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The author has experimentally investigated liquid jets propagating in
a gas flow at mixing chamber pressures and temperatures of the com-
ponents such that they may be assumed single-phase.

In engineering, in addition to turbulent gas and lig-
uid jets, one also encounters so-called real gas jets,
i.e., jets of gas whose equation of state is essentially
different from that of an ideal gas. An example of a
real gas jet is a cryogenic liquid flowing from a noz-
zle into a chamber containing vapors of the same fluid,
whose pressure and temperature are higher than the
corresponding critical thermodynamic pressure and
temperature. In this case it is impossible to speak of
a liquid or vapor in the usual sense, since in all re-
gions of the jet the medium is single-phase.

Jet formation depends on the intense heating of the
injected component and turbulent mixing. All the pa-
rameters such as density, specific heat, and temper-
ature, vary smoothly over the cross section of the jet.
There is no surface tension.

Liquid-nitrogen jets were experimentally and theo-
retically investigated in [1—4].

A more complicated case occurs when a liguid is
injected into the vapor of another substance.

On the basis of phase diagrams obtained experi-
mentally [5], it is possible to establish the critical
pressure and temperature above which a binary mix~
ture consisting of the liguid forming the jet and the

vapor into which it is injected will be single-phase at
any concentration of the components if thermodynamic
equilibrium is established.

In a turbulent jet the binary mixture is remote from
thermodynamic equilibrium, at any rate in the initial
stage of mixing. In this stage alternating regions, in
which now one component and now the other predomi-
nates, exist in the jet. At a greater distance from the
nozzle exit mixing takes place on a smaller scale and
at some point reaches the molecular level. In this zone
the state of the mixture is close to thermodynamic
equilibrium.

If the pressure in the mixing zone and the tempera-
tures of the components are such that there is no sur-
face tension at any point in the boundary layer, and
hence no droplets and processes associated with their
evaporation, the jet will be single-phase. In this zone
the problem of jet propagation can be solved by the
ordinary methods of turbulent gas jets [6].

We have investigated jets of Freon-22 and kerosene
in a cocurrent flow of gaseous nitrogen heated to 260° C
at a pressure of 60 bar. On the basis of phase dia-
grams of the systems Freon-22-nitrogen and kerosene-
nitrogen, obtained at the State Institute of the Nitrogen
Industry specially for this purpose, it may be assumed
that at the above-mentioned parameters thefreonjet is
single-phase, whereas the kerosene jet will be two-phase.

Program of Experiments

P, bar Components m/sec kg/m3 £,°C Z:ﬂ {;ﬁ *%;ﬂ gw
a 0 Q
- 7 1215 15
60 Freon-22 1 0.65 | 0.031 | 0.013
Nitrogen 11 38 260 2
60 Kerosene 15 - 804 15 0.67 0.047 0.02
Nitrogen 10 38 260 ’
m Nitrogen 20 850 —180 0 0.042 | 0.023
Nitrogen 0 36 100 )
Freon-22 78 2.84 62 0.25 | 0.039 | 0.27
Helium 20 0.11 120 : ’ ’
Carbon dioxide 65 1.5 106 0.31 0.074 0.44
Helium 20 0.11 120 ’ '
o
s Freon-22 70 2.8¢ 65 0.28 | 0.29 0.39
8 Air 20 0.84 140
a,
2 Carbon dioxide 70 1.5 9 0.28 0.56 0.64
: | Ta 20 0.84 140
3
£ Air 80 1.07 96 0.24 | 079 | 0.9
< Air 20 0.84 140 .
Helium 80 0.12 107 0.95 6.8 43
Ak 20 0.84 140

Remark, The component above the line forms the jet, subscript 0. The component below the line

forms the cocurrent flow, subscript <.
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For purposes of comparison, on the same apparatus
we investigated heavy and light gas jets in a cocurrent
flow at normal pressure.

The program of experiments is summarized in the
table, which includes data on liquid-nitrogen jets taken
from [3].

The exit diameters of the nozzles forming the jet
and the cocurrent flow were respectively equal to 2.5
and 30 mm. Both nozzles were given Vitoshinskii pro-
files. The nozzle exits were at the same level. During
the experiments the total pressure and temperature
fields were measured at various distances from the
nozzles. The total pressure was measured with a
0.5 mm Pitot tube. The temperature was measured
with a chromel-alumel thermocouple, junction diam-
eter 0.4 mm.
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Fig. 1. Effect of density ratio pw/py on jet width:

1) Freon-22 jet innitrogenat P = 60bar; 2) Freon-22

inhelium; 3) kerosene jetin nitrogen at P = 60 bar;

4) carbon dioxide jet in helium; 5) Freon-22 jet in

air; 6) carbon dioxide jet in air; 7) air jet in air;

8) helium jet in air; 9) nitrogen jet in nitrogen at
P = 40 bar.

Measurements were made at 0.5 mm intervals over
the cross section of the jet. Visual observation and
photography of the mixing zone were made possible by
an IAB-451 shadowgraph. In external appearance real
gas jets are similar to shadowgraph pictures of gas
jets.

The experiments with gas jets at normal pressure
confirmed the known fact that a decrease in the density
of the medium leads to a decrease in the expansion
angle of the jet and conversely.

Qualitatively, this is also valid for the propagation
of a liquid jet in a gas [7].

The experimental data were analyzed using the re-
lations

Afpu?)

T Apw),

- _Cou*)—(pu)e zf(l),
(P uz)m——(p uz)w X

AT (T)—Tx :f(_a),

T = =
AT, T, —Te x

The graphs presented in the figures relate to a dis-
tance from the nozzle exit x = 30 mm.

If a quantity proportional to the width of the jet is
plotted along the ordinate axis and the fourth root of
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the density ratio along the axis of abscissas, then all
the experimental points lie close to a straight line

£

%*“Q

SERNN,
RN
4 \
X \

0 oz % e a8 10 12 4y,

Fig. 2. Dimensionless dynamic pressure profiles

in generalized coordinates: 1) gas jet; 2) Freon-22

jet in nitrogen at P = 60 bar; 3) kerosene jet in ni-

trogen at P = 60 bar; 4) liquid-nitrogen jet in nitro-
gen at P = 40 bar,

{Fig. 1). On this graph we have also plotted the data of
[3] for a liquid-nitrogen jet in a gaseous nitrogen me-
dium at a temperature of 100° C and a pressure of
40 bar.

The graphs shown in Fig. 2 represent pu® in gen-
eralized coordinates. The dynamic pressure profiles
obtained from experiments with gases at normal pres-
sure coincide. This again confirms the frequently ob-
served fact [8] that the dynamic pressure fields are
similar,

The same figure shows the pu® profiles of Freon-22,
kerosene, and liquid-nitrogen [3] jets propagating in
a cocurrent flow of gaseous nitrogen at high pressure,
Clearly, these profiles are not similar to the pu?®fields
of an ideal gas or to each other. Obviously, the sharp
difference in the properties of the substances forming
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Fig. 3. Dimensionless temperature profiles in gen-
eralized coordinates: 1) Freon-22 jet in nitrogen at
P = 60 bar; 2) kerosene jet in nitrogen at P = 60 bar;
3) liquid~nitrogen jet in nitrogen at P = 40 bar;
4) Freon-22 jet in helium; 5) Freon-22 jet in air;

6) carbon dioxide jet in air; 7) air jet in air.

the real-gas and ideal-gas jets affects the mixing
process, which leads to a difference in the total pres-
sure fields.
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If we consider some point of the boundary layer,
then from physical considerations we may conclude
that its temperature will differ the less from the tem-
perature in the core of the jet, the heavier the jet and
the greater the specific heat of the substance forming
the jet Cy. In other words, as the ratio poCe/pyCy de-

creases, the temperature profile should become fuller.

The effect of the parameter pewCo/pyC, on the tem--
perature profile is illustrated by the experimental data
presented in Fig. 3. In this figure the dimensionless
temperature profiles have been referred to the dis-
tance between the jet axis and the point at which the
dynamic pressure ig one tenth of the dynamic pressure
on the axis.

Clearly, the temperature profiles of Freon-22, ker-
osene, and liquid nitrogen are much broader than the
temperature profiles of the gas jets. Correspondingly,
the parameter p.Co/pyCy for Freon-22, kerosene,
and liquid-nitrogen jets is an order less than for the
gas jets. It may be assumed that the gas jet tempera-
ture profiles also have a tendency to arrange them-
gelves in the same order, but this requires further
experimental verification.

NOTATION

y is the distance from jet axis; x is the distance
from nozzle exit; u is the velocity component in x di-
rection; p_ is the density of substance in cocurrent
flow; p, is the density of substance forming jet; {pu?)
is the averaged dynamic pressure at measuring point;

(ou?) , is the dynamic pressure of cocurrent flow;
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(ou?),, is the dynamic pressure on jet axis; (T) is the
averaged temperature at measuring point; T is the
temperature of cocurrent flow; Ty, is the temperature
on jet axis; y,.; and yy4 are the distances from jet axis
to points at which the excess dynamic pressure A(pu?
is respectively 0.1 and 0.9 of the excess dynamic pres-
sure on the axis A(puz)m; t is the temperature, °C; C is
the specific heat at constant pressure; P is pressure,
bar.
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