantities

]
on the right hand side of equation (4-85), except P, and

K are to be determined from experimental data.
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.7 Conditions during the Transition Period

We shall now consider conditions between the end
of injection and complete evaporation of all droplets. We
choose the end of injection as our new time origin so that

during the transition period we have

0:<t<tL

At the time t = 0, the total mass'of liquid
droplets present 1in the evaporation chamber 1is given by
equation (4-35). These droplets, of course, are by no means
of uniform size but differ in size according to their age t'.

Their age distribution is given by equation (4-33)

3

/2
an® =5 (1 -EH " atr (4-33)

2 tL
At time t after the end of injection, this amount
will have decreased to
3/2 :

am®) = rhzl:l - S-‘E'—*—t—)] at ! ' (4-86)

53

and the total amount of liquid at this time will be

t'=t _—t & 5/2
o) - J am®) = _g.ﬁlth(l - EE) (4-87)
£1=0

The rate of droplet evaporation during the transition period

is therefore,
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am(® e %
gt~ =~ my(1 - q’

(4-88)

and a corresponding amount of energy is needed to vaporlze
these droplets.

Making the same simplifying assumptions as outlined
at the beginning of section 4.6, one can noﬁ write the

energy balance for a time element, dt.




4.7.1 Case I. Fuel vapour is considered an ldeal gas

From equations (4-6), (4-10) and (4-12a), the

energy balance equation for an ideal gas is:

%
et . ty2q,= R
{mlcvl + [myp - o.umth(l - EE) 1(Cp, - g}

%

: & | o RTy o0 o
daT + mg(l - tL) (CV1T081+Cp2T - M2)dt —-HS(TO—T)dt

(4-89)

Here, m, e is the total amount of fuel injected into the
chamber.

We now introduce a new dimensionless variable
u = v l-t'/tL (1 > u > o) (4-90)

Then, equation (4-89) assumes the form

daT

o - fll(u)T = - flz(u)To (4-91)
where
u+5°1uu 4., 2 6._ 29
fll(u) = g4 ] 5 = ei(u+501u )+ei(oiu +501u )
-€;05u
(4-92a)
“‘5Tiuu 4., 2, 6 9
£io(u) = €; — % % ei(u—STiu )+ei(oiu -50,T;u )
l-e.0.u
1 (4-92b)
2HSt
€. = L = __l_OL"___ (4_933_)

mlcvl(K + Yixf) Kk + YiXp
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o, = 0.2 i, (Tp, - M—f;)/Hs = 0.1 v, /a (4-93b)

T, = 0.2 sirhzcvl/ns = 0.1 8,/a (4-93¢)
m

Xp = ﬁfi (4-93a)

Note that gf<l so that series expansion by powers of €, can
be used. Then the solution of equation (4-91) is

2 ' L 7
T _ u : AT l.u u
_To = C+[(C-1)—--2 .+ (C~oi+"r1;)u ]ei+[(c_: - '2')74_ + (16061‘7°1+2T1)Tl

3¢ 104 2 Cany
+ ( > oi+Ti)oiu ]ei (4 9M)_(
where C is an 1ntegratidn constant.
Equation (4-94) can be verified by substituting back into
the original differential equation (4-91). It is found that
the solution is accurate to the second order in €5 -

For the corresponding pressure, by modifying

equation (4-63)
P = P, {(1-k) + [K+u(xf-xu5)J%%} (4-95)

Here, XuS is the 1liquid mass remaining at time t after
injection and is derived from equations (4-87) and (b4-90).
Substituting equation (4-94) into equation (4-95) and

neglecting terms with ei, one finds

93
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SE & (1-k)+[(k+ux )-uAuSJ{CH_'(C-l)'iz— + (Co.+7,)u’le. }
P, £ 2 OjFTyIuTley

(4-96)
The constant C can be determined from the initial condition:

For t=03; u=13; P = Pf s

where Pf i1s known from the experimental pressure-time curve
and equals the pressure at the exact moment when fuel
1nJect16n is termihated. Apply the initial condition to
equation (U4-96) and solve for C gives

Pe ~ 1

[(5— + K-l)/(K+uxf_uA)] + (5 - Tdey

1+ ei(i + "1)
or

P

(P—f) + k-1

c ~ |—=2 (% - t.)e: |[1-e, (3 + 0,)] (4-98)

K+uxf—uA 2 i‘’—i i*2 i

P P

(Fﬁ) + k-1 1 (ﬁi) + k-1
~ O . 1 _ - (= + o
- K+uxf-pA + €4 (2 Ti) (2 oi) K+uxf-ul

(4-99)

Substituting equation (4499) into equation (4-96) gives
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[ P
(D) + k-1
Lo~ (1-x) + [k+uyx —ulu5]{ "o +
P0 h iy K+uxf—uA
\ P
1 (ﬁi) + k-1
1 (o)
+ = - - =
€1{(z = 1)-(5 + . 0y) TPy
P P
(D) + k-1 0 (5 + -1
2 l|—= €, + o d +T use
K+uxf—ul 2 i K+uxf—ul i i i

(4-100)

In the derivation of equation (4-100), all terms containing
ei have been neglected.

Now s

. U 5
R+uUXp—HA 1-ur/(k+uxe) 1 K+HUX o (1-u™)

Making use of equation (4-101) and nelgecting terms

containing Ae;, equation (4-100) becomes

5 P P
(1—K)+[i + EALl:E_%][FE + K—{]—{Fi + K“l](% + 0;)

u

P
Po K+uxf (o) o

1
e; ¥ (ktuxpd (5 - 7y)ey
P . 2 P A
f u f 5
+ [[?: + K—l] "'(K"']JXf)]T €i+ [[P_o‘ + K—l} Gi+(K+qu)Ti] eiu

(4-102)
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Rearranging equation (4-102) gives

P P 2
L _£_ £ 1 5, U
P P €1 [Po * "‘1} l:(“’i 3 - (eguT + 5| 4

- ) ' N 2_l -
+ <K+uxf)[}11 - 3) = (g’ - %??]" (4-103)

!

where wy = ci-ku/ei(K+uxf) = O.I(Yi—u)K/a(K+uxf) (4-104)

Letting (dP/du) = 0 gives an equation for Uy, 1.e. the

value of u corresponding to the minimum pressure, Rn‘ At

this point, the physical phenomenon is such that the heat
lost by the hot gas and vapor mixture to the evaporating
droplets equals the heat gained by the mixture from the
chamber wall. Differentiating P in equation (4-103) with
respect to u and setting dP/du = 0, one finds after
simplifying Y,
P

1 - 5+ uxe
v, = o (4-105)
m. Pf 4
5[mi(§; + k-1) + Ti(K+uxfﬂ

Substituting U, into equation (4-103) gives
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P P P
m b iy f
P °F " & (F— + K—l)(m. + —) + (K+pr)(t. - % -
o o o
- (Pf + k=1 (w03 + 23l —(kruxp) (x u3 -
P 27 %n Xp/lTy
o my i |
Pe Pe
.=‘—P - Si wi(?—- + k=1) + (K-l-pr)('ri) -
o o
P P
1 £ f
- 5(1 - 5= + ux,e) + 5(1 - 5= + uxlu
2 Po £ 2 Po iy N
42 Pe 3
- (—— + k=1)w +(K+uxf)t u- (4-106)
mi o i
But o
P
2 £ 3 - _ £ 02
umi[Fﬁg + K—l)wi+(K+nxf)T%]umi 0.2(1 P, uxf) m,

Therefore, equation (4-106) becomes

P P P . Pf
m_ _f T 2 _dyep - L4
Po = F; - ei[éi(ﬁg + K—l)+Ti(K+qu)+(0.3Umi 2)( 2 uxf)

(4-106a)

Substituting from equations (4-93's) and (4-104) and noting

that

s w1
1l - P << 1 , and Xg

o]




and that the product of these quantities can be neglected,
one finally obtains

Po-P (v4-u) P
1 f7m _ i
+2 (32 -5)(1 - oL 4+
K my - Bt UXg)
o
(4-107)
( P Yy
and 2001 - 55wy :
u = - & -
My ﬁ Pr
(Bytyy=wk+Byuxe — (v -w)(1 - p_* UX )
\
(4-108)

Equation (4-107) can be used for the calculation of A which
is proportional to tL. It will be noted that k only occurs
in small correction térms. This means that the distribution
of spray droplets has only a minor influence on the minimum

pressure attained. In a first approximation, one has

A= (Pf—Pm)/Po(Bi+Yi-u) | (4-109)

The influence of heat transfer is expressed by o
and it will be noted that, according to equation (4-108),
W, = 0o, i.e. tm x tL if o * 0. (Where #m is the time
corresponding to minimum pressure; the approximate signs are
used because equation (4-108) is not exact.) This is as

expected because in the absence of substantial heat transfer

the chamber pressure will decrease until the last droplets

.98
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have been vaporized.

Determination of the lifetime tL from equation
(4-107) will probably be lgss accurate and reliable than
from equation (4-69d4) because of the small value .of: the
ratio between the diffErencé7of€Pfland'Pm to “the “initdial
chamber pressure: However, the two determinations can be

compared.

Theoreticaliy tL could also be calculated from U,

(equation 4-108) since w, =/ 1- tm/tL. However, a
satisfactory result cannot be expected from this because the
minimum of P will be rather flat so that it is difficult to
find tm from the experimental pressufe—time curve. Mofeover,
the fact that the droplets are not really of uniform size at
the moﬁent of injection tends to further falsify the result
since a few large droplets will persist longer than the rest.
At the end of droplet evaporation, i.e. at time

tL after fuel injection is terminated, u = 0, and P = Pei

where Pe is the pressure at the end of complete droplet
1
evaporation. Applying these conditions to equation (4-103)

gives

Pe P P 1 - 1
P—i = £ ei[(% + k=1) (wy + F)+(ktuxe)(ty = 5)

P P P
£ £ 1 £ )
= == — g.|w. (== + k=-1)+7.(k+tuxe) - (1 - + ux
P €5 [wl(Po i T 2 P f

(4-110)
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If equation (4-106a) is Subtracted from equation (4-110),

one obtains

P -Pm 5 ( Pf : 4 :
Po mi Po T

droplet €évaporation is higher than the minimum pressure
because the right-hand side of equation (4-111) is positive.
This is to be eéxpected because of the influence of heat

transfer.
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y.7.2 Case II. Fuel vapour is considered a non-ideal gas

When the fuel vapour 1s considered a non-ideal gas,
the energy balance equation, obtained from equations (4-1),

(4-4), (4-22b), (4-48), (4-49), and (4-87), is:

N . - L 4 bP
{m,+[mype — Uiyt (1 - g;) 1y, + c, T, (k+XpH)
1
bP %
- T2 @ - gL) 134T
vl o L
% bP, bP . .
. t 0 _x
+ m2(1 - ) {Evy,T + o T (K+xfu)T -t au(l tL) 7] +
L l vlo
bP, s
+ [B, T, + o T (1-x)T, ]}dt = (T -T)at
Vi Vi

(4-112)

Making use of equations (4-26b), (4-90) and divide by m,,

equation (4-112) becomes
e + (Xp - Aus)[Yn + r(k+xpu) - zAuu® 134T
) B
- 5auly, + z(k+XpH) zAuu~ JTdu

- 5Auu[8n+;(1-K)]To du = —10Aau(To—T)du
(4-112a)
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Let
" "

A¥ = AR vy = vptoleExew)s T o= zhwy B = B +5(1-k)

(4-113)
equation (4-112a) becomes

T " :
1 + (xf—l*us)(yn-c"us)]d (é%) - 51*(2Gu+Yluu—c"u9)(%L)du

(o]
= 5A*(B;uu—2au)du . (4-114)
or )
d(%g' 5A¥(2au+t "uu- "u9)
o au 'Yn T (_';P__)
= v 1 "

(4-1142)
1"
5A*(Bnuu-2au)

- T i T " 1] 5 % o1
[1 + Xev,~(Xpg"+YA¥)u"+a¥*c"u

lOJ

Equation (4-114a) is again a linear equation of the first

order. The solution is:

2 )
T _ u 5 10
T; = Cn + [(Cn_l)fr + (Cnon+1n)u —a"Cnu ]en
1.u” ul 3 10, 2
+[(Cn - E)Tr + (16Cn0n+2Tn_7°n)Tﬂ'+ (§Cncnftn)cnu ]sn
(4-115)
where
= _10A¥a (4-116a)

[]
1 + XfYn
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0.1 Yn
On = " (4-116b)
114
0.1 B,
” Ty = —a (4-116c)
a" = AEU (4-1164)

and Cn 1s an integration constant.
The corresponding pressure is obtained by
substituting equation (4-115) into equation (4-95) to give
2 2

(neglecting €5 and A

n terms):

2
f% = (1—K)f[K+u(xf—Au5)]{Cn+[(cn—1)%r + (Cnon+tn)u5]€n}

(4-117)
Apply the initial conditions:

P = Pf (from experimental result)
(4-118)

equation (4-117) gives

P
[(§£ + K—l)/(K+uxf—uA)]+(%-— T )€,

o —
“n ~ 1+ € (l + o) (4-119)
n2 n

Neglecting second order terms in engives
P P

(§£)+K—l (§£)+K—l
o . 1 _ oy (X o .
Cn N K+uxf—ul + €n (2 Tn) (2 + cn) K+uxf-uk

(4-120)




Substituting equation (4-120) into equation (4

-117) gives
(neglecting eﬁ terms)

. P,
» ' s (——)+K—
1-k)+0k+pu(y. - —o___ L _ i
B * ¥ (I-k)+lk+u(xo-2ru’) ] ktuxe—mx * En|(F - IHE + o)
P,
( )+K-l
K+uxf-ul
__2_____ - 1% e 4]0 .. > (4-121)
K+uX p=HA 115 €n m+uxf-uk  n*Tn|W7E, -

Equation (4-121) can be seen to be identical to equation

(4-100) except for the constants €, o, T. Therefore, by

performing the same operations as shown in section (4.7.1),

one finally obtains

n .
P_.-P (v, -u) " oon . Pf
T go B o= (B +y —u) -~ A [(B v, )Xo+ (1 - F_t Hxp)]
P
o 2. £
tx (3“mn'5)(1 “F ¢ HXp) - (4-122)
and .
73
Pf .
2a(l - 5= + ux,)
= - o - ;
Umn noon . no " . Pf -
(Bptyp =) k+Bpux— (v ~w) (1 - P + uxg)

(4-123)
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Equation (4-122) gives an alternative expression for the

calculation of t;. However, (Pf-—Pm)/Po is very small and

determination of tL from equation (4-122) will not be

accurate enough.

The pressure difference between the end of liquid

fuel evaporation and the minimum is given by

P -P .
e m P
n 2 £
Po mn Po b
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4.8 The Warm-up Period

After all injected fuel has been vaporized, a slow
warm—-up period follows during which the gas temperature
gradually approaches the temperature of thé evaporation
chamber wall which has been'assumed to remain constant and
equal to the initial temperature, To' Furthermore, it can
be assumed that - at least during.the later part of the

period - the gas temperature will be uniform so that

4

my

-~
~

m1 and - k == 1 .
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4.8.1 Case I. Fuel Vapour is considered an ideal gas

One has from the energy balance

[mlcvl+m2f('c"p2 - ﬁ%)]dT = HS(T_-T)dt (4-125)

The solution of equation (4-125) is

| TO—T (To_Tr) exp[—(t—tf)/Bi] (4-126)

where the subscript r refers to a reference point and

- ' - R, _
B, = [m10v1+m2f(Cp2 - Méﬂ/HS (4-127)

Further, from equations (4-1) and (4-2), it follows that
P =P, (1 + uxf)T/To - (4-128)

Using equations (4-126) and (4-128) and eliminating all

temperatures glves

P_(Ltuxg) - P = [Po(Ltuxg)-P lexpl-(6-t,)/B,]

(4-129)
For t + «, we have T > TO, and
P =P, = Po(1+uxf) (4-130)
so that equation (4-129) assumes the form
= -(t-—- L-131
p_ - P = (P,-P )exp[-(F t,.)/B;1 (4-131)
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The constant Bi can be determined from the experimental
pressure-time curve and the constant « which has been used

in the preceding sections is then calculated by the formula
(derived from formulae U4-53a and 4-127).

L R (1+yxe)

(4-132)




4.8.2 Case II. Fuel Vapour is considered a non-ideal gas

The energy balance equation is:

[myC, +m, (v, +T+x.u)1dT = HS (T,-T)dt (4-133)

1
The solution of equation (4-133) is

T, -T = (To-Tr)exP[-(t—tr)/Bh] (4-134)
where .
l;mlcvl+m2f(vn+c+?;xfu) 1
B = (b4-135)

n HS
Expressed in terms of pressures, equation (4-134) becomes

(- -]

P_-P = (Pm—Pr)exp[—(t—tr)/Bn]- (4-136)

where the constant Bn is to be determined from the

experimental pressure vs. time curve. a 1s then glven by

_ o, [1+ xp (v + 8+ oxpn]] (4-137)
2ma - B

n
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CHAPTER V
SPRAY EVAPORATION.

Experimental Study, Methods and Apparatus.

5.1 Description of phenomenon and outline of study

Spray evaporation experiments were conducted by
injecting a predetermined mass of liquid fuels of single
molecular species into a high temperature and high pressure
evaporation chamber. Only solid cone sprays* were investi-
gated in this study. For this particular spray configura-
tion, a temperature gradient exists during fuel evaporation.
The temperature at the center core of the spray cone is a
minimum and increases outward to the conic surface. Because
of this temperature gradient and the inherent slow response
in measuring temperatures, it is considered impractical
and meaningless to measure the temperature of the mixtﬁre.
On the other hand, variations in pressure propagate uni-
formly and rapidly throughout the system; Since pressures
and temperatures can be related by expressions in the
theoretical analysis (see Chapter IV), it was decided to
measure pressure as a function of time and relate it to the
injected mass of fuel. Consequently, analytical fo?mu}ae

were developed in terms of pressures.

* -
A solid cone spray is one in which the droplets forming
the spray are distributed throughout the entire conical

volume of the spray.
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The object of the experimental investigation is
to verify the validity of the concépt and the soundness of
the proposed method. Data required from these experiments
are the pressure change as a function of time and injected
fuel mass during the spray evaporation process. From these
experimental data, the evaporation lag and the lifetime of
the spray can be determined.

Two groups of experiments were needed for each
fixed set.of initial conditions in order to provide the
required data. The first group provides data on pressure
change during spray evaporation. The second group consists
of identical experiments at much reduced sweep speed of the
oscilloscope light beams. As a result, the pressure drop
portion (this portion of the pressure curve is recorded in
the first group of experiments) of the pressure Vs. time
curve is compressed. Emphasis is placed on the pressure
rise portion of the curve. From the second group of experi-
ments, heat transfer between the chamber wall and the vapour-
gas mixture durlng spray evaporation can be estimated. This
information on the heat transfer characteristics of the
equipment is necessary in ﬁhe determination of spray lifetime.

The remainder of this chapter is divided in the
following way. In section 5-2, details on the selection of
experimental parameters are given. A description of the ex-

perimental apparatus is given in section 5-3. Sgction 5-4



contains information on instrumentation and the calibration
of various instruments. Experimental procedures are given

in section 5-5. These procedures follow a definite logical

sequence.



5.2

Fuel:

Inert

Experimental Details

Etbyl alcohol and water (Distilléd)

They were chosen for this study because their
physical properties are well known. Table (5-1) in
appendix G gives some selected physical properties
of ethyl alcohol (refs. 4.2,5.1). Similar properties
for water are readily available in the literatture.

gas: Nlitrogen.

Nitrogen gas was chosen for.preSSufizing the eva-
poration chamber. It is relatively inexpensive, readily
avallable, prevents combustion of the fuel and its

physical properties are well known (ref.l-3).

Initial Evaporation Chamber Temperaturé and Pressure:

Selection of initial evaporation chamber tempera-
ture and pressure combination is limited by the
strength of the material used. With a fair margin of
safety, six sets of initial temperature and pressure
combinations for the present investigation were

chosen to be:

900°F 400 psig.
800°F 400 psig, 450 psig.
700°F 400 psig, 450 psig, 500 psig.

The maximum design temperature was 1000°F and the
corresponding maximum design pressure was 600 psig.
Above 1000°F, the strength of stainless steel 310

drops rapidly.




Other criteria in the selection of initial temp-
eratures were: 4). the initial evaporation chamber
temperature should be well above the critical temp-
erature of the fuel, b). the heat capacity of the
nitrogen gas in the chamber at that temperature should
be large enough to evaporate all the injected fuel in
a reasonably short time without a large temperature
drop.

Additional criteéria governing the selection of
initial pressures were: a). the pressure change due to
fuel evaporation should be small compared to the ini-
tial evaporation chamber pressure, b). the initial
evaporation chamber pressure should be as high as
feasible to ensure a fairly uniform spray droplet size
and a fine spray; This includes pressures near to or
above the critiecal pressure of the fuel.

Injection Pressure: n 200 psid.

The pressure drop across the injector-plate was cho-
sen to be roughly 200 psid. This pressure differential
has been observed to give a fine spray.

Injector-Plates: 8 and 16-hole self-impinging injector-plate

and a single hole injector-plate. They all have the
Ssame opening area.

The 8 and 16-hole self-impinging injector-plate
produce a fine solid spray cone of 60° angle. The size

of the holes is 0.021 and 0.015 in.diameter respectively
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and the holes are drilied at an angle of 30 degrees
to the axis so that all liquid jets converge into an
apex 1/4 in. above the injector-plate. A siﬁgle hole
injector-plate was a159 used because of its known re-
latively poor atomization characteristics.

Maximum ﬁotal Liqulid Fuel Mass injected: N 18 and 23.4 grams.

The total liquid fuel mass injected was arbitrarily
chosen to be 18 grams for ethyl alcohol and 23.4 grams
for water. Calibration of the injection system has indica-
ted that the actual quantity was 18.091 grams for ethyl
alcohoi. These masses should produce a pressure decrease
of roughly 12 and 18 psia respectively in the evapora-
tion chamber. This corresponds to a maximum pressure de-
crease of 3% to U4.5% of the initlal pressure. Because
the evaporation process was assumed to be quasisteady,
the pressure change was kept as low as practically
reasonable. |

A second consideration was to keep x (the ratio of
the total 1liquid fuel mass injected to the mass of inert
gas in the evaporation chamber) small because one of the
assumptions in the analysis was that x was small compared
to unity (x<<1).

. Other quantities of injected fuel masses were also

used in the present study.



5.3 Description of Apparatus

Figures (5-1) to (5-6) in Appendix B show the de-—
tails of the experimental apparatus. Figure (5-1) illus-
trates the layout of the apparatus assembly. A Blue-M
electric furnace is used to heat the evaporation chamber to
the predetermined temperature. The furnace is thermostati-
cally controlled and the evaporation chamber temperature is
measured by a thermometer which is inserted through an
opening in the furnace wall.

The evaporation chamber is 14 inches inside dia-
meter, 16 1/2 inches outside diameter, and 32 inches high
inside. It is made of 310 stainless steel and the top and
bottom pieces were welded on to the eylindrical body. It
was hydrostatically tested to 1300 psig af room temperature.

Figure (5-2) shows the liquid fuel ‘injection
system. This system is connected to the evaporation chamber.
The upper flange of the injector nozzle is bolted to the
bottom dome of the evaporation chamber with the injector
nozzle pointing upward. This configuration in effect
doubled the effective evaporation chamber length. When a
liquid droplet moves upward and stops short of the wall,
it will fall towards the bottom of the chamber. This gives
a longer available evaporation path to the droplet. A
Second advantage of this arrangement is that the liquid fuel
reservoir can be left open to the evaporation chamber at

all times.
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To seal against gas leakage at the joint between
the evaporation chamber and the injector nozzle, a pressur-
lzed silver-coated stainless steel metal O-ring is used.
For all other metal-metal joints, precision rubberIO—rings
are used. Where moving parts are involved, design criteria
for precision rubber Orrings as spécified by the manufac-
turer were uséd.

The injector plate is fastened to the upper end
of the injector nozzle by four small screws. A copper
gasket is used to seal agaiﬁst liquid fuel leakage from the
joint.

Next to the injector nozzle is the fuel reservoir.
Directly below the fuel reservoir 1is the number 1 piston
housing. The number 1 piston is connected to the number 2
piston by a square connecting rod. Fastened to the con-
necting rod and inside the Linear Displacement Transducer
(L.D.T.) housing is the shaft of the L.D.T. The square
shape prevents the connecting rod from rotating, thus:
protecting the L.D.T. from damage. The number 2 piston
housing is below the L.D.T. mounting block and is separated
from the high pressure chamber by a rupture diaphragm. A
sharp plunger is incorporated in the high pressure chamber
for rupturing the diaphragm. This plunger is driven by
compressed air or nitrogen.

Figure (5-3) shows the two cooling systems used.

Two coolant inlets and two outlets are connected to the



lower flange of the injector nozzle. One cooling system,
the Lauda-Ultra Kryostats temperature bath, can be con-
trolled to gilve témperatures down to -60°C. This cooling
system 1s uséd béfore and during the experiments. The other
system 1s a stand-by unit, which is used to protect the
rubber O-rings in the fuel injection system after the
experiment whilé the furnace is still hot. The main
functions of thé first system are (a). to give a fixed and
known initial condition to the liquid fuel, and (b). to
prevent premature evaporation of the liquid fuel.

Connected to the upper flange of the injector
nozzle aré two Swagélok connections (fig. 5-4). One of
these connections serves for gas inlet to the evaporation
chamber. In this pipe line system, a pressure reference
tank, a differential pressure transducer, a pressure relief
valve and a nitrogen supply cylinder are connected as shown.
The other conneétion serves for gas outlet. Connected to
this side of the piping system are: (a). a pressure gauge,
and (b). an absolute pressure transduger; A cold water
temperature bath is used to cool the hot gas to room temp-
erature before the gas reaches the exit valve.

Figure (5-5) illustrates the fuel filiing system
together with the fuel reservoir. The top of the reservoir
is connected to a calibrated burette and liquid fuel is fed
into the system by gravity flow. Connected to this system

is an absolute pressure transducer. At the lowest point of
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the fuel reservolr is a drain for cleaning out the system
and the entlire system has been designed to prevent the
forming of gas pockets.

Liquid fuel injection is accomplished by a dis-
placement method. When the number 1 piston is moved into
the fuel reservoir, it displaces an equal volume of fuel
from the reservoilr énd this quantity of fuel is-injected
into the evaporation chamber. The total displacement
volume can be varied by inserting metal blocks between the
number 2 piston and the L.D.T. mounting block to change
the total travel of the number one piston.

The fuel injection triggering system is'shown in
figure (5-6). Connected to the high pressure chamber is
a nitrogen supply cylinder and a pressure relief valve
which is set at 500 psig. The volume of the high pressure
chamber is much larger than the change in volume which is
produced by the upward movement of the number 2 piston.

There are several moving parts in the fuel in-
jection system. They all have different hardness from the
stationary parts with which they are in contact. This is
necessary so that welding due to friction can be avoided.
Differences in hardness between parts which are in moving
contact are obtained either by the use of different metals
for the moving parts or by surface hardening of the moving
parts. Individual components of the fuel injection system

were hydrostatically tested tovl,OOO psig. All connections
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in the high preséure stainless steel piping systems are

stainless steel Swagelok connections. The seven solenoid

valves 1n these systems are normally in the closed position.
This fuel injection system was designed to give:

(a). Adjustable injected liquid fuel mass. - |

(b). Adjustable injection pressure across the injection

plate.

(¢). A fairly constant injection pressure..

(d). A fairly constant fuel injection rate.
TheAexperimental apparatus was designed to allow

for the monitoring of: |

(a). The fuel injection rate and the total injected liquid

fuel mass as a function of time.

(b). The pressure drop due to spray evaporatibn as a

function of the injected liquid fuel mass.

(¢). The rate of pressure change as a function of time.

(d). The rate of pressure increase due to heat transfer

from the chamber wall to the gaseous mixture as a function

of time.
(e). The injection pressure.
(f). The pressure reference tank and evaporation chamber

pressure during pressurization of this system.
(g). The evaporation chamber pressure during an experiment.

(h). The temperature of the liquid fuel in the reservoir.
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5.4 - Instrumentation and Calibration of Instruments

(1). Liquid fuel mass injection rate.

This quantity is monitored by a linear displace-
ment transducer (L.D.T.) having 2 inch stroke range. The
core of the L.D.T. is fixed to the Square connecting rod
of the numbers 1 and 2 pistons (fig. 5-2). The transducer
body is fixed to a mounting block which in turn is fixed
to the L.D.T. housing. This transducer. requires 1.5 VDC
nominal excitation. Its output is fed to the upper beam
of a dual-beam oscilloscope (Type 502, #002387, Tektronix).

From the same experimental data, the total in-
Jected liquid fuel mass up to any time during fuel in-
Jection can also be determined.

The following procedure was used in the calibra-
tion of the L.D.T. (fig. 5-5).

(a). The oscilloscope which displays the L.D.T. output is
switched on.

(b). The D.C. power supply to the L.D.T. is switched on.
(c¢). The 16-hole injector—-plate at the upper end of the
injector nozzle is replaced by an identical plate but
without holes. It is mounted loosely to allow both air
and liquid to leak out during filling of liquid fuel.

(d). The pistons are set at their lowest position.

(e). The 1liquid fuel reservoir system is filled with water
from the calibrated burette until overflow occurs at the

top of the injector nozzle. The plate is then screwed



tight to block off the overflow.

(f). Zero readings of the L.D.T. output and the corresponding
liquid level in the calibrated burette are taken.

(g). The pistons are moved upward until the number 2 piston
is stopped by the L.D.T. mounting block. Since the burette

is the only open line in the liquid fuel system, the dis-
placed liquid from the reservoir is forced back up the

burette.

(h). Both the L.D.T. output and the liquid level in the
burette are recorded.

(1). The input power supply tp the L.D.T. is recorded.

(). The number 1 piston is moved back to its initial posi-
tion and its zero reading and the liquid level in the burette
are recorded.

(k). Steps (g) through (j) are repeated five times.

(1). A 1/4 inch thick metal block (identified block) is in-
serted between the number 2 piston and the L.D.T. mounting
block. This shortens the travel of both pistons by 1/4 inech
but does not change the zero point (the lowest position of
the pistons).

(m). Steps (d) through (1) are repeated. Each time the travel
of the pistons is reduced by an additional 1/4 inch.

(n). The calibration is plotted as liquid displacement

volume in c.c. vs. voltage output per volt input (graph (5-1)).

(2). Pressure drop due to spray evaporation as a function of

liquid fuel mass injected and the rate of pressure drop or rise.
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These quantities are monitored by a differential
pressure transducer (D.P.T.) connected to the gas inlet side
of the pressurization Piping system (fig. 5-4). oOne pressure
port of the D.P.T. is connected to a pressure reference tank.
The other port is connected to the evaporation chamber. "When
the solenoid valve S.V. #2 is closed, the two ports of the
D.P.T. are cut off from each other. During an experiment,
this D.P.T. measures any change of pressure in the evapora-
tion chamber with respect to the pressure reference tank
pressure. A 10 VDC power supply is used to energize the D.P.T.
Ifs output is fed to the lower-beam of oscilloscope #002387.

Calibration of the D.P.T. is done with the dead-
weight tester and the célibration data are plotted in graphs

(5-2) and (5-3) as psid vs. mv output per volt input.

(3). The injection pressure.

This quantity is measured by an Alinco absolute
pressure transducer (A.P.T.) (P.T. #1, figure 5-4). This
A.P.T. has a sensitivity of 3.000 mv/v and requires a nominal
excitation voltage of 10 VAC/DC. It is connected to the
liquid fuel reservoir and monitors the reservoir pressure
during fuei injection. Its output is fed to the lower beam
of a second dual-beam oscilloscope (Type 502A, #004261,
Tektronix). |

Calibration of this A.P.T. is done with the dead-
weight tester and calibration data are plotted in graph

(5-4) as psia vs. mv output per volt input.



124

(4). Evaporation chamber pressure during pressurization.
This quantity is monitored by a six inch pressure
gauge. Calibration data of this gauge is shown in graph

(5-5) as psig vs. gauge reading.

(5) Evaporation chamber pressure during an experiment.

A second Alinco absolute pressure transducer
(P.T. #2; figﬁre 5-5) is used to monitor this quantity.
Output of this A.P.T. is fed to the upper beam of
oscilloscope #004261. Calibration data of this transducer

is given in graph (5-6). All calibration curves are shown

in appendix B.

(6). Liquid fuel reservoir temperature.

This temperature is monitored by a mercury thermo-
meter wﬁich is located at the coolant exit from the fuel
reservoir.

Electrical circuits for the power supply to the
pressure transducers and their output connections to the
oscilloscopes are shown in figure (5-7). Electrical circuits
for the L.D.T. and its output connections to the oscilloscope
are shown in figure (5-8). Figure (5-9) shows the electrical

circuits for the solenoid valves.



125

5.5 Experimental Procedure

The following experimental procedure is followed in
the preparation for an experiment.
(1). The Lauda-Ultra Kryostat is switched on and the coolant
temperature 1is lowered to forty degrees below zero (—HO°C).
(2). Hand valve 1 is opened and hand valves 2 and 3 are
closed (figure 5-3) in the coolant system. The 3-way valve
is set to return the coolant back to the Kryostat. The cool-
ant flow rate is adjusted by regulating hand valve 1 to give
the fuel reservoir a temperature of 0°C.
(3). The electric fufnace thermostat is set at the required
temperature and the power to the furnace is switéhed_on.
(4). Solenoid valve #2 (figure 5-4) is opened. This equal-
izes the pressure between the reference tank and the evap-— |
oration chamber and protects the differential pressure trans-
ducer from damage by over pressure.
(5). Solenoid valve #1 is openéd to prevent a pressure build-
up within the evaporation chamber.
(6). The calibrated burette 1is filled With pre~cooled liquid
fuel. Hand valves U4 and 6 are opened to let the fuel into
the fuel reservoir and the injector nozzle (figure 5-5).
During filling, the liquid fuel level in the burette'moves
downward rapidly. When the fuel reaches the injector-plate,
the small holes in the injector-plate restrict the fuel flow
to a much slower rate. At this moment , the fuel injection

system is full and hand valves 4 and 6 are closed.
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(7). The regulator of the number 1 nitrogen supply cylinder
is set at 50 psig and solenoid valve #3 is opened. The evap-
oration chamber is flushed with nitrogen gas.
(8). Solenoid valve #1 is closed. This prevents air from
diffusing into the evaporation chamber.
(9). When the evaporation chamber temperature reaches the
pre-set temperature, the two oscilloscopes are switched on.
Time 1s allowed for the temperature of the evaporation
chamber to stabilize and the oscllloscopes to warm—ub.
(10). The required sensitivities of the two oscilloscopes
are set.
(11). Power supplies to the transducers are switched on.
(12). Power supply to the linear displacement transducer 1is
switched on. |
(13). The evaporation chamber and the pressure reference
tank are pressurized to a predetermined pressure using the
number 1 nitrogen supply cylinder. The final pressure of the
system is read from the 6 inch pressure gauge.
(14). Solenoid valve #7 is opened. The high pressure chamber
of the fuel injection triggering system is pressurized using
nitrogen supply cylinder #2 (fig. 5-6).
(15). The oscilloscope beams are positioned to their res-
pective zero points and the oscilloscopes are set to give a
single sweep from an external signal.

The system is now ready for a fuel injection ex-

periment and the following experimental procedures are
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performed. : ' _ -

(1). Temperature reading of the evaporation chamber is taken.
(2). ' Temperature reading of the coolant is taken.

(3). Evaporation chamber pressure reading 1is taken.

(4). Solenoid valve #3 is closed (fig. 5-4). This cuts off
the number 1 nitrogen Supply cylinder from the evaporation
chamber and pressure reference tank system.

(5). The shutters of the two Polaroid cameras are opened.
(6). The light beams of the oscilloscopes are triggered to
give thelr zero reference.

(7). Solenoid valve #2 is closed. This isolates the pressure
reference tank from the evaporation chamber (fig. 5-4).

(8). Solenoid valve #5 is opened. This triggers the two os—
cilloscopes. Also, the plunger is driven into the high pres-
Sure chamber and punctures the diaphragm. The plunger is
driven by either compressed air or nitrogen. (fig. 5-6).

When the mylar diaphragm is burst, compressed gas
in thé high pressure chamber rushes into the number 2 piston
housing and acts on the lower face of the number 2 piston
causing it to move upward. Because the two pistons are con-
nected through a rigid link, the number 1 piston is forced
into the fuel.reservoir and liquid fuel injection takes place
(fig. 5-2).

(9). For the second group experiments only, a trace of the
D.P.T. output is recorded on the same film after a waiting

period of 2 minutes.
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(10). The shutter of the two Polaroid cameras is closed.
(11). At the end of an experiment Solenoid valve #2 is
opened. This éqﬁalizes the pressure in the P.R.T. with that
of the evaporation chamber (fig. 5-4).
(12). Solenoid valve #5 is closed and solenoid valve #6 is
opened to vent the nitrogen gas in the system. The pressure
in the high pressure chamber acts on the plunger and forces
it back-to 1ts original position.
(13). Solenoid valve #7 1s closed and solenoid valve #U4 is
opened. This vents the high pressure chamber. The piston
assembly 1is aﬁtomatically forced back to its original position
(fig. 5-6).
(14). Solenoid valve #1 is opened. This vents the evapora-
tion chamber (fig. 5-U4).
(15) When the evaporation chamber pressure reaches 10 psig,
solenoid valve #3 is opened. The nitrogen supply is set at
25 psig and is allowed to flush the evaporation chamber.
(16). The mylar diaphragm is replaced. |

If another experiment is scheduled for the same
day, the prepafatory procedures are repeated. Otherwise, the
following shut-down procedures are followed.
(1). The electric furnace power supply is turned off.
(2). The stand-by cooling system is started. Hand valves 2
and 3 are opened and H.V. 1 is closed. The 3-way valve is

set to return the coolant back to the stand by cooling system.
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So long as the evaporation chamber temperature is above 100°F,
this cooling system is képt operating in order to protect

the rubber "O" rings. (fig. 5-3).



CHAPTER VI

Experimental Results - Evaluations and Discussions

6.1 Experimental parameters

A total of 320 experiments were carried out with
ethyl alcohol and 40 with water. the experimental para-
meters chosen as variables were:

(a). The initial evaporation chamber temperature.

(b). The initial evaporation chamber pressure.

(c). The total mass of liquid fuel injected.

(d). The liquid fuel injection rate.

(e). Injector-plate geometry.
In additon, two different sweep speeds of the oscilloscope
beams were used for all experiments with fuel injection of
18.091 grams of ethyl alcohol and 23.4 grams of water.

Table (6-1) in appendix H gives a list of the experi-
mental parameter combinations for ethyl alcohol using the 16~
hole injector-plate. For each set listed, five experiments
were conducted to provide a statistical average. Tablg (6=2)
gives a list of the experimental parameter combinations for
the remaining experiments.

In section 6.2, descriptions of the photographical
experimental data are given. The variation of the total in-
jected fuel mass over a wide range was necessary in order to
provide enough data in the determination of the lifetime of
the spray. This is explained further in section 6-3,which is
devoted to data evaluation and to analyzing of results.Discus-—
sions on the present study are given in section 6-4 and con-

clusions are given in section 6.5.
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6.2 Experimental Data

The four continuous data outputs of each experiment
were recorded photographically. These outputs were measured
as functions of time and were from:

(a). The linear displacements transducer.

(b). The differential pressure transdﬁcer.

(c). The absolute pressure transducer which
measures the injection pressure.

(d). The absolute pressure transducer which
‘measures the evaporation chamber pressure.

Photograph (6-1) in appendix C illustrates an ex-
perimental record from the first group of experiments. Only
the linear displacement transducer output trace is visible.
The horizontal trace at the top is the zero reference datum.
The inclining trace indicates both the fuel injection rate
and the total fuel mass injected up to any time. 1In this
experiment, the liquid fuel reservoir was intentionally filled
only partially. It can readily be observed that the be-
ginning of this trace has a large step. The missing portion
of this trace was due to rapid movement of the beam as a re-
sult of rapid piston motion, which can occur only when gas is
displaced from the fuel reservoir. This characteristic is of
significance because it shows whether the liquid fuel reser-
voir was full or not at the start of fuel injection. Note
alsothat the end of fuel injection is well defined.

Photograph (6-2) is the experimental data obtained
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from an experiment having identical initial conditions as
those of photograph (6-1) except the fuel reservoir was
completely filled. The beginning and end of fuel injection
are well defined. The initial transient fuel injection can
be seen as a step in this curve.

Photograph (6-3) shows the experimental data from
another experiment. The liquid fuel reservolr was completely
filled. The upper trace shows the total fuel mass injection
at any time. The lower trace indicates the pressure drop in
the evaporation chamber. Since the sweep speeds of the two
traces were sSynchronized, the pressure drop at any time can
be related to the total indected fuel mass up to that time.
The pressure curve also indicates whether quasi-steady state
Spray evaporation occurred. At the beginning of fuel
injection, the rate of pressure decrease in the evaporation
chamber increases. This is due to droplet build-up and
consequently more droplets were available for evaporation.
At the end of fuel injection, due to a decrease in the
number of droplets existing in the chamber, the pressure
decrease curve becomes concave upward. Therefore, whenever
the pressure eurve shows the characteristic of a straight
line, one could safely assume that quasi-steady state
€vaporation existed.

Photograph (6-4) is a record of the absolute
bressure transducer outputs from the same experiment as
photograph (6-3). The upper trace represents the absolute

fuel injection pressure. This pressure jumps to a maximum
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at the beginning of fuel ihjection and then'decreases with
time. At the end of fuel injection, it drops off immediately
to a level slightly below its reference datum. The lower
tréce 1s the absolute pressure of the evaporation chamber.

It can readily be observed that the evaporation chamber
pressure decreases during fuel injection. The injection
pressure 1s the difference between these two absolute
pressures.

Photograph (6-5) shows the experimental data at
a much slower recording speed. The injection portion of
the record 1s compressed. Emphasis is placed on the pressure
rise portion of the curve. This pressure rise is the result
of heat transfer from the chamber wall to the gaseous
mixture-within the evaporation chamber. Information on
the heat transfer characteristic of the equipment were
obtained from similar experimental results for each set of
initial conditions. It is observed that the pressure rise
followed a smooth exponential curve. .

Photograph (6-6) is a record of the absolute
pressure transducer outputs corresponding to the experiment
in photograph (6-5). Note that the sweep speed of this
record differs from that of photograph (6-5). This is
necessary in order to determine the total fuel injection

time for comparison purpose.
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The photographic recordings were evaluated by
means of a projector-comparator. These data were then
used to calculate the lifetime of the sprays. Sample
calculations of one such determination are given in
appendices D and E for the ldeal gas case and non-ideal
gas case respectively.

To determine the spray lifetime corresponding to
any gilven set of initial conditions using the ideal gas or
non-ideal gas relationships, equations (L4-69d) and (4-85)
are used respectively. However, in either case, we have
one equation with two unknowns, namely tL and k. Therefore,
we will use the curve fitting technique to obtain a set of
spray lifetimes as functions of the injected liquid fuel
mass and a set of arbitrarily chosen spread coefficients.
Next, we must examine the physical phenomena in order to
determine the correct tL and k.

Following this approach, the calculated results
are plotted as spray lifetime vs. the ratio of the Iinjected
liquid fuel mass tc the inert gas mass for different wvalues
of k. Next, a smooth curve is drawn through spray lifetimes
having the same k values. The resulting set of curves
represent functional relations between tL and y for different
k. Figure (6-1) in appendix F is a typical plot of the
calculated results. Clearly however, for any given set of

spray conditions, there can only be one tL. It is also clear
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that tL should be independent of x and k. A second
physical condition 1s that for each value of ¥, there can
only be one k and that k increases as x is increased. Now,

in order to solve these relationships for the actual t; and

L
the corresponding significant k, consider the following.

The inclining straight line in figure (6-1)
represents the Injection time which is required for the
injection of a liquid mass as specifiled by the corresponding X
value. This line divides the figure into two regions. In
the region to the upper left of this line, we have tL >
injection time. In the region to the lower right of this
line, we have tL‘< injection time. It is obvious that
quasi-steady state spray evaporation can be established
only when the injection time is equal to or greater than
the lifetime of the spray.

The family of solid curves in figure (6-1)
indicate the lifetime of the spray assuming the fuel vapour
to be an ideal gas. They were drawn for k values at 0.05
intervals and within the quasi-steady state region. At
small values of ¥, i.e. when extended into the unsteady
region, this family of curves tends to converge to a narrow

range of t As x increases, the curves tend to diverge and

L.
they all exhibit a concave downward characteristic. This
family of curves can be divided further into two groups.

The first group contains those curves having a maximum tL

at a point in the quasi-steady state region but not on the
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boundary line. The second group contalilns those curves
having their maximum tL on the boundary line of this
region. The curve, which divides the family of curves,
belongs to the second group and its maximum intersects
the boundary line horizontally.

Now let us consider for example, in the first
group of curves in Figure (6-1), the curve for kx=0.50. This
curve intersects the boundary line at x=.00695. The 1life-
time of the spray as determined from this curve at the inter-
secting point is approximately 247 milliseconds. At some
later time t, say x=.009, more fuel had been injected. Since
the lifetime of the spray is independent of the injection
time, a point which satisfies both requirehents can be
identified in the quasi-steady state region. It can be
seen readily that it lies between the curves for K=O.45 and
k=0.50. This is physically impossible because k can only
increase with time. Based on this reasoning, all curves‘in
the first group can be ruled out. The quasi-steady state
region above the dotted horizontal line in Figure (6-1) is
physically impossible.

The second group of curves is bounded above by
the curve which divides the family of curves into two groups
and below by the limiting k curve.  The lower limit of kis
fixed by the initial volume of the spray which is a function
of the initial evaporation chamber conditions, the injection

pressure, and the geometry of the spray. These two limiting
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cases define a fange of possible « values.

In order to identify the correct x value, one
must consider the actual physical phenomenon. As injection
proceeds, turbulent mixing along with mass and momentum
transfer of the spray tends to increase the cooled fraction
of environmental gas. A second factor; which also promotes
the increase of k, is diffusion of the fuel vapour due to
the existence of a concentration gradient. Both factors
favor an increase of k from its lower limit towards its
upper limit. For the 16-hole self-impinging injector plate,
preliminary investigations using a transparent vessel at
atmospheric pressure and room temperature supported this
theory. The lower 1imit of k was observed to be approximately
0.20. Since in the experlment, a sufficient time period is
required for quasil-steady state to establish in the system,
one may conclude that the most probable k value would be
the maximum possible in the second group of curves. This
meansAthat even though the liquid spray.volume remains
fairly constant, the volume of inert gas which is affeqted
by the spread of fuel vapour keeps incfeasing. Given enough
time, the entire inert gas mass will be affected. At that
instant, k will attain its upper 1limit and equals to unity.
This reasoning is also in qualitative agreement with
available photographical recordings on spread of a spray
in a confined finite space (ref. 6-1). Therefore, the

intersecting point of the dividing curve and the boundary
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line of the quasi-steady state region ylelds the maximum

~ possible spread of the vapour at that instant. This point
specifies also the lifetime of the spray. It satisfied the
physical phenomenon which requires fhat at constant tL, K
increases with increasing x. This condition is met by all
other curves in this group. But k and the lifetime of the.
spray determined from them are not the maximum possible and
consequently have no significance in combustion chamber
désign.

Further indication of the varigtion of k can be
seen in figure (6-14). A comparison of the experimental
pressure decrease to the hypothetical(instanténeous pressure
decreases calculated for « = 0.20, 0.30, and 0.50, for a
range of x. Clearly, for any value of x, physical conditlons
require that the rate of the hypothetical pressure decrease
to be greater than the experimenfal value. This is true
because of the presence of heat transfer effects during an
experiment. Consider for example at x = 0.015, it can be
readily seen that fhe rate of experimental préssure decrease
is greater than the hypothetical_pressure decrease with
K = 0.20. However, this is physically impossible. There-
fore at this instant, k has a value greater than 0.20. On
the other hand, the reverse is true with k = 0.50. Thus one
may conclude from this comparison that for this set of

initial conditions, the k value determined from figure (6-1)

has the right order of magnitude.
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The same reasoning applies to curves calculated
from the non-ideal gas relationships. Only the ‘dividing
curve of'this set of curves is shown as the broken line in
Figure (6-1).

Figures (6-2) to (6-7) show the spray lifetimes
determined for various initial conditions. Both ideal gas
and non-ideal gas expressions were used to calculate the
spray lifetimes.. Results calculated by using the ideal gas
relationships are shown as éolid curves whlle results from .
non-ideal gas expressions ére illustrated as broken curves.

Tables (6-3) _tO'(6—7) in appendix H are lists of
lifetimes of liquid fuel sprays which were subjected to the
various initial and operating conditions. Results in table
(6-3) were obtained from ideal gas relationships and table
(6-4) from non-ideal gas expressions. These first series of
results were obtained when the 1l6-hole injector-plate was
used. The initial conditions of these experiments were
400, 450 and 500 psig and 700, 800 and 900°F. The lifetime
of the sprays was found to vary between 203 and 241 milli-
seconds when ethyl alcohol vapour 1s considered an ideal gas.
When it is considered a non-ideal gas, the lifetime of the
sprays varied between 144 and 180 milliseconds. Table (6-5)
is a list of lifetimes of ethyl alcohol sprays. The 8-hole
self-impinging injector plate was used. Table (6-6) is a
list of lifetimes of water sprays when the 16-hole self-

impinging injector plate was used and table (6-7) is a 1list
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of lifetimes when the 8-hole self-impinging injector

plate was used.

Figures (6-8) to (6-13) show the comparison of
spray lifetimes for the 8 and 16 hole self-impinging
injector-plate. These Include four series of results.
Series two was investigation of ethyl alcohol sprays,
which were produced by the 8-hole injector-plate. The
initial conditions were 400 psig and 700, 800 and 900°F.
Series three dealt with water sprays which were produced
by the 16-hole injector—plate with the inltial conditions
identical to those of series two. Series four was identical
to series three except that the 8-hole injector-plate was
used.

No data for the one hole injector-plate 1is shown
here because it is believed that quasi-steady state
evaporation was never established. This result in itself
however indicates that the injector is of poor design.

To obtain an order of magnitude of the droplet
size from the average droplet lifetime, Fuch's classical
formula for droplets evaporating in an infinite space will

be used in the following form:

2G.. .MD ,
2 - _Ta ¢ : (6-1)
P L

2.0 1 . .
where D is given by D = DO(T/273) 5 (T:°K, P:atm.).
2
For ethyl alcohol in air, D = 0.102 (cm“/sec) (Ref. 2-10).

Now consider the spray evaporation experiments having initial



conditions as listed below:

To = 900°F (755.2°K); Po = 400 psig (28.2 atm.)
(1) Assume that the droplets evaporate at their normal
boiling temperature, then

r = 454 yu

(2, Assume that the droplets evaporate at the boiling
temperature corresponding to the ambient pressure, then

r = 223 u

(3) Assume that the droplets evaporate at the témperature
midway between the above two extremes, then

r = 112 u

From these droplet size calculations, it may be concluded
that the average droplet lifetime determined by the use of

the present analysis has the right order of magnitude.




6.4 Discussions

In the formulation of the governing equations of
Chapter IV, both the.liquid fuel vapour and inert gas were
assumed to obey the Ideal Gas Law. For the inert gas used,
this assumption 1is accurate even at high pressures. Howeﬁer,
for the fuel vapour, deviation from_this assumption is quite

considerable at high pressures. Nevertheless, the Ideal Gas

T

1
much greater than m, (mi>>m2) and a large deviation in the

Law can still be applied in equation (4-4), because m, is
term containing m, can not affect thg entire equation by
any significant amount.

In solving the basic equations, the approximation
technique was employed. It is based on the assumptions
that the ratio of the total injected liquid fuel mass to
the inert gas mass, X, and the amount of heat transfer from
the chamber wall to the gaseous mixture are small. This
approach is adopted because of the complexity of the
anélytical mathematical model.

To obtain small values of x, the total injected
liquid fuel mass can be adjusted. This and the rate of
fuel injection can be used to make the amount of heat
transfer to the gaseous mixture a minimum by keeping the
inert gas temperature decrease small. The influence of X
on the lifetime of the spray can be observed in figure (6-1)
of appendix F. At small x, the spray lifetime curves for
different mixing coefficient, k, tend to converge to a

narrow range when extended into the unsteady state region-
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As X increases, these curyves would tend to give negative tg,-
This shows that the approximation méthod of solving the basic
equation becomes less accurate as X increases. Therefore,

care must be taken in an experlment to ensure small x values.
On the otherAhand, one must keep the ) values large enough SO
that the calculated lifetime of the spray lies outside of the
unsteady state region for the result to be meaningful.

Solution of the basic equations also involves the
determination of the end state specific internal energy of the
liquid vapours considered. During the initial four processes of
the arbitrarily chosen path, the specific internal energy of
the fuel vapour is allowed to vary. This applies to both the
ideal gas and non-ideal gas analyses. The only difference be-
tween these two cases lies in process "e". In this process,
the idéal gas theory assumes the specific internal energy to
remain constant whereas the non-ideal gas tbeory takes into
account the changes in specific internal energy of the fuel
vapour.

Based on identical experimental data, lifetimes
of liquid fuel sprays determined from the non-ideal gas
theory are shorter than those calculated from the ideal
gas expressions. This is understandable because at the
temperatures and pressures investigated, the specific

internal energy of the fuel vapour at the final state



deviates substantially from that of an ideal gas subjected
to an identical isothermal compression process. This shows
that the ideal gas theory should not be used normally.
Unless there are no thermodynamic data available on the
particular fuel of interest or the fuel vapour is known ﬁo
behave as an ideal gas, the non-ideal gas theory should
always be used. For liquid fuels which are mixtures of many
components, care must be exercised in defining their boiling
points and it may be necessary to resort to the ideal gas
theory. In such cases, spray lifetime calculations would
only give an order of magnitude. Even then, this approach
can Stili be used to compare different injection nozzles.
The more efficient nozzle will produce a larger pressﬁre
drop in the evaporation chamber when subjected to identical
experimental conditions.

Three general trends on spray lifetimes can be
observed from the results of figures (6-1) to (6-7). These
are:

(1). PFor identical experimental conditions except
initial evaporation chamber pressure, it was found that the
spray lifetime decreases aé the initial evaporation chamber
pressure is increased. This phenomenon may be attributed
to the fact that the spray becomeé finer at higher pressures
and that smaller droplets normally have shorter lifetimes.
The heat transfer rate is also higher at higher ambient

pressure.
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(2) For different fuel injection rates while all the
other experimental conditions are identical, the spray lifetime
is shorter for faster injection rate. Again, this can be attri-
buted to finer droplets existing in the spray due to higher
injection veloclty and subsequent greater heat transfer.

(3) If all other experimental parameters remain the
same, the spray lifetime is shorter with higher initial eva-
poration chamber temperature. This.is due to increased rate of
heat transfer from the inert gas to the droplets.

- Additional trends can be observed from Figures (6-8)
to (6-13). These are:

(1) For identical experimental conditions, the 16-hole.
injector-plate produces sprays with shorter lifetime than the
8-hole injector-plate. This is due to the fact that the 16-hole
injector-plate produces a finer spray.

(2) The 16-hole injector-plate gives better mixing
than the 8-hole injector-plate for identical experimental con-
ditions. This could be due to the fact that for the same length
of time available, more fuel is evaporated in the case of the
l6-hole injector-plate."This gives more fuel vapour available
for mixing with the surrounding.gasf

(3) When all experimental conditions are the same,
water sprays have longer lifetime than ethyl alcohol sprays.
This is expected because the internal energy change for water
is much higher than ethyl alcohol between identical end states.

The above observations agree with the findings of

other investigators.
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For the stralght Jjet injector-plate, experimental data
indicated that poor atomizatlon was encountered. It is suspec-
ted that quasi-steady state spray evaporation was not estab-
lished during the experiments. Consequently, these data were
not evaluated.

In the calculation of spray lifetimes from experi-
mental data, increments of k were chosen to be 0.01! This was
considered accurate enough because the maximum error intro-
duced is about *2.0% for small values of X. Since the solu-
tions were approximations only, it was also considered un-
necessary to computerize the calculating procedure.

A second sourée of error is in the evaluation of the
pressure data. The maximum error introduced through the thick-
ness of the recording traces is approximately +3.0%, even
though the projector-comparator was used.

Other sources of error that set a 1iﬁit tc the accur-
acy of the present method are introduced through the simpli-
fying assumptions. These include the size distributions, un-
equal evaporation raﬁe of same size droplets, deviations from
the Ideal Gas Law and others. Though they are fairly well
known, there seems to be no easy way of substantially diminish-
ing the absolute size of the errors. |

On the whole, the present analysis and equipment are
great improvements over that of referencei(3 -~ 14). In the
theoretical treatment, heat transfer from the chamber wall

to the gaseous mixture during fuel evaporation is considered
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in the present study. In the former study (ref.3-14) it was
neglected. An important characterilstic of the spray, namely
the spread of the vapour as a function of time can be esti-
mated in the present analysis. The evaporation lag was mis-
taken for the spray lifetime in reference (3-14). It has been
found in the present analysis that t%e evaporation lag eéuals
approximately U40% of the spray lifetime. |
The use of a much larger evaporation chamber in
the present equipment has prevented the droplets from hitting
the wall. This eliminated a major source of error which existed
in the former investigation of Sandri and Wong. Also, any
liquid fuels can be investigated with the present fuel in-

jection system.



6.5 Conclusions

The present phenomenological approach to study
the spray evaporation phenomenon has been found to have
many advantages. Most important of all is the fact that it
can be applied at any pressure range as long as the "d2
law" of single droplet evaporation is valid. The method is
simple and it automatically integrates an extremely complex
problem to give two measurable and significant characteristics.
These aré:

(a). The lifetime of a spray, and

(b). The spread coefficient produced by the spray
as a function of the injected liquid fuel mass.
Both characteristics are important in the design of
combustion chambers. While the lifetime of the spray controls
the size of the combustion chamber,.the spread coeffiéient
indicates the miking state of the gaseous mixture. These
would ultimately contribute to the understanding of spray
combustion.

Another advantage of the present technique is that
data acquisition does not disturb the phenomenon.

When physical and thermodynamic properties'of‘the
fuel are not known, this experimental method can still be
used to compare different fuel injection nozzle designs. In
such case, the fuel injection nozzle which produces a larger
pressure decrease for identical operating conditions, has a

higher nozzle efficiency. Full scale testing of injector



149

designs can be avoided by investigating scaled down models.

On the other hand, there are limitations to the
application of the present method. First, it requires that
certain physical properties and thermodynamic data of the
liquid fuel are known before the spray lifetime and the
spread coefficient can be calculated. This applies to both
single component or multicomponent fuels. |

Another limitation is that the method also depends
on.the validity of applying physical properties of a liduid
fuel obtained from a single compdnent system to a binary
system. |

However, the advantages of the present fechniques
outweigh by far all the limitations and should certainly be

useful in future studies.
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Appendix A

"Figure u4-1 Ethyl alcohol pressure vs.

enthalpy graph
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Appendix B

Figures of experimental apparatus and instrument calibration

Figure 5-1 . Apparatus layout
5-2 Liquid Fuel Injection System
5-3 Injection nozzle cooling system.
5-U4 . Evaporétion chamber pressurizing

and depressurizing system.

5-5 Liquid Fuel filling system

5-6 Fuel Injection Triggering system.

5-T Instrumentation. "Electrical
circuit.

5-8 Electrical circuit for power

supply to the linear displacement

transducer and output.

5-9 Electrical circult for solenoid

values.
Graph 5-1 Linear Displacement Transducer

Calibration.

5-2 pDifferential Pressure Transducer
Calibration.

5-3 pDifferential Pressure Transducer
Calibration.

5-U4 Absolute Pressure Transducer

Calibration.



Appendix B

Graph 5-5 Pressure Gauge Calibration
5-6 Absolute Pressure Transducer
Calibration. Alinco Pressure

Cell: Serial #33121.
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FIGURE 5-2.  LIQUID FUEL INJECTION SYSTEM
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FIGURE 5-3. INJECTION NOZZLE COOLING SYSTEM
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FIGURE 5-4. EVAPORATION CHAMBER PRESSURIZING AND
DEPRESSURIZING SYSTEM
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FIGURE 5-5. LIQUID FUEL FILLING SYSTEM
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FIGURE 5-%. FUEL INJECTION TRIGGERING SYSTEM
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DIFFERENTIAI, PRESSURE TRANSDUCER CALIBRATION

GRAPH 5-2.
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GRAPH 5-4. ABSOLUTE PRESSURE TRANSDUCER CALIBRATION
ALINCO PRESSURE CELL:SERIAL #33120
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GRAPH 5-5. PRESSURE GAUGE CALIBRATION
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Appendix C

Photographic recordings

Photograph 6-1 Linear Displacement Transducer

output. Liquid fuel reservoir
partly filled.

6-2 . Linear Displacement Transducer

output. Liquid fuel reservoir

completely filled.

6-3 Camera recording

6-4 Absolute Pressure Transducer
outputs.

6-5 Camera recording

6-6 Absolute Pressure Transducer

outputs.




Photograph 6-1

Linear Displacement Transducer
Output, m2(t)
Liquid Fuel Reservoir Partly
Filled.
Fuel: Ethyl Alcohol
My < 18.091 g
Sweep speed: 0.1 sec/cm
= o
To 900°F

P
o

400 psig



Photograph 6-2

Linear Displacement Transducer
Output, m2(t)

Ligquid Fuel Reservoir Completely
filled.

Fuel: Ethyl Alcohol.

Myp = 18.991 g
= o

TO 900°F

PO = 400 psig

Sweep speed: 0.1 sec/cm
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Photograph 6-3 Camera Recording
_Upper trace: Linear Displacement
Traasducer output.
Lower trace: Differential Pressure
Transducer output.

Fuel: Ethyl alcohol

sz = 18.091 g
= o

TO 900°F

Po = 40O psisg

Sweep speed: 0.1 sec/cm
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Photograph 6-4 Absolute Pressure
Transducer outputs

Upper trace: Absolute Injection
pressure.

Lower Trace: Absolute evaporation
chamber pressure.

= o
To 900°F

P 400 psig

o
Sweep speed: 0.1 sec/cm

‘ﬂ
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Photograph 6-5 Camera Recording

Upper beam: Linear Displacement
Transducer output.
Lower beam: Differential Pressure

Transducer output.

sz = 18.091 g
= o

To 900°F

P, = U400 psig

Sweep speed: 5.0 sec/cm
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Photograph 6-6 Absolute Pressure
Transducer outputs

Upper trace: Absolute injection

pressure.

Lower trace: absolute evaporation
chamber pressure

= o
TO goo°F

P
o

400 psig

Sweep speed: 0.10 sec/cm



Appendix D

Sample Evaluation of Experimental Data-Ideal Gas Expressions.

Fuel: Ethyl alcohol

inert gas: Nitrogen

T, (Initial evaporation chamber temperature): 900°F (755.2°K)
P, (Initial evaporation chamber pressure): H414.7 psia

My (Molecular weight of N2): 28.016

M, (Molecular weight of C2H50H): 46.07 |

m, e (Maximum injected liquid fuel mass, g): 18.091

L, (Latent heat of vaporization): 204 cal/g

(1). Calculation of the mass of nitrogen gas in the

evaporation chamber from the Ideal Gas Law.

P_VM
_PVMy .7 82.36  28.016 _
my, = RTo = IT.7 X —5B5050 x ;g;?g— 1050.42 g.

From Van der Waal's equation:

(p+55) (v-b) = RT

v

2 2
where a = 1.390 (liters® x atm)/mole
and, b = 0.03913 liters/mole

For T = 755.2°K and P_ = 414.7 psig, V = 2.213902 liters/g

mole. Therefore

_ 82.36 x 28,016 = 1,042.231 g.
my = 2.213902 (8) = 1 o &

The difference between the two calculated masses is

1050.42 - 1042.23 = 0.79%
1042.23 x 1007 & .



(2).

(3¢

(4).

m
_M2r _ 18,091 _
Xe = @ = Tows.z31 - 0-017.338
M
_ M _18.001 _
W= g = fggs = .608,118

Calculation of maximum temperature drop in the

evaboration chamber from measured maximum pressure drop:

From equation

Therefore,

T min

(5).
cpl

c
Py

AP (max)

(4-14)

Ty

4o2.4
Hlno'?

725.167,7°K

x 755.2

Calculation of average Cv

(at 800°K)

(at T700°K)

By linear interpretation:

C

Py
c

Py

(at 755.2°K)

(at T725.167,7

7.

12.3 psia

g

i

iq [__;_~]
Po o] l+xfu

1
TI+.017,357,9 X .608,118)

(cal/g.°K)
1

°K)

415,115,8-1.987

28.010

7.512 (ref. 4-3)

7.350

7.439,46
7.390,771,7

7.415,115,8

0.193,75



(6). Calculation of Ep (cal/g.°K)
2

T
- 1 (o] 2
Py, (T -TIM, IT (4.946+0.049087T-0.000,023,855T

o

Ql
[

+ .000,000,004,5T3) 4T

- 1
= 55 o7 LY.946+0.024,543,5(T +T)

- .000,067,952(T02+TOT+T2)

2

+ .000,000,001,125(T_3+T T+T_T2+T3) ]

= 0.651,922,2 cal/g.°K

(7). Calculation of vy from equation (4-12c)

C_ - AR/M
. P2 ° 42,086
Yi = .6 - 3-1 s
v

1

(8). Calculation of g; from equation (4-12a)

= —%  [L, + JTS C.dT + JTOC arT - C_. T_1]
= = 5 5
T

T T
I 5 ¢.aT J S (19.02967-.004,812T+.000,091,3T2)dT

2,0 Ts,0

= - T_+T
= (TS_T2,0)[19'029’67 .002406¢( s 2,0)

. 2 2
+ .000,03043(T “+T Ty *To o )]

T, = 351.3°K; T, o = 273°K

44,989 cal/g.



(9).

(10).

D-4

To To
J Cc_ 4T JT (4.946+.049087T-.000,023,855T2
S

+.000,000,004,5T3)aT

(T -T )

- S
= = [4.946+.024,543,5(T +T )-
000.007.952 (T _2+T T_+T_2)
* 3 3 o o s s
+.112,5 x 1079 (To3+T02Ts+TOT32+TS3)]

= 222.18 cal/sg.
B;= -0.1u4k4,735
Calculation of P,
P, = P (1 + 1 Xg)

4y14.7 (1 + .608,118 x .017,358)

419.077,45 psia

P, - P = 4,.377,45 psia

o0

Calculation of Bi

P - P (t-t,)
= exp {-—p— !
o r i

From experimental data

(-]



(11).

(12).

(13).

().

D-5

P - P = 6.677;45

(=<

= 10.377,45]) - 5 =
B1 = S/Qn[—67577fﬁgl = g9z, - 11-340,628

Calculation of m, from experimental data

m, = l§;%%l = 29,657 g/sec

Calculation of K

R N i 2[1+Y1Xf](31+Yi)
K [!;12] Bi W1+Yi-u)
= 146.892/k

From experimental data

%E = 21.742 psia/sec

(By+yy-u) + Byux' P 2.389,233-.088,0159x"

AP = Pox 1 + -Yix' QX l+3.142,086x‘
P-P;
= I _ ky?
at
m, 18.091
X 0.017,358
X2 0.301,3 x 107°

AP 12.05%.05



K K tL (m sec)
.30 489.64 -84.600
«35 419.69 6.133
.40 367.23 75.320
A5 326.43 129.844
.50 293.78 173.938

(15). Repeat steps (1) to (14) with different values of
injected 1liquid fuel mass and for the same k values listed

in step (14).

(16). Draw a smooth curve through the points having the

same Kk value fo obtain the k curves.

(17). Draw in the boundary 1ine of the quasi-steady state

region to intersect the Kk curves.

(18). Determine the upper limiting k curve by observation.
This curve intersects the boundary line of step (17)

horizontally.



Appendix E

Sample Evaluation of Experimental Data-non-Ideal Gas
Expression.

Fuel: Eth&l Alcohol

T, : 900°F (755.2°K)

Py, hi4,7 psia

(1). Calculation of the mass of nitrogen gas in the

evaporation chamber from the Ideal Gas Law.

m., = —m 1050.42 g.

L L

(2). 18.091

(3). Calculation of maximum temperature drop in the
evaporation chamber from measured maximum pressure 4rop.

Equation (4-128).

AP (max) = 12.3 psia
U p 1
T min = %%%77 x 755.2 X TIF.017,222,5%.0608,110)

R

T725°K

(4). Calculation of Cy (cal/g.°K)
1

Same as in the ideal gas case.

Cvl = .193,75

(5). wu = 0.608,118

E-1



(6). Calculation of Ep (cal/g°K)
2

Same as in the ideal gas case

C_ = 0.651,922
P>
(7). Calculation of y from equation (4-23b).

From figure (lU-1) appendix A.

e2(T°,Po) = h(TO,PO)-Pov = 415.1 cal/g.

e2(To,_) h(TO,l)-v = L4u44,5 cal/g.

e2(480°C,1) yyu2.7 cal/g.
e2(u20°C,1) = 405.2 cal/g.

e2(M80°C,30 atm) = 411.7 cal/g.

e2(420°C,30 atm) 375.1 cal/sg.

e2(h80°C,20 atm) = 426.3 cal/g.

e2(T,1) e (480°C 1 atm)—e (420°C,1 atm) 6120
3T = u80°c-420°c = - ’
p
480°C,30)-e,(420°C, 30)

3e2(T,30)1 = =2 3u8000—u20°c = .597.6

3T ip

T,1
a = an(T’3O)] -~ .afg.i._—l] - -0.015,433,3
3T o p
aez(MBO,P) B (480, 30)-e, (480, 20) 1160



(8).

(9).

(10).

(11).

(12).

(13).

(1h).

Y, = 3.062,431

Calculation of B from equation (4-232)

g, = -020,0H

P, = 419.077 psia (Same as in ideal gas case)
P, - P = 4.377 psia

From experimental'Data (same as in ideal gas case)
Bn = 11.34
Calculation of m, from experimental data

52 = 29.66 g/sec

23

= 21.74 psia/sec

[2.192,91-0.158,963,8 x'1
Hih.7x I1+X'(3.062,43—.281;44K)—.171,15xx‘]

P-P; 2

N _ 88.459,23 X 1y42
0.4¢ s - 88.459,23 T - 9.968,33(1.793,03+ L)X



Appendix F

Lifetime of ethyl alcohol and water sprays at various

initial evaporation chamber temperatures and pressures.

Figure 6-1" T, 900°F; P oo psig. ﬁz 29.7 g/sec

Figure 6-2 T

o = 800°F; P, = 450 m, = 32.6 g/sec

Figure 6—3' T, = 800°F; P, = 400 ﬁz = 32.3 "
Figure 6-U T_ = 800°F; P = 400 ; m, =29.9 "
Figure 6-5 T_ = TOO°F; P, =500 3 m, = 32.4 "
Figure 6-6 .To = 700°F; P_ = U450 3 m, = 32.0 "
Figure 6-T T_ = T00°F; P, = 0O ﬁé = 32.5 "
Figure 6-8 Comparison of 16-hole (A) and 8-hole (B)

nozzles. Fuel: Ethyl alcohol; T, = TOO°F;

P_ = 400 psig. |
Figure 6-9 Comparison of 16-hole (A) and 8-hole (B)

nozzles. Fuel: Ethyl alcohol; T, = ‘800°F;

P, = h4oo psig.

Figure 6-10 Comparison of 16-hole (A) and 8-hole (B)
nozzles. Fuel: Ethyl alcohol; T = 900°F;
P, = 4oo psig.

Figure 6-11 Comparison of 16-hole (A) and 8-hole (B)

nozzles. Fuel: Water; T, = 700°F; P = Loo psig.

Figure 6-12 Comparison of 16-hole (A) and 8-hole (B)

nozzles. Fuel: Water; T, = 800°F; P, = LoO psig.



Figure 6-13 Comparison of 16-hole (A) and 8-hole (B)

nozzles. Fuel: Water; T = 900°F; P, = 400 psig.

Figure 6-14 Comparison of experimental and calculated
pressure decreases. Fuel: Ethyl alcohol;

= ol =
T, 900°F; P, 4oo psig.
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Appendix G

Table 5-1. Selected Physical Properties of ethyl alcohol.



TABLE 5-1

Selected Physical Properties of Pure Ethanol (Ref. 5.1).

Molecular weight, CzHSOH 46.07
Boiling point, 760 mm,°C 78.3
Critical temperature, °C 243.1
Critical Pressure, mm Hg - 47,850
atms. 63.11
Specific gravity 20/20°C 0.7905
Heat of vaporization cal/g. 204.3
Specific heat, Cp 25°C Q.588
Density, g/ml Temp.°C Density
' 0 .806,306
5 .802,09
10 .797,87
15 .793,60
20 .789,3%
25 .785,12
30 .780,75
35 LTT76,41
4o .772,03
50 .763,1H4
Coefficient of cubic expansion, 20°C. .001,8

Liguid up to 130°C (Ref. 5-2)

C = 19.029,67 - 0.00k4,812T+.000,091,3 72 (cal/g mole °K)
D
Gas up to 1500°K (Ref. 4-2)

3
c = 4.946 + 0.049,087 T - 000,023,855 T° + 000,000,004 ,5T
D

(cal/g.mole °K)



Appendix H

Experimental Parameter Combinations and Lifetime of

Table

Table

Table

Table

Table

Table

Table

6-1
6-2

6-3

6-5

6-6

6-7

Experimental Parameter Combinations
Experimental Parameter Combinations

Lifetime of ethyl alcohol sprays.

Ideal gas solutions.

Lifetime of ethyl alcohol sprays.

Non-ideal gas solutions.

Lifetime of ethyl alecohol sprays.
Non-ideal gas solutions. 8-hole

self-impinging injector plate.

Lifetime of water sprays.
Non-ideal gas solutions. 16-hole

self-impinging injector plate.

Lifetime of water sprays.
Non-ideal gas solutions. 8-hole

self-impinging injector plate.

Sprays



TABLE 6-1

Fuel: Ethyl

EXPERIMENTAL PARAMETER COMBINATIONS

alcohol, 16-hole injector-plate
1

Initial
Evaporation
Chamber T.

(°F)

Initial

Total

Evaporationl.Injected

Chamber P.

(psig)

Liquid
Fuel Mass

(g)

Sweep

Speed of
Oscilloscopes

(sec/cm)

Fuel
Rate

(g/sec)

Injection

Experiment
Group
Number

900

400

18.091

15.484

12.917

10.468

7.861

6.305

0.10

29.657

18.091

5.00

800

450

18,091

15.484

12.917

10.468

7.861

6.305

0.10

32.596

18.091

5.00

800

koo

18.091

15.484

12.917

10.468

7.861

6.305

0.10

.29.962

18.091

5.00

800

hoo

18.091

15. 484

12.917

10.468

7.861

6.305

0.10

32.305

18.091

5.00




TABLE 6-1.

Continued.

Initial
Evaporation
Chamber T.

(°F)

Initial

Chamber P.

(psig)

Evaporation

Total
Injected
Liquid

()

Fuel Mass

Sweep
Speed of

(sec/cm)

Oscilloscopes

Fuel
Injection
Rate

(g/sec)

Experiment
Group
Number

700

500

18.091

0.10

15.484

12.917

10.468

7.861

6.305

32.363

18.091

5.00

700

450

18.091

0.10

15.484

12.917

10.468

7.861

6.305

31.963

18.091

5.00

700

oo

18.091

0.10

15.484

12.917

10.468

7.861

6.305

32.479

18.091

5.00
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TABLE 6-3 LIFETIME OF ETHYL ALCOHOL SPRAYS. IDEAL GAS
SOLUTIONS. 16-HOLE IMPINGING INJECTOR PLATE.

T (°F) P (psig) ty, (m sec) K rﬁz(g/sec)
700 400 2417 0.27+.01| 32.48
700 450 222%7 0.25*.01| 31.96
700 500 2177 0.23%.01| 32.36
800 400 22427 0.31%*.01| 32.31
800 400 242+7 0.30%.01 29.90
800 ' 450 219%7 0.30%.01| 32.60

0.30%.01| 29.66

900 400 . 203%7




TABLE 6-4

LIFETIME OF ETHYL ALCOHOL SPRAY. NON IDEAL

SOLUTIONS. 16-HOLE IMPINGING INJECTOR PLATE.

To(°F) _Po(psig) tL (m sec) K r.n2(g/sec)
700 4oo 180+3 0.23%.01 32.48
700 450 149+3 0.22%.01 31.96
700 500 1442 0.22%.01 32.36
800 4oo 158+3 0.25%.01 32.31
800 4oo 169+4 0.25%.01 29.90
800 450 144+3 0.22%.01 32.60
900 400 1654 0.30.01 29.66




TABLE 6-5

LIFETIME OF ETHYL ‘ALCOHOL SPRAYS.

NON-IDEAL GAS SOLUTIONS. 8-HOLE

T, (°F) P, (psig) | ty (m sec) 'S ﬁlz (g/sec)
700 1964 .26+ .01
800 L4oo 1694 L2T7x.01 32.52
900 17821 .33+.01 29.89
TABLE 6-6 LIFETIME OF WATER SPRAYS. NON—IDLAL
GAS SOLUTIONS. 16-HOLE SELF-IMPINGING
INJECTOR PLATE
S . ) .
T, (°F) | P (psig) ty, (m sec) K. m, (g/sec)
700 51212 0.40+.01
800 Loo L80+12 o.4hx 01 35.79
900 422+10 _ 0.45+.01
TABLE 6-7 LIFETIME OF WATER SPRAYS. NON-IDEAL
GAS SOLUTIONS. 8-HOLE SELF-IMPINGING
INJECTOR PLATE
T, (°F) P, (psig) ty (m sec) K rﬁz (g/sec)
700 558+14 LU43+.01
800" 400 51612 .48+.01 36.01
900 16212 _48+.01






