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tributions include an hoer term which is the kogo contribu-
tion for oxygen participating in the surface reaction; the re-
maining two terms together imply the gaseous heat of reac-
tion seen by the layer when a solid deposit is involved.
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Behavior of a Liquid Jet near the Thermodynamic Critical Region
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As thrust levels in modern rocket engines have risen, combustion chamber pressures in ex-
cess of the fuel and oxidizer critical pressures can be expected. This study concerns itself with
how these particular conditions affect the atomization and mixing processes accompanying the
injection of liquid propellants into a gaseous environment. The paper describes an experi-
mental analysis in which a liquid issues into a gas whose pressure and temperature are close
to (and often exceed) the liquid critical pressure and temperature. The data include observa-
tions of the geometric, dynamic, and thermal characteristics of the spray. A theoretical
analysis is performed in which the two-phase spray is treated as a turbulent submerged jet.
Verified mechanisms of turbulent mixing are used where possible. The equations for the
constancy of mass, momentum, and energy and a modified jet propagation equation are
solved numerically to yield information about the axial velocity, concentration, and tem-

perature difference decay rates.

Nomenclature
a = liquid to environmental gas-density ratio p;/ps
A = area
bi,b: = boundary-layer thickness, b;/r,
ba,bm = main region jet radius, b /7,
C = liquid to gas mass-flow-rate ratio m;/m,
(o} = liquid mass fraction in liquid gas mixture 7y /(m; +
M)
Cp = specific heat at constant pressure
f,g,h = velocity, concentration, and temperature distribution
functions
H = heat-transfer coefficient
K = (1 = ATwgu(1 — 8)]
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k = thermal conductivity

= mass flow rate

Q = liquid-to-gas heat capacity ratio

P,P, = pressure, P/Pc

R,R = jetradius (equals 7; in initial region, by in main region),
R/r,

& = gas constant

r,# = radial coordinate, /7,

r, = injector radius

r,71 = location of inner boundary in initial region, /7,

ro,72 = location of outer boundary in initial region, r./7,

rqe = droplet radius

N = liquid to environmental temperature ratio T1,/Ts

t = time

T = temperature

AT = (Ts — T)/(Ts — Tw)

U = axial velocity

v =U/U,

x,% = axial coordinate, z/r,

a = thermal diffusivity

p = density

T = surface tension

N = viscosity
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7 = (r. — r)/b;

¢ = r/by

Subscripts

a = average quantity

¢ = critical

g = gas

H = at end of initial region

7 = initial region

1 = liquid

m = axis of jet

M = main region

n = at end of trapsition region
o = at orifice

s = surrounding fluid (i.e., ambient)
T = turbulent

Introduction

HE physical processes that occur when a liquid is dis-

charged into a gaseous environment have been the sub-
ject of theoretical and experimental research for nearly
100 years.! As the first process to oceur in a variety of flow
systems (e.g., liquid-propellant rockets, jet engines, fuel-
injection systems, spray devices), studies of the injection of
the liquid and its subsequent atomization into droplets have
greatly contributed to the understanding of their performance
(e.g., combustion instability, poor combustion -efficiency,
ete.).

In this study, the authors have examined the behavior of a
liquid jet issuing into an environment that has not been con-
sidered to date: in particular, an environment whose prop-
erties are close to the critical properties of the injected liquid.
The basic intent of this study was to supply information re-
garding the characteristics of a spray of fuel droplets so that
subsequent ignition and combustion theories can be applied
in a realistic fashion.

Extensive examinations of jet disintegration have been
carried out by many investigators. Most fundamental
studies have been conducted using a straight, circular-cross-
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Fig. 1 Test chamber assembly.
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Fig. 2 Influence of gas composition on jet behavior

(injection velocity = 370 ecm/sec, chamber pressure =

1100 psig, environmental temperature = 22°C, partial
pressure of CO; = a) 0 psi, b) 550 psig, ¢) 900 psig).

section delivery tube, and information about jet behavior
under various circumstances has been collected via photo-
graphic means. Among the parameters that have been ob-
served to have an effect on jet behavior are the liquid and
gas physical properties (i.e., viscosity, density, surface ten-
sion), liquid-to-gas relative velocity, and orifice size.2—®

A few authors have considered the specific influence of
fluid vaporization on the atomization process and agree
that the over-all effect is small except under special circum-
stances.”

Experimental Analysis

Description of Equipment

The apparatus used in the experimental portion of this
study is briefly described as follows.

A test chamber constructed of mild steel and plated with
cadmium was fitted with two diametrically opposed fused
quartz windows. This facilitated both visual and photo-
graphic observations of the jet. The entire chamber assembly
was designed to withstand internal pressures of up to 1600
psig. Fitted near the base of the chamber were four cy-
lindrical cartridge-type heaters. With an asbestos lining
bonded to the inner wall of the chamber, temperatures in
excess of 200°F were possible. The chamber temperature
was monitored with chromel-alumel thermocouples and was
controlled by an electronic thermostat the input to which
was the signal from a thermistor located near the heaters.
With this device, it was possible to control the temperature
in the chamber within £°C. A schematic representation of
the chamber assembly is given in Fig. 1.

The liquid studied in this experiment was commercial--

' grade carbon dioxide. CO; was chosen because of its avail-

ability, its low critical temperature (31°C), and because it is
a fluid for which the physical properties are tabulated over
a wide range of conditions. Through the use of two high-
pressure regulators and a high-pressure nitrogen supply, the
pressure in the test chamber and in the supply vessel could
be adjusted to any desired value and maintained at that
level. A valve system was incorporated into the flow system
s0 as to control the initial CO,/N; ratio in the test chamber.
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Fig. 3 Influence of gas temperature on jet behavior
(injection velocity = 200 cm/sec, chamber pressure = 1300

psig, initial CO; partial pressure = 0 psi, environmental
temperature = a) 22°C, b) 46°C, ¢)60°C).

The desire to do such’was brought about by the need to con-
trol the evaporation rate of the “fuel.”

The bulk of the experimental data was collected by photo-
graphic methods. Pictures were taken of the jet under the
following sets of conditions. The chamber pressure was
set to one of three values, 900 psig (reduced pressure P/P, =
0.856), 1100 psig (P, = 1.040), and 1300 psig (P, = 1.228).
At each of these chamber pressures, three gas compositions
were considered. The ratio of the partial pressure of CO,
to the total pressure was set to 0.0, 0.5, and to its saturation
value. For each of these conditions, a number of gas tem-
peratures were considered ranging from suberitical to super-
critical. At each of the preceding settings, photographs of
the jet were taken at several different velocities. Most of the
observations were made with a fluid inlet temperature of
22°C and with an injector diameter of 0.66 mm.

To avoid the optically disturbing influence of refractive
patterns established when droplets move through a dense
gas, a blacklighting technique was used. A very short
duration (3 wsec) light source was produced by an electronic
unit. To examine the flowfield when phase change was
taking place, a shadowgraph system was employed. In
addition to these “action-stopping” techniques, high-speed
motion pictures were taken in order to examine in detail the
nature of the instability at the liquid-gas interface near the
injector exit and to measure the axial velocity.

Experimental Results

At environmental pressures near the liquid eritical pres-
sure and for conditions for which no heat transfer to the
liquid nor any phase change occurred, the breakup of the
liquid jet was observed to be much the same as has been
previously observed. At low velocities, breakup was due
to capillary instability resulting in the production of large
(of the same order of size as the orifice diameter) uniform
droplets. This was in spite of the fact that the liquid issuing
from the orifice was turbulent. Under many of the condi-
tions encountered in this experiment, a laminar jet could not
be established. The reason is simply that the minimum
velocity Unmin = (4a/pir,)Y? necessary to form a stable
cylindrical stream® was greater than the velocity Ur =
1100 wi/piro at which fluid passing through a long circular
tube becomes turbulent.’® In the case of this experimental
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work and in other cases for which (pir,a /%) > 550, the
liquid jet cannot be established without it, in fact, being
turbulent. As injection velocity was increased, secondary
atomization began to occur until, at injection velocities
above 400 em/sec the spray became a mist of very fine
droplets. (From photographic observations, droplet sizes
were estimated to be of the order of 10 u.)

The influence of gas density on the atomization process has
been observed to be similar to the influence of injection ve-
locity; i.e., the higher the gas density, the finer the spray.
This effect has been reported elsewhere’® for suberitical
pressures and indeed appears true for supercritical pressures
also.

In Figs. 2-4 are shown some example photographs that
illustrate the influence of environmental gas composition and
temperature on the jet’s behavior. There are two main
reasons why gas composition can affect the nature of the
spray. The first is simply that the gas density varies with
composition. The second is that the rate at which the CO,
liquid will evaporate will depend on the amount of CO,
vapor in the environment. All else being equal, one could
expect more rapid evaporation per unit area of exposed liquid
surface, the lower the CO, partial pressure. In Fig. 2, both
the liquid and gas are at the same initial suberitical tempera-
ture of 22°C. The amount of CO. vapor in the gas phase,
however, is different in each of the three cases shown. The
pressure of 1100 psig is above the critical pressure of CO,.
The trend toward a finer, more uniform spray as CO, partial
pressure (and hence gas density) is increased is evident.
The obvious observation regarding the effect of evaporation
is that the total apparent mass of liquid in the main region
of the spray is less the lower the CO. partial pressure (i.e.,
the higher the evaporation rate). There are, however,
several competing effects that take place under these kinds
of conditions.

The time required for complete evaporation of the indi-
vidual droplets within the spray will be shorter the smaller
the droplets. Small droplets are produced when gas density
is high, i.e., when chamber pressure is high and evaporation
rates per unit area are small. It has been observed that, at
pressures even higher than 1100 psig and at moderate local
evaporation rates, the droplets produced can, at sufficiently
high velocities, be so small that the liquid phase evaporates
completely within the field of view. Unfortunately, there
exists no exact analytical model that describes as a function

a b ‘ ¢

Fig. 4 Influence of chamber pressure at a supercritical

temperature (injection velocity = 335 cm/sec, environ-

mental temperature = 46°C, chamber pressure = a) 900
psig, b) 1100 psig, c) 1300 psig).
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of initial droplet size the evaporation rate under these condi-
tions. Furthermore, it is impossible to predict, as a function
of injection velocity, orifice size, and gas composition, the
initial droplet size distribution in the spray. Hence it is not
possible at this time to make generalized statements about
the total amount of liquid phase which would be present at a
particular distance from the orifice.

The temperature of the gas environment will affect the
jet behavior because 1) gas density decreases with increasing
temperature for a fixed composition and pressure; 2) surface
tension decreases with increasing temperature, becoming
zero when the liquid reaches its critical temperature; and
3) evaporation rates would be expected to increase with tem-
perature for constant liquid temperature. An example of
the effect of these influences is shown in Fig. 3. Here
evaporation is able to proceed rapidly in all three cases
(CO, partial pressure is zero) and indeed would be expected
to proceed at a higher rate the higher the gas temperature.

It is evident from Fig. 3 that, as temperature increases,
the size and number of droplets within the spray is substan-
tially reduced. An examination of the physical appearance
of the liquid-gas interface at a short distance from the orifice
suggests that the major contribution to the increased atomiza-
tion efficiency is a reduction of surface tension caused by liquid
heating. The decrease in the amount of liquid phase in the
spray is, of course, due to phase change. The possibility of
gasification (i.e., whether or not some droplets reach the
liquid critical temperature) cannot be commented upon
here. In this environment, where both liquid heating and
evaporation can occur, the question is debatable.}

In order to consider more specifically the possibility of
gasification, a series of photographs was taken of which Fig.
4 is representative. Here there is a large percentage of CO,
in the environment (hence evaporation is severely retarded),
and the gas temperature is well in excess of the liquid ecritical
temperature. At 900 psig, the liquid is issuing into what is
essentially a superheated gas. Upon reaching its saturation
temperature at this pressure, the liquid would boil. The
vapor thus produced would continue to heat up to the gaseous
state. The liquid cannot gasify directly, since 900 psig is
suberitical. At the pressure and composition of Figs. 4b and
4c, however, the liquid eannot boil; since the chamber pres-
sure is supercritical. The liquid droplets are simply heated
until they reach the critical temperature, at which point
gasification oceurs.

Photographs similar to those of Figs. 4b and 4c were taken
under a variety of conditions in which CO, partial pressure
and gas temperature were high and injection velocities were
sufficient to produce a finely dispersed spray. Under such
conditions; it was always evident that the shape of the
region in which liquid was apparent was independent of in-
jection velocity. This observation suggests that, under
these circumstances, it may be possible to describe the transfer
of heat, mass, and momentum from the environment to the
spray in terms of a turbulent submerged jet model. This
postulate is further substantiated by the appearance of the
nonevaporative spray of Fig. 2¢, in which the spray bounda-
ries closely resemble the outer boundaries of a single-phase
submerged jet. The validity of this hypothesis can, how-
ever, only be verified by a comparison of computed and
measured spray parameters,

In the following section, a simple theoretical analysis,
appropriately modified to account for the two-phase nature
of the spray will be briefly described. Following this, a
comparison will be made between observed and computed
mean axial velocity decay rates, spray boundaries and critical
isothermal lines within the spray.

1 In a somewhat simplified analysis of a single heptane droplet
evaporating in a supercritical environment, Wieber!! has indi-
cated that, under certain conditions, gasification may occur be-
fore all the liquid has evaporated.
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Theoretical Analysis

Model, Assumptions, and Approximations

The so-called turbulent submerged jet arises when a fluid
is discharged from a nozzle into a stationary medium. The
rapid motion of macroscopic lumps of fluid (eddies), moving
in a disorderly fashion promotes rapid mixing between the
two fluids. That is, there is a transverse transfer of heat,
mass, and momentum between the discharge fluid and its
surroundings. The result of these processes is the formation
of a region of finite thickness (i.e., boundary layer) with a
continuous distribution of mean velocity, temperature, and
species concentration.

In this description of the jet, it is assumed that the bound-
ary layer is of finite thickness; in some theories of the sub-
merged jet, it is assumed that the boundary layer has asymp-
totic profiles for velocity, concentration etc. The former
is chosen because of its relative mathematical simplicity
and because at no time has the transport of liquid droplets
beyond a well-defined boundary been observed. Other
assumptions and approximations utilized in this analysis are
listed, along with their qualifications as follows:

1) The gas phase obeys the ideal gas law. For the case
of a hydrocarbon fuel issuing into the hot gaseous products
of combustion, the approximate relation p, = P/®RT, is quite
good, since the chamber pressure, although near the critical
pressure of the fuel, will generally be well below the critical
pressure of the combustion products. (The critical pressure
of most paraffin and aromatic fuels is about 30 atm, whereas
the critical pressure of a COe; HyO mixture is of the order
of 150 atm.) For the conditions encountered in the experi-
mental portions of this work, the foregoing equation is esti-
mated to be no more than 109 in error.

2) Latent heat of vaporization is small, and evaporation
rates are very low. This point has been discussed at some
length by Brzustowski.?? His discussion shows that this is
a reasonable assumption at high pressures. Hence, the
analysis does not consider the transfer of heat to the liquid
for any purpose other than to raise the liquid temperature
and, as such, will not be accurate is a highly evaporative
system.

3) The liquid droplets and entrained gas have the same
local mean axial velocity U. This assumption is good for
small droplets (i.e. 50 u or less).

4) Thermal equilibrium exists between the liquid droplets
and the gas surrounding them. That is, the gas and liquid
temperatures at any position within the spray will be equal.
To consider the accuracy of this assumption requires the
solution of the transient heat-transfer problem associated
with a droplet moving in a gas of varying mass and tempera-
ture. This we shall not attempt to find. However, a
simplified analysis can be performed to estimate these heating
effects. This is shown in the Appendix. Since, in fact, the
case in question is one in which the gas temperature is not
constant but approaches that of the droplet the discussion
in the Appendix indicates that thermal equilibration should
take place no more than a few millimeters from the point
where the droplets are first formed.

5) The velocity and temperature fields at the orifice exit
and throughout the core region are uniform and constant.
This is essentially the customary potential core assumption
used in jet-flow studies. The influence of initial nonuni-
formities at the orifice exit have been considered.” and are
generally found to be slight.

6) The mean static pressure throughout the spray is con-
stant. The system under consideration here is one in which
the fluid is discharged into a large quiescent medium. The
largeness of the system implies no wall effects, and hence
there is no significant difference between the pressure in the
jet and that of ambient pressure.



AUGUST 1971

7) The effects of gravity and of molecular viscosity are
small; reasonable assumptions at the high Froude and
Reynolds numbers of this study. _

8) The profiles of velocity, concentration, and temperature
difference are each similar, i.e., the flow is self-preserving.
Substantiation of this assumption has been made by con-
sidering in some detail the work of Corrsin and Uberoi.®*
In Ref. 18, consideration has been given as to whether or not
similarity can be expected in a circular jet when the dis-
charge and environmental densities are different. Their
reasoning, applied to the present case, suggests that, since
the density of the discharge fluid is higher than that of the
environment, similarity of the flow profiles can be expected.

9) Liquid density variations are of negligible influence on
the over-all spray characteristics. At supereritical environ-
mental temperatures, liquid droplets will eventually reach
their critical temperature. This will be accompanied by a
marked decrease in the droplets’ density. This will, how-
ever, take place in those parts of the spray where the con-
centration of discharge fluid is small; hence, the effect on
the average density of the spray at those points will be slight.

The analysis will consider first the initial region and then
the main region. The solutions to each will then be matched
in the transition region.

Initial Region

At any section of the initial region, the equation describing
the constancy of momentum flux, subject to the normal as-
sumptions used in problems of free turbulent flow, can be
written as

27 f” U dr + pUlwr? = pUp?rre? 0))
Tl

where p,, the average fluid density at any point in the mixing
layer, is equal to the mass flow rate of liquid and entrained
gas per unit volumetric flow rate of liquid and gas. Ex-
pressed in terms of the local liquid concentration Ci,p, can be
written as

pe = pi/[Ci + (pr/p)(1 — C1)] @)

For purposes of utilizing assumption 8, it is convenient to
express temperature as

T =T,1 - AT1 — 8)] 3)
which through the use of Eq. (2) and assumption 1, leads to
Pa = pt/{Cz + al — (69) - AT(I - S)]} 4

Assuming U = fi(n) Ci = g.(n), and AT = hi(n) and that
p:is constant Eq. (1) ean be reduced quite simply to

72 4 20,47 + 2624 — B) -1 =10 (5)
where
4= ftdn
0 g; +a(l — gl — (1 — 8)]

_ [ Jin dn
B = j‘o g: +a(l — g)fl — h:(1 = 8)]

both of which are constants.

Equation (5) contains two unknowns (assuming A and B
can be computed), #, and 7. The relationship that deter-
mines the rate of increase of the thickness of the boundary
(ie. 72 — 7y) with downstream distance is generally called
the jet propagation equation. Its derivation for single-
phase incompressible flow is based on the Prandtl hypotheses
concerning the mechanisms of the turbulent expansion of a
jet. Within the framework of the assumptions generally
used in turbulent jet theory this equation may be written as

LIQUID JET NEAR THE THERMODYNAMIC CRITICAL REGION 1599

db;/dx = const. The constant must be determined from
experimental data. From the data of Albertson et al.l* as
reported in Ref. 17, its value is about 0.27.

When the discharge and environmental fluid are of differ-
ent densities, this simple relationship does not hold. How-
ever, a useful approximation for this case, introduced by
Yakovlevskiy,® is

dbs/dx = (0.27/2)[1 + (p2/p1) ] )

where p; is the density of the environmental fluid and p the
density at the axis of the jet. In the initial region of the
present case, Eq. (6) is simply

db;/dx = 0.135[(a + 1)/a} = const @)

The preceding is admittedly a rather crude approximation.
However, the results of Cleeves and Boelter®! summarized
in Abramovich!” seem to substantiate Eq. (6), especially
when p; > p» (which is certainly the case here).

Equations (5) and (7) are sufficient to characterize com-
pletely the initial region once suitable fi(n), g.(n), and h.(n)
have been specified. Several functional forms are available,
all of which are in some way or another approximations to
reality. For the velocity profile fi(n), a form accredited to
Schlichting?? and referred to as the § law will be chosen.
Expressed as

fi=1—(@10 — n¥? ®)

this expression has been shown to be quite reasonable in the
case of a variable-density single-phase jet.\7.2

For want of an accurate equation for g;(n) but guided by
the work of Taylor,?® a linear distribution of liquid concen-
tration throughout the mixing layer will be assumed, that is,

g:(n) = 7 )

Taylor’s work suggests also that the temperature differ-
ence profile ,(5) will be equal to 5. However, in cases such
as the present, in which the specific heats of the discharge
and environmental fluids are different, a more realistic ex-
pression is

hi = n/{n + (A — 0/Q}} (10)

where @ is the average value of the ratio of the discharge
fluid heat capacity to the environmental heat capacity.
Equation (10), whose derivation is based largely on intuition,
was compared with the results of Abramovich et al.24  Agree-
ment was found to be most satisfactory.

Equations (5) and (7), utilizing the preceding expressions
for f:, h:, and g;, have been solved numerically, and the results
can be summarized as follows:

1) The slope and location of the outer boundary 7 is vir-
tually independent of a, S, and @.

2) Neither #; nor 7, is a straight line but is nearly so.

3) The length of the initial region %x increases with in-
creasing @, decreasing S, and increasing . (The latter
effect is significant when a is large.)

Main Region

The parameters of interest in this region of the spray are
the jet radius, the axial velocity, liquid concentration, and
temperature. The equations that can be utilized here are

dby/dz = 01111 + (pg/pan)] an
[ ot aa = pUeAs (12)
A
fo el dA = pUcds (13)
fOA pUcreAT dA = pUsAccruATs (14)
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Fig. 5 Variation of mean axial velocity for isothermal

spray (chamber pressure = 1100 psig).

Equation (11) is the jet propagation equation written for
the main region where the empirical constant of proportion-
ality 0.11, has been taken from the data of Férthmann.?
pam is the average fluid density at the jet axis. Equation
(12) describes the constancy of momentum flux across any
area of the main region of the spray. Equation (13) simply
expresses the conservation of the mass of injected liquid,
where piq is the mass flow rate of liquid per unit volumetrie
flow rate of spray mixture. Equation (14) is basically the
turbulent flow energy equation in which heat produetion by
viscous action has been neglected. It is often referred to as
the equation of constancy of excess heat content. The
term c,q is the average specific heat of the two-phase mixture
and everywhere will be dependent on the specific heats of the
liquid and gas and the relative amounts of each present.

Equation (11) expressed in terms of the liquid mass frac-
tion at the jet axis C., the liquid-to-environmental gas-
density ratio @, and invoking the ideal gas assumption, can be

written as
Cn + all — AT, (1 — S)]] 15)

a(l + Cn)

Ex—~011[ +

AT = (Ts — Tw)/(Ty — Th)

According to Taylor’s vorticity theorem,?® in the main
region of the jet, the velocity temperature and concentration
profiles are related by C/C,, = AT/AT,, = (U/Un)"? =
gu(£), where & is the nondimensional radial distance from
the center of thejet. Utilizing this fact and defining

=1 — AT.gx(1 — 8))

W
X

Fig. 6 Comparison between computed and observed

spray boundaries for isothermal spray (injection velocity

= 220 cm/sec, chamber pressure = 1100 psig, partial pres-
sure CO, = 850 psig).
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-for several example cases.
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Eqgs. (12) and (13) can be written as

s of 1IC F gadat dg)
Unbn? = 2“} loac + @K/C.)] a6
Lo gut d§ -1
Ot = 2| [} ot o) )

Similarly, Eq. (14), assuming that c,, is not strongly tempera-
ture-dependent, can be expressed as

U.AT.b,2 { 1 [Qga + (Cw) gat dE)
Inlimin 9
Q. ) e+ ki a®
where @, is the initial liquid-to-gas specific heat ratio. @ is

- the same ratio at any point in the spray and will, in general,

be a function of temperature (and hence of £).

The four equations [(15-18)] in four unknowns (Um,AT,,.,
bu;C») can be solved numerically once suitable Q(T) and
gx have been chosen. Again, several choices for the profile
functions are available, including the somewhat cumbersome
forms of Tollmein?* and Goertler? and others suggested by
Squire and Trouncer,® Townsend,?® Hinze and van der Hegge
Zijnen,® and Schlichting.?? All of these forms were given
consideration in this analysis. Because of its reasonable
approximation to any of the foregoing and because of its
relative simplicity, it was decided to again use the Schlichting
% law. In the main region, this is simply

gu = 1— g (19)

It is not possible to determine experimentally the velocity
and concentration profiles in this two-phase flowfield, but it
is possible to measure the liquid distribution rate. At some
arbitrary position in the main region of the isothermal spray,
the liquid flow rate per unit area is given by

pU = pu[C/(a + OYIU
At the jet axis, the same quantity is given by
(pral)m = pilC/(@ + Cn)1Unm
The ratio of these two expressions is
1y a+Cn C U

tim a4 C CnUn

which, through the use of Eq. (19), can be expressed as

o [(a/Cn) + 111 — £¥%)3
Mim (@a/Cn) + (1 — £/%)

This function does not produce similar profiles for the liquid
distribution rate, since C,. is a function of #. The accuracy
of this expression, and hence to some degree of the assumed
velocity and concentration profiles, was examined by collect-
ing liquid from the spray at a number of axial and radial
positions. These tests; which of course were conducted
only under conditions for which phase change did not occur,
indicated that indeed the assumed profile function of Eq.
(19) was a reasonable approximation to reality.

Utilizing Eq. (19), Eqgs. (15-18) were solved numerically
The results; however, are of little
value until they are matched to the data of the initial region.
This matching is performed in the transition section.

Transition Region

The concept of a transition region is necessary since it has
been assumed that the main region behaves like flow from a
point source. The four governing equations place no restric-
tion on U, or AT, and yet it is clear that neither can exceed
the value of unity. Therefore, it is necessary to define a
transition section r = z, as that section of the main flow
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where U, = 1.0.  Similar consideration could be given to
AT.., leading to the definition of a thermal transition section.

Tt has been observed that the slope of the outer boundary
of the initial region is virtually constant between 7, =
(£ = 0) and 7, = 724(% = %u); hence a simplified expression
for % in terms of 7, is

= (f — 1)[zr/(For — 1)] (20)

where 7 and %x are determined from Egs. (5) and (7) with
71 = 0. Substituting by, (determined from the main region
equations with U, = 1) for # in Eq. (20) gives the value of
&, the distance from the orifice to the transition section.
The matching of the solutions for the initial and main regions
is thus accomplished.

In the following section are shown some results of these
computations.

Results and Discussion

In Fig. 5, a comparison is made between computed and
measured values of jet centerline velocity for two example
cases. Also shown is the theoretical curve for an isothermal
constant-density single-phase jet. The measured values of
U.. (which were determined via high-speed picture photog-
raphy) are seen to agree well with the computed Un.. It
should be mentioned that, at initial velocities lower than
those shown and for low CO, partial pressure, agreement was
not as good as is indicated in Fig. 5.

A comparison between the computed and observed jet
radius R is shown in Fig. 6. For comparative purposes the
corresponding boundaries for a single-phase constant-
density jet are also shown. The two-phase jet is observed to
be narrower than the single-phase jet everywhere except
near the initial region where the sizes are almost the same.
In addition, unlike the single-phase jet, the boundaries of the
two-phase jet are not straight lines. The photograph ac-
companying these curves shows that the theoretical predie-
tions are quite accurate in this case. Once again, however,
in a highly evaporative system or one in which initial jet
velocity was low sueh a comparison could not be made.

In Fig. 7 is presented the computed AT, and R for an
example case in which the environmental gas temperature
T, exceeds the critical temperature of CO,. Also shown is
the calculated isotherm along which the spray temperature
should equal the CO, critical temperature. In performing
the computations for this example and for other similar cases,
the specific heat of CO; liquid was approximated by an equa-
tion of the form.

Cpl = (A/TIB) + C

where A, B, and C are functions of pressure. In the case
of Fig. 7, the region of the jet in which fluid is seen to exist
in the liquid phase is quite well defined by the calculated
isotherm boundary. In some other cases where the original
assumptions of the theoretical analysis were not strictly ad-
hered to, such correlation was of course not observed.

The preceding examples have been presented to give an
indication of the validity of treating a two-phase spray in a
near-critical environment as a process in which the governing
mechanisms are those of a turbulent submerged jet. In the
following section are presented some definitive conclusions
that result from this study.

Conclusions

The experimental portion of this work indicates that the
atomization process accompanying the injection of a liquid
into a gaseous environment where the pressure is near the
eritical pressure of the liquid is much the same as has been
observed at high but subcritical pressure by previous workers.
In an isothermal nonevaporative system, the fact that the
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Fig.7 Variation of axial temperature difference for super-

critical environment (injection velocity = 400 cm/sec,

chaiber pressure = 1100 psig, partial pressure CO: = 550
_ psig, gas temperature = 60°C).

pressure may be near the thermodynamie critical pressure
has no direct bearing on the atomization process. This is be-
cause atomization under these circumstances is purely a
fluid-dynamie process in which a liquid interacts with a very
dense gas.

The influence of environmental gas composition is reflected
by the response of the spray to different local evaporation
rates at different gas composition. The most significant
effect is simply that at any given axial position the number
density and size of the droplets are smaller the more rapid
the evaporation rate. Evaporation rate decreases, of course,
with increasing CO; in the gas phase.

At elevated temperatures and when the amount of CO; in
the gas phase is small, liquid evaporation is somewhat en-
hanced. However, the dominant effect on the atomization
process appears to be due to the reduction of surface tension
accompanying liquid heating. This particular feature would
not be so important at low pressures where surface tension is
not so strongly temperature-dependent.

With a relatively high percentage of CO, in the gas phase
and hence with relatively low local evaporation rates, super-
critical environmental temperatures can result in the liquid
droplets reaching their critical temperature. Under these
circumstances, it is questionable whether we can refer to the
flowfield as a spray. The extremely small droplets as a con-
sequence of the very low surface tension result in a flow
situation similar to that of a continuum rather than a hetero-
geneous liquid-gas mixture.

When local evaporation is retarded (by a high percentage
of the discharge fluid in the environmental gas phase) and
when jet velocity is sufficiently high to produce a uniform
spray of small finely dispersed droplets, the spray can be
characterized in the manner of a variable-density single-
phase turbulent submerged jet. This conclusion is valid for
the isothermal spray at both sub- and supercritical pressures,
and; when the environmental temperature is supercritical,
the model is valid for supercritical pressures. Several re-
marks pertinent to a fuel jet at high pressures can be made
in light of this conclusion:

1) The nondimensional length of the initial region Zg in-
creases with inereasing density ratio a; decreasing S, and in-
creasing Q.

2) The rate of decay of the nondimensional mean axial
velocity U,, decreases with increasing a.

3) The jet radius R decreases with increasing a but at a
slower rate as a becomes large.

4) The axial position %, at which gasification can be ex-
pected to occur is for a given pressure and composition only
slightly dependent on temperature and increases with a.
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5) All the aforementioned patameters as well as AT,
are independent of initial jet velocity U,, so long as it is
sufficiently high to insure that secondary atomization is
the dominant form of jet breakup.

It is felt that the theoretical approach described herein
can be used for design purposes if appropriate empirical rela-
tions are available for the variation of the liquid and- gas
physical properties. The only reservation is that in systems
for which the liguid and gas specific heats are very different,
the assumed temperature profile of Eq. (19) may be too
narrow near the jet centerline. This would lead to a com-
puted %. somewhat greater than would be expected in practice.

Appendix

It is a standard result in heat transfer'® that a sphere of
radius 74 at an initial temperature T'; suddenly exposed to a
fluid at constant temperature 7. exhibits a temperature
variation of the form

(T — T)/(Tew — T.) = f(r/ra,Bi,Fo)

where Bt is the Biot number (Hr/k;) and Fo is the Fourier
number (at/rs), H being the heat-transfer coefficient, &, the
liquid thermal conductivity, « the thermal diffusivity, and
¢ time.

For a small droplet for which heat transfer is by conduction
alone, the Nusselt number = 2Hrs/k, = 2 and the Biot
number ‘=~£k,/k;. For the range of compositions and pres-
sures encountered in this work, k,/k: is estimated to vary
between 1 and 4.14% If a liquid droplet at 22°C is exposed
to gas temperatures of the order encountered in this experi-
mental work; the time for the surface of the droplet to reach
0.99 of the gas temperature will be typically of the order
2(ra*/a) hr (ry in feet and « in square feet per hour). Ac-
cording to the data of Ref. 15, a should be in the neighborhood
of 0.001 ft2/hr. The heatup time for droplets typically 10 u
in diameter will hence be of the order of 2 msec. To produce
droplets of this size requires a jet velocity typically of the
order of 400 cm/sec. Hence a droplet moving at this speed
would reach 0.99 T, after traveling less than 1 cm.
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