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Highly Expanded Flashing Liquid Jets

J. R. Simdes-Moreira,* M. M. Vieira,” and E. AngeloT
Universidade de Sdo Paulo, 05508-900 Sdo Paulo, Brazil

Results are presented of experiments with highly expanded flashing liquid jets along with a one-dimensional nu-
merical model. The experiments were carried out with liquid iso-octane jets issuing from a small conical convergent
nozzle into a low-pressure chamber. Images of the expanding jet off the nozzle exit section were obtained from a
schlieren setup using a charge-coupled device camera. Analyses of these images enabled a qualitative visualization
of the flashing jet structure and geometry. At very low backpressures, it has been observed that the emerging jet
was formed by a central liquid core, and the phase change process occurred on the surface of that liquid core, giving
rise to a sonic two-phase flow. In addition, it is also inferred that the freshly formed two-phase flow proceeded
further to higher velocities and Mach numbers to terminate eventually with a complex shock wave structure to
adjust pressures, as usual. A one-dimensional numerical analysis is carried out. The sudden phase change in the
metastable liquid jet surface is modeled as an evaporation wave, for which the jump equations are solved. Next,
the supersonic expansion of the two-phase mixture downstream of the evaporation wave is analyzed in a radial
direction. The one-dimensional calculation yielded the radial position of the shock wave location. It has been found
that the numerical results are consistent with the experimental data.

Introduction

N some situations,a pressurizedliquid may suddenly be exposed

to a low-pressure environment. If the environmental pressure
is somewhat lower than the corresponding saturation pressure, the
liquid willundergoa fast phase transitionprocess,commonly known
as liquid flashing.

Liquid flashing studies are relevantto a multitude of industrialand
technological fields. As examples, one can mention the following:
1) Disastrous industrial accidents have occurred as a consequence
of rupturing a pressurized liquefied gas storage tank. In the litera-
ture, this phenomenon is known as boiling liquid expanding vapor
explosion.' 2) The liquid fuel preheating process® has been investi-
gated as a method of increasing fuel atomization for improvement
of fuel injector technology. 3) Flashing mechanisms occurrence in
expansiondevices of refrigeration cycles have been studied,’ which
may be a source of intense noise. 4) In the 1960s and 1970s, the nu-
clear industry provided motivation for the study of the flashing phe-
nomenon as it could occur in case of rupture* of pressurized water
pipes. 5) Other applicationsinclude seawater desalinationprocesses
and flashing liquid jet analyses,>*® in a more fundamental sense.

The experiments were carried out with liquid iso-octane (CgH g)
jets issuing from a small conical convergent nozzle into a low-
pressure chamber. Photographic documentation revealed the exis-
tence of three liquid jet regimes: 1) continuous, 2) partially atom-
ized, and 3) abrupt liquid evaporation with a two-phase supersonic
expansion usually terminated by shock waves. Regime 1 occurred
at backpressures above the vapor pressure at the initial testing tem-
perature, so that no evaporation would occur. Regime 2 occurred
at intermediate backpressure values. In the last situation, at very
low backpressures (case 3), it has been inferred from photographic
documentatior®~? (also Figs. 1-4) that no phase transition or nu-
cleation sites are observed in the liquid jet at the exit plane of the
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nozzle. Examination of still pictures taken using different photo-
graphic techniques®® at a high shutter speed allows one to conclude
that the jet emerging from the nozzle remains in the liquid phase.
In addition, a liquid core is usually visible down to several nozzle
diameters, whereas flashing takes place on the surface of this liquid
core. With the usual assumption of incompressible flow, the simpli-
fied version of Bernoulli’s equation along with the measured mass
flow rate implies that the emerging liquid must be highly super-
heated or metastable at the nozzle exit section, that is, the liquid
state has entered deeply into the metastable region. This description
is valid for alow chamber pressure, thatis, a backpressurevalue sub-
stantially below the saturation pressure corresponding to the initial
injection temperature.

The main reason for working iso-octane is related to its retro-
grade behavior, which means that a high degree of evaporation can
bereached duringa liquid flashing process. As a consequence,retro-
grade substances are quite suitable for documenting flashing liquid
experiments because a less dense cloud of droplets should surround
the metastable liquid core, which evidently allows better and clearer
pictures. A proper discussion of the retrograde behavior may be
found in Refs. 10-12.

According to experimental data on mass flow measurements,
choking-typebehavioris observed as the backpressureis decreased,
while keeping the liquid injection conditions unchanged (also see
Fig. 5). This brings up a puzzling question: Why does the flow be-
come choked if (metastable) liquid phase emerges from the nozzle?
It is well known that the speed of sound in liquids is far greater
than that of vapors and gases and that the liquid cannot become
easily choked, except at extremely high injection pressures, neither
of which occurred in the aforementioned experiments nor in those
discussed in this paper.

Based on experimentalobservations,this paper contributesto elu-
cidating the flashing liquid jet problem. The present findings of a
metastable liquid jet emerging from the nozzle corroborate the work
carried out by previous researchers (see Refs. 5-8, among others).
The exiting jet comprises a liquid core from which a high-speed
two-phaseflow originates. Also, the metastable two-phase flow tran-
sition region is circumscribed by an interface that surrounds that
metastable liquid core. This interface has been well studied using
the concept of evaporation waves, which are phase change discon-
tinuities similar to deflagration waves in a combusting gas.”!%!1:13
The evaporationwave theory leads to a distinctivesolutioncalled the
Chapman-Jouguet (C-J) point. As is well known, the C-J solution
means that the two-phase flow is sonic in relation to the evaporating
interface.
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Fig. 1 Test series, nominal injection values Py=250 kPa and T, =
76°C: from panel a to panel e, backpressure decreases (Rp increases).
See Table 1 for measured data.

Other important questions that come out from the photographic
documentationare associated with those observationsthatemployed
schlieren photographic techniques®® (also Figs. 1-4) and optical
interferometry” Accordingly, a shock wave is sometimes seen cou-
pled with the flashing liquid jet. This strongly indicates that a su-
personic, or possibly a hypersonic, two-phase flow is present. This
experimental observation corroborates the C-J solution, that is, the
phase transitionoccurs at the metastable liquid core surface leading
to the C-J solution, then the freshly formed sonic two-phase flow
undergoesa free expansion process to increasing flow velocities and
Mach numbers, which will terminate with shock wave structures to
adjust pressures.

The next section describes the apparatus and experimental pro-
cedure. Experimental results are presented in the ensuing section.

Rp=49

a)

P=21.9 kPa

RP = 99

b)
P=2.19 kPa
o
S
p—
1l
=9}
5
c)
P=044 kPa
=y
o
<t
1l
a
S
d)
P=022 kPa
<
&
X
Il
=9
54
e)

Fig. 2 Test series, nominal injection values Py =250 kPa and Ty =
130°C: from panel a to panel e, backpressure decreases (Rp increases).
See Table 1 for measured data.

Then one-dimensional study is presented, including the theory of
evaporation waves, the jump equations, and the conservationequa-
tions in the radial spherical coordinate form. Next, the results of
the numerical solution and their analyses are presented. Finally, the
paper finishes with a concluding section.

Apparatus and Experimental Procedure

The test rig used in the present experiments is shown in Fig. 6.
This apparatus allowed control of both the injection pressure and
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Fig. 3 Test series, nominal injection values Py=500 kPa and T, =
130°C: from panel a to panel e, backpressure decreases (Rp increases).
See Table 1 for measured data.

temperature of the testing liquid, as well as the backpressure. The
main parts of the system are now described.

The flashing jet discharged into a low-pressure chamber of ap-
proximately 440¢, which was found to be large enough to carry out
up to two tests of 3 cm? of liquid without significant pressure rise in
the chamber for many of the experiments. A vacuum pump (Edwards
Model EIM18) was used equipped with all other necessary pieces
of equipment such as a vacuum trap condenser and instruments.

The main part of the injector was formed by a conical converg-
ing nozzle made of a regular machined carbon steel material having
an exit section of 0.3 mm, an entrance diameter of 3 mm, and an
8-mm total length. The nozzle was housed in a hollow and annular
chamber, where a heating fluid (oil) circulated in the hollow space
enclosinga tube containingthe testliquid. The heatingoil circuit was
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Fig. 4 Test series, nominal injection values Py=500 kPa and Ty =
160°C: from panel a to panel e, backpressure decreases (Rp increases).
See Table 1 for measured data.

formed by a pump, areservoir,a valve, and a set of electrical heating
coils, which allowed testing temperaturesin the range of 20-300°C.
The injection nozzle was normally obstructed by a sealing O-ring
installed at the extremity of a rod, which was actuated by a pneu-
matic piston. The test liquid was supplied from a system formed by
a small tube, whose extremity was connected to scaled glass tube,
as shown in the schematics of Fig. 6. The liquid free surface was
in contact with pressurized N, within the scaled glass tube, which
kepttheinjectionline pressure at the constant test pressure value set
by a controlling valve installed in the N, line. An expansion cham-
ber inserted in the N, line damped any line oscillations associated
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with transients during the opening and closing stages. A test liquid
reservoir supplied fresh liquid as necessary. Injection temperature
was monitored by a thermocouple (type T, awg 30) positioneda few
millimeters upstreamof the nozzle entrance section and the pressure
line was obtainedusinga pressuretransducer(Kulite Model xte-190-
100-A). Temperature and pressure signals were digitized using a
regular 12-bit data acquisition system. The pressure transducer sig-
nal confirmed that the steady-state condition was achieved within a
few milliseconds after the nozzle was opened. Readings of the mass
flow rate were taken from the scaled glass tube. Figure 7 shows a
schematic diagram of the mass flow rate measuring system. A set
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Fig. 5 Mass flow rate as a function of the backpressure to injection
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of light-emitting diodes (LEDs) was normally lit across the glass
tube section and were sensed by a set of photodetectors, one for
each LED, as shown in Fig. 7. As the testing liquid level lowered
during the injection process, the light beams were blocked off one
at a time, starting from the top. An electronic digital circuit com-
bined all of the correspondingelectrical signals into a single digital
signal as shown in Fig. 7. This signal was then captured by the data
acquisition system. The mass flow rate was then calculated for each
time interval as the quotient p - AV /At, where p was the testing
liquid density, AV was the volume displaced between signal steps,
and At was the corresponding time interval.

The optical system was based on the classical schlieren method
in the Z configuration. Parabolic mirrors were used to obtain a
parallel light beam covering a 10-cm-diam circular region. It was
found that a standard 40-W automotive light bulb was suitable as
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Fig. 7 Mass flow measuring system.
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Fig. 6 General schematic diagram of the test facility.
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a lighting source. A monochromatic charge-coupled device (CCD)
camera (Coastar Model CV-M50) imaged the region of interest, ob-
taining frames at the regularrate of 30 frames/s. However, the elec-
tronic shutter aperture operated at a 0.1-ms time window. An image
acquisition system (Data Translator Model DT-3152) captured the
CCD images. Five frames were acquired during a typical injection
process. One frame was taken just before the event started for subse-
quent image filtering purposes, and the remaining four frames were
then obtained. A subtraction-typemathematical filter was later used
to obtain sharper images.

A typical test started off by evacuatingthe low-pressure chamber.
Vapors were condensedorfrozenin the vacuumtrap systeminstalled
in the vacuum line using liquid nitrogen. If the liquid injection line
was empty, then it was also evacuated along with the low-pressure
chamber by keeping the nozzle open. At the end of this stage, a
low pressure (about 10 Pa) was achieved in the system. Next, the
pneumatic piston was actuated closing off the nozzle, and the test
liquid charge process started, filling the whole injection line. Fast
opening/closing nozzle bleeding cycles were performed to ensure
that no gases were trapped in the nozzle. In the sequence, the liquid
line was pressurized with N, up to the testing pressure. The low-
pressure chamber was partially filled with a cover gas (N,), and a
new vacuum cycle was carried out up to the testing backpressure
value. The idea of using a cover gas was to avoid any potential
hazardous situation because many fluids were and will be tested
in future whose spontaneous ignition temperature may easily be
reached.

After the test liquid had been charged into the system, the heating
process took place. For this, the heating oil was set to circulate in
the hollow chamber around the injector. Electrical power was sup-
plied to the oil by a set of heating coils, and the delivered rate was
controlled by a rheostatup to set value of the temperature of the test
liquid. In this heating stage, a computer was monitoring both the in-
jection pressure and temperature. Once all testing parameters have
been set and checked, an experimentalrun could be performed, trig-
geredby acomputersignal. The same computersignal fed the system
that triggered the pneumatic piston that opened the nozzle. Concur-
rently, the data acquisition system, as well as the image acquisition
system, were also triggered. The whole event lasted about 5 s.

Figure 8 shows a typical set of signals obtained during a test. The
top shows the injection pressure signal (249.6 kPa for this case).
Relevant features are that the transients associated with the nozzle
opening/closing events are quickly damped out, and, consequently,
the injection pressure is kept constant during the test. The total test
time is obtained from the electrical signal of a positioning sensor
fixed on the moving piston-actuatedrod thatcontrolsnozzleobstruc-
tion. Note that the nozzle opening/closing transients match exactly
the positioning sensor signal as seen in Fig. 8. The third signal from
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Fig. 8 Signal traces from instruments during experiments.

the top comes from the mass flow rate system described earlier,
which has also been shown in Fig. 7. Finally, the last signal pro-
ceeds from a thermocoupleinstalled next to the nozzle entrance that
monitors the liquid injection temperature.

Experimental Results

Qualitative Descriptions of Still Pictures and Results

Figures 1-4 presentselected still pictures obtained with the CCD
cameraimaging the schlieren system. All pictures have been mathe-
matically filtered using a subtraction-typefilter to get better quality
photographs. Picture sequences are organized as follows. Figures 1
and 2 are for a 250-kPa injection pressure, and Figs. 3 and 4 are for
a 500-kPa injection pressure. The liquid inlet temperature is con-
stant, and nominal values are as follows: Fig. 1, T =76°C; Fig. 2,
T =130°C; Fig. 3, T =130°C; and Fig. 4, T = 160°C. Actual tem-
perature values are indicate in Table 1. Pictures from Fig. 1a-4a to
Fig. 1e-4e are for decreasing values of the low-pressure chamber
(backpressure). A parameter Rp accounts for a systematically in-
vestigation of the backpressure influence. This parameter has been
defined as the ratio of the vapor pressure at initial temperature to the
backpressure value, that is, Rp = P,/P.. Relevant experimental
data for each experiment are presented in Table 1. Other experi-
mental conditions have also been investigated but are not presented
for the sake of conciseness. Nevertheless, the general behavior was
similar to that of these selected series.

For a pressureratio Rp small, around 1.0 and lower, the liquid jet
remains more or less intact and no evaporation has been observed,
as indicated in Fig. 1a. This is the hydrodynamic regime, which
does not interest us. As the backpressure decreases, that is, Rp
increases, the expansion geometry and behavior of the emerging
flashing liquid jet take different shapes and features. Experiments
having the parameter Rp above unity to around 10 have indicated
that the liquid jet shatters and opens up as it emerges from the
nozzle. This is also a well-studied flashing regime in the context of
atomization of liquid jets.> However, as R p increases to around 100
and higher, a completely different expansion regime is observed.
This paper is mostly concerned with the latter regime.

Table1 Main experimental results

Po To P m
+1.8, 1.2, P,  =£0.06, +0.017,
Run kPa °C kPa kPa Rp gls Figure SW

45 2513 76,5 547 108.07 0.5 0.966 la
43 250.7 7577 5377 54.04 1.0 1.150 1b
27 250.1 762 543 54.04 1.0 1.162 e
18 2502 76.1 542 10.81 5.0 1.230 e
17 249.1 762 543 5.40 10.0  1.229 lc
16 2515 76.7 549 0.54 102 1.218 1d
15 2517 762 543 0.11 502 1.261 le
42 251.8 76.6 54.8 0.11 507 1.239 e
23 2526 129.8 212.8 43.82 49 0919 2a
26 2657 1294 210.7 2191 9.6 1.032 e
22 249.6 130.7 217.5 2191 9.9 1.024 2b
21 2513 131.1 219.6 2.19 100 0.996 2c
14 2500 132.8 228.8 0.46 498 0.877 A
25  257.1 1309 218.6 0.44 499 0.880 2d v
24 2562 1302 2149 0.22 981 0.863 2e v
19 2506 131.8 2234 0.22 1020 0.714 A
38 500.7 131.0 219.1 43.82 5.0 1.605 3a

37 4992 131.1 219.6 2191 10.0  1.555 3b

36 501.1 131.0 219.1 2.19 100 1.574 3c Vv
40  500.0 131.0 219.1 0.44 500 1.517 3d v
35 5017 1314 2212 0.44 505 1.515 e

33 5005 131.2 220.2 0.22 1005 1.451 3e Vv
32 5015 161.9 4399 88.17 50 1352 4a

31 501.9 162.6 4464 44.09 10.1  1.260 4b

30 5025 160.8 430.0 4.41 98 1.155 4c

29  504.1 159.9 421.9 0.88 478 1.131 4d v
28 5433 161.9 439.9 0.44 998 1.185 S
34 502.1 162.1 441.8 0.44 1002 1.105 4e
55 5009 162.0 440.0 0.40 1100 0.964 9a

RN

BN

*Not shown.
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Fig. 9 General behavior of a flashing liquid jet: a) still picture (run 55;
see Table 1 for details) of flashing liquid jet showing metastable liquid
core and the shock wave structure, b) schematic of the jet stressing
the main thermodynamic states, which are also indicated in ¢) the P-v
plane, and d) equivalence between the original metastable core (which

resembles a cone) and one-dimensional hemispherical geometry.
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Concentrating on cases of Rp ~ 100 and above, it can clearly
be observed that a shock wave structure appears coupled with the
flashing jet. This shock wave does possess an irregular geometry,
whose frontal portion resembles spheroidal surfaces in some situ-
ations and ellipsoidal in others. In other circumstances, the lower
portion of the shock wave seems to be flat. The photographs in
Figs. 1-4 also indicate that in some experiments a shock wave re-
flection is seen somewhere in the average shock wave plane (also
see Fig. 9). As a general rule, an average or representative diameter
of this shock wave increases as the backpressure decreases (higher
Rp). The presence of a shock wave structure enveloping the flash-
ing liquid jet implies that 1) supersonic velocities are present, 2)
the supersonic expansion occurs in all directions, and, even more
intriguing, 3) measurements of the mass flow rate point out that
above a certain of Rp value the discharging liquid jet gets choked.

The Rp choking threshold depends on the injection pressure and
temperature, as well as the thermodynamic properties of the testing
liquid, as it will be discussed later. Finally, the central liquid core
is seen somewhat blurred, which certainly is a consequence of the
high speeds present during the flashing. However, it is clear from
the photographs that the liquid central core does extinguish some
diameters downstream of the nozzle exit section as the result of the
intense liquid evaporationprocess. A proper discussion of this topic
is delayed to the numerical solution analysis section.

Experimental Data

Table 1 presents the main experimental results. The first column
refers to the experiment run number. Columns 2 and 3 show the
injection pressure P, and temperature 7y, respectively. The corre-
sponding vapor pressure at the injection temperatureis P,. Py, is the
low-pressure chamber pressure. Rp is the pressure ratio parameter
seen in the next column, which is followed by the measured mass
flow rate m1. The last two columns indicate which figures the data
are valid for, and an observation mark (,/) notes the cases where
a shock wave (SW) appears in the corresponding figure. The inter-
national system of units has been used. Measured and calculated
uncertaintiesare also indicated.

One-Dimensional Model

General Thermodynamic Behavior: One-Dimensional Hypothesis

Figure 9a shows a still picture stressing the main peculiarities of
a highly expanded flashing liquid jet and the main associated phe-
nomena. As shown in Fig. 9b, compressed liquid is initially in the
reservoir at a thermodynamic state 0. The first expansion process
(0 — 1) that the liquid undergoes occurs inside the nozzle, which
leads to the metastable state 1 at the exit section. By assumption, the
metastable liquid state 1 is uniform and constant across the nozzle
exit section down to the entire liquid core. As also inferred from
the experimental observations, the sudden phase transition (1 — 2)
occurs on the liquid core surface through an evaporation wave, a
phenomenon well studied by Simdes-Moreiraand Shepherd.!! The
main characteristics of an evaporation wave are as follows: 1) The
evaporation wave is a narrow and observable region that envelopes
the evaporationfront; 2) in an evaporation wave, the metastable liq-
uid is transformed into a high-speed two-phase flow; and 3) at the
extreme pressureratio conditions (high Rp) tested in the presentex-
periments, the normal velocity component of the two-phase flow is
sonic in relation to the evaporation wave, as will be discussed later.
Also, as an evaporation wave traverses a metastable liquid, the fluid
pressure and, of course, the temperature decrease as a consequence
of the sudden evaporation process.'! Next, the freshly formed sonic
two-phase flow expands freely from the evaporation wave interface
to increasing supersonic velocities, which comprises the expansion
process (2 — 3). Finally, the supersonic expansion process termi-
nates with a shock wave (3 — 4) to match the fluid pressure with the
reservoirpressurein the far field downstreamof the shock wave. All
processesand thermodynamicstates are also shown in the pressure-
specific volume plane in Fig. 9c.

As can be seen in Figs. 1-4, both the metastable liquid jet
and the SW geometry possess at least two-dimensional features.
Consequently, the complete solution for the present cases for which
aradial symmetry holds requires a computationalcode to solve this
problem. Evidently, other more complex boundary conditions, such
as internal walls of expansion valves passages, will also demand
considerable computation efforts. However, to obtain a preliminary
physical model of the several phenomena presented in the flashing
liquid jet, it is possible to assume a one-dimensional solutionin the
radial direction by making some assumptions.

First, the actual liquid core should take the shape of a cone, if a
constant evaporation rate is assumed along with constant and uni-
form properties of the metastable liquid within the liquid core. This
is the cone of evaporation. Still pictures® also reveal that the two-
phase mixture expandsin an almost 90-deg angle to the main axial
direction. When these flow characteristics are considered, it is pro-
posed to carry out a one-dimensional flow calculation in the radial
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Table 2 Numerical results of one-dimensional solution

C-J condition Uspstream SW Downstream SW Dimensions

Py, P, Ti, Py, T, Py, ua, v2, 5, P, us, v3, Ty, Py, ug, v4, i, T2, Tsw,
Run kPa kPa °C  kPa °C kPa x» m/s mikg °C kPa x3 m/s mikg My °C kPa x; m/s m’/kg My mm mm mm
16 251.5 0.54 176.7 15.5 31.3 8.88 304 73.6 0.816 —48.9 0.043 59.8 326.0 22.7 33 —20.8 0.45 609 34.0 250 031 65 7.6 11.6
15 251.7 0.11 76.2 1.76  —10.6 0.90 539 102.3 1220 —63.2 0.010 66.8 326.4 1000.0 3.2 —39.6 0.10 70.5 37.4 100.0 0.34 14.0 10.1 25.1
21 251.3 2.19 131.1 79.2 72.1 440 448 979 0.271 —33.3 0.170 789 4163 81.9 3.2 2.6 2.55 87.2 458 9.1 033 35 26 56
24 256.2 0.22 130.2 127.2 90.4 784 31.8 748 0.113 —57.3 0.019 80.8 485.0 666.7 42 —252 0.34 —* 419 50.0 036 122 6.8 13.8
36 501.1 2.19 131.0 713 70.0 40.8 462 959 0.300 —33.2 0.172 79.1 4139 82.0 3.2 2.5 2.03 87.2 46.0 9.1 033 44 43 7.0
40 500.0 0.44 131.0 100.7 81.3 594 387 863 0.179 —54.6 0.024 81.3 477.3 5263 4.1 —21.7 042 99.2 415 50.1 029 134 72 163
33 500.5 0.22 131.2 135.1 92.6 84.0 31.1 733 0.103 —56.0 0.022 81.0 4842 588.2 42 —23.3 0.38 —*" 42.0 499 036 134 74 169
30 502.5 4.41 160.8 257.4 116.2 160.8 39.7 84.1 0.071 —27.8 0.268 89.3 479.1 629 3.6 219 3.57 —* 459 59 031 —> —Y 49
29 504.1 0.88 159.9 269.6 119.0 172.0 36.7 79.2 0.062 —50.6 0.037 90.3 537.9 4009 44 194 071 —* 40.6 333 027 76 45 115
34 502.1 0.44 162.1 277.1 120.1 1757 38.1 814 0.063 —58.7 0.016 90.9 564.5 909.1 44 21.7 0.36 —* 389 50.1 0.26 10.0 5.5 165
A6° 2397 573 204.0 4504 136.8 263.3 67.1 119.5 0.074 —27.9 0.266 98.5 576.3 699 42 714 4.64 —* 444 5.6 0.27 250 150 204
A7° 2338 825 200.0 4359 1357 2569 63.7 1152 0.072 —21.0 0.440 99.8 5459 44.1 38 699 6.63 —* 46.7 3.7 029 140 11.0 16.6
A8° 2293 9.87 200.0 4264 134.1 2477 64.8 1182 0.076 —14.6 0.552 —* 5382 357 38 73.6 7.95 —* 479 3.2 029 13.0 12.0 15.0
3Complete evaporation. °Not distinguishible. Reference 8, experiment, 3 Nov. 1994, runs 6, 7, and 8.
direction. To achieve this, the cone of evaporationis approximated [P+uJ]=0 4)
by a hemisphere named the hemisphere of evaporation as schemat-
ically shown in Fig. 9d. [h+u*/21=0 5

Second, the equivalence between the hemisphere and the cone
is obtained by defining a hemisphere radius R, such that the same
mass flow rate traverses both the hemisphereand the nozzle to main-
tain the original problem, which is mass flow rate dependent. Also,
for consistency with the mass conservationlaw, the normal velocity
component of the two-phase flow of the original problem becomes
the radial component in the one-dimensional problem. In doing so,
the following equation is obtained that defines the radius of the
hemisphere:

Rh:\/m-vz/Znuz (1)

where m is the mass flow rate, v, is downstream specific volume,
and u, is the downstream normal component.

Figure 9d shows the equivalence between the original problem
and the one-dimensional hemispherical problem. Other authors’
have assumed an expansionin the direction radial to the jet center-
line. This paper presents an expansionin the regularradial direction,
that is, the radial direction taken in relationship to the center point
of the nozzle exit section.

Another point that deserves attention is the estimation of the
metastable liquid state. Accordingly, it can be assumed that dur-
ing the expansion process within the nozzle the liquid undergoes
a nearly isothermal process® and, therefore, the metastable liquid
temperature is approximated by the injection temperature, that is,
T, ~ T,. This assumptionallows one to estimate the metastable pres-
sure P; using the discharge coefficient formula for orifices, whose
expressionis

Py = Py —m?v, [24°C )
where A is the nozzle exit section area, Cp =0.94 £0.02 is the
discharge coefficient for the nozzle used in this experiment, whose
value was found experimentally in a standard procedure. As a first
solution, it was assumed that the metastable specific volume v; was
taken to be the same as the saturation specific liquid volume at the
injection temperature 7y. The fifth column in Table 2 shows the
estimated metastable pressure for the cases of interest.

Evaporation Wave Jump Equations

Afterthe estimationof the metastableliquidstate by the procedure
describedearlier, the nextstep is to solve the evaporationwave prob-
lem, that is, to calculate the jump properties across the metastable
liquid two-phase interface. This flow discontinuity corresponds to
the process (1 — 2) in Fig. 9b. To achieve this, the one-dimensional
jump equationsare solved.>”:!!3 The mass, momentum, and energy
conservation equations are

[J1=1[u/v]=0 3

where the square brackets indicate a jump in the enclosed value,
that is, [ f]1= f, — fi and where v is the specific volume, u is the
radial fluid velocity, P is the pressure, & is the specific enthalpy,
and J is the superficial mass flux, that is, the mass flow rate per unit
of area. Subscripts 1 and 2 are for upstream (metastable liquid) and
downstream (two-phase mixture) states, respectively. For a given
metastable liquid upstream state 1, there exists a correspondingsin-
gular solution for low downstream pressure values. This solution
is the C-J condition>”!"'* With the C-J solution, the two-phase
flow becomes sonic in relation to the evaporation front, that is, u,
is sonic. The preceding equations are valid for steady state, which
means that the metastable liquid core is stationary in relation to a
laboratory frame. The one-dimensional approach neglects the de-
tails of the actual evaporation wave geometry. In reality, the experi-
ments indicated that the actual interface is oblique in relation to the
main fluid metastable fluid velocity u,, which originated a study'?
regarding geometrical relationships between upstream and down-
stream states and velocities. However, for the sake of the present
radial one-dimensional theory, the original normal velocity com-
ponent become the radial velocity in the present one-dimensional
modeling context.

Expansion Region and SW Position

After the metastable liquid has undergone a sudden evaporation
through an evaporation wave, the sonic state 2, or the C-J solution
is reached at the downstream side of the evaporation wave. The
two-phase mixture continues to expand further. As a consequence,
the mixture increases its velocity to higher Mach numbers, while
the pressure, temperature, and density fall substantially, as occurs
in one-dimensional supersonic flow accelerationin an ordinary gas
or vapor. The supersonicexpansion process can be modeled consid-
ering the three conservationequationsin one-dimensionalspherical
coordinate (» dependence only):

dm d /Au
v v (3)- ©
dwm) = dP
dr ar 0 ™
dhy
& (8)

where A =27 R? is the hemisphere area, h, is the total specific
enthalpy, and all of the remaining magnitudes have already been
defined.
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The expansion process continues until a hemispherical SW is
eventually formed at a position such that a pressure matching con-
dition is established in the far field. Because of the radial nature of
the flow, pressurematchingis obtainedby equating the fluid pressure
in the far field downstream of the SW (state 5) with the backpressure
P, thatis,

Ps = P, ©

In a broader sense, the standard jump equations for a regular SW
are solved (refer to a text book on compressible flow, for instance)
with the matchingconditiongivenby Eq. (9). Of course, the pressure
downstream of the shock wave increases from the value P, as the
fluid expands (now in the subsonicregime) to a far-field value Ps, so
that the backpressure P, is reached. The far-field position is taken
as a location such that the kinetic energy is negligible.

Mach numbers for the two-phase flow were calculated by the
standard definition, that is, the ratio of the local fluid velocity to the
speed of sound C. To avoid difficulties that are usually associated
withestablishingthe speed of soundin two-phase flow, the isentropic

definition was used:
oP
C? = —vz(—) (10)
av B

where s is the specific entropy. The partial differential was numer-
ically obtained whenever necessary by using a simple forward dif-
ference scheme over an isentropic line.

Numerical Solution and Analyses

Numerical Solution Procedure

The problem was solved using the code Showphast 1D. This code
was developed by the first author and modified by the third author.
The solution procedure is described as follows:

1) Discharge coefficient Cp, mass flow rate 7, and initial con-
ditions P, and T are supplied as input data along with the nozzle
exit section area. With these data, the metastable pressure P, is cal-
culated from Eq. (2). It is also assumed that the liquid injection
temperature 7y is kept constantand that the specific volume is equal
to the saturation value at 7, down to the exit nozzle section.

2) The jump equations (3-5) are solved'"'!? next by assum-
ing the singular C-J solution.’ The C-J solution also means that
the two-phase flow is sonic (M, =1) in relation to the evapora-
tion front. This condition corresponds to thermodynamic state 2 in
Fig. 9b.

3) The hemisphereradius R), of the metastableliquidis calculated
next according to Eq. (1).

4) The expansion process is obtained as a function of the radial
positionr by using a downstream marching scheme to integrate the
conservationequations (6-8), with the initial condition given by the
C-J solution described in step 3.

5) Ateachnewr step, the standard jump equationsforan ordinary
shock wave are solved. Next, the fluid downstream of the shock
wave is allowed to expand to the far field. If the matching condition
[Eq. (9)] is satisfied, then the location of the hemispherical SW has
been established in that particular radial location. Otherwise, the
marching process continues downstream to next r step.

Results of Numerical Solution and Analyses

Table 2 presents relevant results of the numerical solution. The
first column displays the experiment run identification. The next
three columns present the main experimental conditions, which
are the injection pressure Py, the reservoir pressure P, and the
metastable temperature 7}, which is taken as the same as the in-
jection temperature 7y. The metastable pressure P; is also shown,
which was estimated using Eq. (2). Other corresponding measured
data are provided in Table 1 for each run.

With regard to Table 2, the set of columns labeled C-J condition
refer to the downstream states of the one-dimensionalsolution of the
evaporation wave [Egs. (3-5)]. All magnitudes have already been
defined except x, which is the mass vapor quality. The next set of

Fig. 10 Representative lengths of a SW.
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Fig. 11 Average representative length compared with hemispherical
SW radius.

columns refers to the upstream condition of the SW, whereas the
following set of columns, labeled downstream SW, presents rele-
vant thermodynamic properties downstream of the SW. Columns r,
and r, refer to two representative lengths of the observed SWs as
illustratedin a sample still photographshown in Fig. 10. Finally, the
last column refers to the one-dimensional model results regarding
the radial position where the SW is formed, rsw. Calculated Mach
numbers are also providedin Table 2 for the fluid upstream, M3, and
downstream, M, of the SW. Mach numbers for the C-J condition
is sonic, M, =1, and have been omitted.

Finally, some vapor quality downstream SW x, are not shown in
Table 2. This is because the two-phase mixture has completely evap-
orated after shock. Complete adiabatic evaporation is a possibility
in retrograde fluids,”'%'2 such as iso-octane. Three selected exper-
imental results obtained by Athans® are also shown in Table 2, and
they were chosen among many others because of the corresponding
still photographs allowed estimation of SW dimensions.

SW Position

For a given injection pressure and temperature, the still pho-
tographs indicated that the shock wave size increases with decreas-
ing backpressure. This finding also means that the location where
the SW structureis formedis each time farther away from the nozzle
exitas the backpressureis lowered, which can clearlybe seenin each
one of the isothermal testing series of Figs. 1-4. Consequently, the
representative lengths r; and r, decrease with increasing reservoir
pressure, as indicated in Table 2. The problem of the SW location is
well captured by the one-dimensionalmodel, as indicatedin the last
columns of Table 2; compare sy with 7, and r,. Figure 11 shows a
graphcomparingthe two representativelengthsandits average value
with the hemispherical SW radius rsy for the several casesindicated
in Table 2. The average representativelengthr,, is the mathematical
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as a function of the radial position obtained from the one-dimensional
modeling (run 16; see Tables 1 and 2 for further details).
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Fig. 13 Extinction length of the metastable liquid jet as function of the
injection temperature and pressure.

average of r; and r,. Also, r; and r, are shown in Fig. 11 as error
bars around the average radius r,,. The Fig. 11 graph also shows
that, in general, the one-dimensional model overestimates the SW
position.In addition, as the backpressuredecreases, the average SW
location moves forward.

Figure 12 shows three different graphs stressing property varia-
tion throughoutthe whole flashing process as a function of the radial
position for a studied case. The pressure distribution behavior can
be understood as follows. Initially, the liquid is at injection pres-
sure Py. As it expands within the nozzle, it reaches the metastable
pressure P; at the exit section. An evaporation wave transforms the
metastable liquid into a sonic two-phase flow at the C-J condition
and pressure P,. The mixture expands to increasing Mach numbers,
while the pressure decreases. The supersonic expansion terminates
with a SW, which brings the Mach number down to subsonic values
and increases the pressure to Py. Finally, the fluid expands in the
subsonicregime to a far-field pressure until matching with the back-
pressure P, is accomplished. The case studied remained entirely
within the saturation dome, except for states O and 1. Other graphs
in Fig. 12 show the evolution of the Mach number and the mass
vapor quality.

Figure 13 shows the measured extinction length L of the
metastable liquid jet as function of temperature for the two tested in-
jection pressure. The extinction length is also shown in the Fig. 13
diagram on the left-bottom corner. Figure 13 clearly shows that,
for a given injection pressure, the extinction length decreases sig-
nificantly with increasing injection temperature. This behavior is
certainly associated with that higher evaporationrates should occur
in connection with increasing temperature. Figure 5 shows the mass
flow rate as a functionof the backpressureto injectionpressureratio
for two injection temperatures. It can be seen that, below a certain
pressureratio threshold, the mass flow rate becomes independentof
the pressureratio, which indicatesthat a choking conditionhas been
reached, which corroborates the assumption made in this paper.

Conclusions

Flashing liquid jets have been observedin small short converging
nozzles. Schlieren still pictures have shown that for a low-pressure
chamber (Rp around 100 and higher for the cases studied) the flash-
ing jet has special features. The present authors, as well as previ-
ous authors®® have observed experimentally a liquid core issuing
from the nozzle, which implies that no internal nucleation has been
observed and that the phase transition occurs outside the nozzle.
Estimations have shown that a very high degree of metastability is
reached during the experiments. This can be verified by comparing
a metastable pressure value P; from Table 2 with the corresponding
vapor pressure P, (Table 1) for a specific run. The experimentsindi-
cate that there exists a liquid core from which a two-phase mixture
derives. The sudden phase transition takes place in the interfacial
region surrounding this liquid core. This interfacialregion is known
as an evaporation wave.”'"!> For these experiments, the C-J solu-
tion has been applied to model this evaporation process. A closer
examination of still pictures® shows that the evaporation region is
slanted to the main fluid velocity (axial). A proper discussion of
the implications of an oblique evaporation wave has been discussed
previously."® The study indicates that the main flow velocity under-
goes a drastic change in direction. Originally, the flow was in the
axial direction and, as it goes through evaporation in the interfacial
region, it turns away from the interface and spreads out, which is
quite consistentwith the photographs shown in this work and in pre-
vious studies.® The C-J solution has been applied, which means that
the two-phase flow leaves the interface that encloses the metastable
liquid core at the local speed of sound. This sonic two-phase flow
expands further, reaching supersonic velocities. The expansion ter-
minates with acomplex SW geometry, so thatthe matchingreservoir
condition is achieved, that is, total pressure after the SW equalizes
the reservoir pressure. The one-dimensionalmodel consistently an-
ticipates the SW position.
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