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Abstract The present paper describes experimental
investigation on the flow pattern and hydrodynamic ef-
fect of underwater gas jets from supersonic and sonic
nozzles operated in correct- and imperfect expansion
conditions. The flow visualizations show that jetting is
the flow regime for the submerged gas injection at a high
speed in the parameter range under consideration. The
obtained results indicate that high-speed gas jets in still
water induce large pressure pulsations upstream of the
nozzle exit and the presence of shock-cell structure in
the over- and under-expanded jets leads to an increase in
the intensity of the jet-induced hydrodynamic pressure.
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1 Introduction

Investigation on the hydrodynamic behaviors of sub-
merged gas jets and their effects concerns quite a wide
range of natural and engineering processes such as vol-
cano eruption in deep seas, ice prevention in lakes,
water destratification in reservoirs, aeration wastewa-
ter treatment, underwater cutting, pneumatic steelmak-
ing and so on [1–3]. In addition, noise generation by
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underwater gas jets is also of interest for some applica-
tions [4]. A better understanding of relevant phenomena
and mechanisms in the submerged gas exhaust systems
is imperative for optimizing various industrial processes.
As an example, so-called injection metallurgy emerged
in 1980s due to its greater metallurgical and economic
advantages. Since then gas stirring by the injection of an
inert or reactive gas (or even carried with special parti-
cles) into melts is widely used in converters and ladles,
where top-, bottom-, sidewall-blowing or their combi-
nation is employed for strong mixing and large reac-
tion rates. During the development of studies regarding
metallurgical operations, the severe wear of refractory
near the tuyere tip through which a submerged gas jet
is injected has become one of the main research top-
ics [5,6]. Concerning the problem of refractory erosion,
various water-model experiments were carried out and
the phenomenon of pressure oscillations, described with
the term of back-attack, was observed in the liquid as
well as inside the tuyere [7,8]. However, in the previous
water-model experiments the investigators used simple
cylindrical or convergent conical nozzles from which the
gas discharges at a sound speed. Under these operation
conditions, the flow regime of submerged jets is bub-
bling or transition to jetting although nominal Mach
numbers at the tuyere exit (NMa) may be greater than
unity by increasing the gas stagnation pressure above
its critical value. These authors concluded that, after the
transition from the bubbling to jetting regime, the back-
attack pressure takes a minor change as the nominal
Mach number increases up to NMa ≈ 3 [6–9]. The pres-
ent work attempts to study the hydrodynamic behaviors
of underwater high-speed gas jets issuing from horizon-
tally mounted nozzles operating in correct- and imper-
fect- expansion conditions. In the recent years, Qi et al.



444 Z. Dai et al.

[10] and Shi et al. [11] performed experimental mea-
surements respectively for the average and fluctuating
pressures inside underwater high-speed gas jets. In this
work, we focus on the upstream pressure oscillations
induced by supersonic and sonic gas jets in quiescent
water, especially on those shock- associated phenomena
and effects. This research will be benefit to the applica-
tions of underwater jet-propulsion vehicles.

In general, submerged gas injection results in a com-
plex two-phase flow pattern which can be distinguished
into two different regimes: bubbling and jetting. The jet-
ting regime is dominant in the flow system when the gas
discharges at a high speed (for instance, up to sound
speed or higher). For a supersonic or sonic gas jet in still
water, as shown schematically in Fig. 1, a gas core is sur-
rounded by a gas–water mixing layer which consists of
a drop layer and a bubble layer. When these high-speed
gas jets discharge from an imperfectly expanded nozzle,
a shock-cell system then appears in the flow field where
the detailed structure depends on the Mach number and
the pressure ratio at the nozzle exit. Ozawa and Mori
once obtained the shock pattern by still photographs
with illumination of microflash [12]. The hydrodynamic
behaviors of the submerged gas jets and their effects
on upstream body attract many researchers and series
of experimental investigations are needed in order to
understand relevant phenomena and mechanisms.

2 Experimental arrangement

Figure 2 presents the schematic diagram of the experi-
mental arrangement for high-speed gas jets in still water.
The experimental set-up mainly consists of an air com-
pressor, a gas tank, a pressure-adjusting valve, a sole-
noid valve, a rectangular water tank and a test nozzle
assemblage supported in the water tank. The compres-
sor (CZ-20/30FZK type) can provide working gas (air)
at a required pressure up to 3 MPa. The large volume of
the gas tank (0.8 m3) ensures a stable gas pressure in the

Fig. 1 Sketch of underwater high-speed gas jet at strongly imper-
fect-expansion condition

Fig. 2 Schematic diagram of experimental set-up for high-speed
gas jets in still water

plenum chamber and a sufficient testing time of several
seconds. The pressure-adjusting valve can regulate the
gas stagnation pressure at the desired value. The open
water tank is made of transparent plexiglass plates and
has a size of 280 cm long, 50 cm wide and 55 cm high.
Water with a level of 40 cm in the water tank is at atmo-
spheric pressure and room temperature. The test nozzle
is horizontally mounted at the submergence depth of
15 cm. The key part of the nozzle assemblage with an
outer diameter of 6.6 cm is the contoured nozzles. They
are either convergent-divergent (Laval) nozzles for the
supersonic case or monotonically convergent nozzles for
the sonic case. All the nozzles take the same throat diam-
eter of 0.43 cm. For the test assemblage, there are four
exchangeable nozzles having different area ratios of exit
to throat. At the nozzle exit, the design Mach number
(or Mach number based on correctly-expanded isentro-
pic flow equations) Ma takes the value of 1.0, 1.5, 1.75
and 2.0, respectively. These four nozzles are elaborated,
especially for their sizes of the throat and exit diam-
eters. Moreover, before tests, each nozzle is carefully
calibrated by using a total pressure probe in the design
operation condition. As mentioned before, we consid-
ered three operation conditions for the supersonic noz-
zle (full-, over- and under-expansion) and two operation
conditions for the sonic nozzle (full- and under-expan-
sion). Usually, the imperfect-expansion index is defined
by the ratio of the nozzle-exit pressure (pe) to the ambi-
ent pressure (pa). For each nozzle of the specified design
exit Mach number Ma, the required operation condition
can be implemented by adjusting the chamber pressure
to be equal to, lower or higher than its critical value for
the full-expansion operation.

In this work, free nozzle set-up was used owing to its
advantage of recording the jet flow fields and measuring
the pressure oscillations on the sidewall of the nozzle
assemblage. Figure 3 shows the measurement arrange-
ment for the flow visualization and pressure measure-
ment. Clearly, by a baffle of the height 50 cm, the water
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Fig. 3 Top view of water tank and measurement arrangement

tank was divided into two compartments where the large
one was filled with tap water and the small one was
empty for overflow. It is seen in Fig. 3 that the water pres-
sures on the nozzle sidewall were measured by two elec-
tric-resistance pressure transducers 1 and 2 (NS-2 type)
and the gas pressure in the nozzle plenum chamber was
measured by an electric-capacity pressure transducer
3 (Setra 280E type). The data acquisition and analysis
was done by using a high-speed dynamic test appara-
tus (DH5932 type). In addition, a Germany made dig-
ital camera (BASLER A602f type) was employed to
observe the flow pattern of underwater gas jets. This
digital camera was operated at a framing rate of 1/60 s
during 5 s for one run. The taken images were processed
by a personal computer.

3 Measurement results

The evolution process of high-speed air jets in still water
was visualized by means of the digital camera. A typi-
cal image shows the instantaneous pattern of the flow

Fig. 4 Image of instantaneous flow pattern of high-speed air jet
in still water

field in Fig. 4. It is found that, due to great injection
momentum, a continuous stream of gas issues from the
submerged nozzle and the jet starts to break up into bub-
bles far downstream. Based on our measurements, the
forward penetration of supersonic gas jets under con-
sideration ranges from 50 to 100 diameters of the nozzle
exit. The swarms of free bubbles formed in the jet front
region rise up due to the action of buoyancy force. This
causes breaking and sloshing of the free water surface.
It is also found from Fig. 4 that some discrete bubbles
appear in the proximity of the nozzle exit. In addition,
the high-speed cinematography indicates that the gas–
water interface is unstable, which may be attributed to
the helical instability of supersonic gas jets in liquid [13].

Two typical pressure curves on the sidewall upstream
of the nozzle exit, recorded by the transducer 1, are plot-
ted for the Ma = 2.0 case in Fig. 5. Figure 5a,b correspond
to the cases with and without water in the water tank,
respectively. Clearly, when this tank is filled by water, the
submerged gas jet induces apparent hydrodynamic pres-
sures upstream of the nozzle exit. It is shown in Fig. 5a
that some large pulsations superpose small fluctuations
where the latter ones can be considered as the jet noise.
This is a distinctive feature of the underwater gas jets
since there is only background noise in the empty tank
case (see Fig. 5b). In order to determine which mecha-
nism responds to the observed pressure oscillation phe-
nomenon, we once covered the water surface with a
flat plate and suppress the sloshing waves. Compari-
son between the measured pressures with and without
the cover plate indicates that the free surface has little
influence on the recorded pressure oscillations. These
discrete pressure pulsations induced by the supersonic
gas jets are similar to those so-called back-attack pres-
sures in the previous experimental studies on injection
metallurgy. The pressures in our tests were measured on
the nozzle sidewall upstream of its exit but the pressures
in their tests on the nozzle exit (cf. Ref. [14]).

As mentioned before, we focus specially on the up-
stream pressure oscillations associated with shock-cell
structure in the underwater supersonic or sonic gas jets.
Figure 6a,b show the pressure curves, recorded by trans-
ducer 1, for the nozzle with the design Mach number
Ma = 2.0 operated in the over- and under-expansion
condition where their corresponding pressure ratio is
0.8 and 1.2, respectively. Compared with the case of the
nozzle with Ma = 2.0 operated in the full-expansion con-
dition (see Fig. 5a), the frequency of pressure pulsation
increases in the over-expansion case but decreases in the
under-expansion case. However, compared to the full-
expansion case, the pulsation amplitude decreases in the
over-expansion case but increases in the under-expan-
sion case.
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Fig. 5 Recorded oscillation curve of upstream sidewall pressure for Ma = 2.0 nozzle at full-expansion operation. a Air jet in water;
b air jet in air

Fig. 6 Recorded oscillation curve of upstream sidewall pressure for Ma = 2.0 nozzle. a Over-expansion operation; b under-expansion
operation

Fig. 7 Recorded oscillation curve of upstream sidewall pressure for Ma = 1.0 nozzle. a pe/pa = 1.0; b pe/pa = 5.0

Fig. 8 Power spectrum of sidewall pressure induced by underwater imperfectly-expended gas jets. a Ma = 2.0 and pe/pa = 1.2;
b Ma = 1.0 and pe/pa = 5.0
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Figures 7a,b present the oscillation curves of upstream
sidewall pressure, recorded by transducer 1, respectively
for the full- and under-expanded sonic nozzle. Con-
trary to the weak imperfect-expansion conditions for the
supersonic case, strong under-expansion condition was
considered for the sonic case. This operation condition
(pe/pa = 5) corresponds to a nominal Mach number
NMa = 2.12. Clearly, the behavior of pressure pulsation
for the NMa = 2.12 sonic nozzle in the under-expansion
condition is different from that for the Ma = 2.0 super-
sonic nozzle in the full-expansion condition.

In addition, it is noted in Figs. 5,6 and 7 that, due
to the jet instability, the pressure pulsations are random
events and some form of statistical treatment of the data
is necessary. One simple measure of the intensity of the
hydrodynamic effect is the r.m.s. value of the pressure
oscillations. It is a measure of the mechanical power
transferred from the gas jet to the nozzle wall. Besides,
spectral analysis is also important for the study of sto-
chastic behaviors of the submerged jets. By means of the
fast Fourier transformation of the pressure data, some
typical power spectra are presented in Fig. 8. It indicates
that the spectral components of the mechanical power
mainly distribute in the frequency band of 0–300 Hz and
0–200 Hz respectively for the supersonic and sonic case
in the range of the operation parameters under consid-
eration.

For the supersonic case, the r.m.s values of the pres-
sure oscillations obtained by two transducers on the
nozzle sidewall are given in Figs. 9a,b,c, respectively for
the three tested nozzles with the design exit Mach num-
ber of Ma = 1.5, 1.75 and 2.0. It is shown that, for the
same Mach number, the induced hydrodynamic effect
by the supersonic jets discharged from the imperfect
expansion nozzles is always greater than that from the
correct-expansion nozzles. Clearly, the shock-cell struc-
ture in the over- or under-expanded jets results in this
enhancement in the intensity of the hydrodynamic pres-
sures.

Finally, similar results are given in Fig. 10 for the sonic
case. As pointed before, the exit pressure ratio in this
case is greater than that in the supersonic case above.
Here the nominal Mach number for pe/pa = 3 case is
NMa = 1.79. Obviously, the r.m.s. value of the pressure
oscillations increases with increasing the pressure ratio
at the nozzle exit.

4 Summary

Experimental investigation is performed on the behav-
iors of underwater gas jets issuing from supersonic and
sonic nozzles operated in the full-, over- and under-

Fig. 9 The r.m.s. value of sidewall pressure oscillations induced by
underwater supersonic gas jets. a Ma = 1.5; b Ma = 1.75; c Ma = 2.0

expansion conditions. The flow visualization shows that
the jetting is the flow regime for the high-speed gas
jets operated in the parameter range under consider-
ation. The pressure measurements reveal a distinctive
feature of the submerged high-speed gas jets: large dis-
crete pulsations superpose small continuous fluctuations
for the upstream sidewall pressures. In addition, the ob-
tained results indicate that the intensity of the hydro-
dynamic pressure increases due to the presence of the



448 Z. Dai et al.

Fig. 10 The r.m.s. value of sidewall pressure oscillations induced
by underwater sonic gas jets

shock-cell structure in the over- or under-expanded jets.
Of course, further study is needed on the quantitative
analysis of the shock-associate phenomena in the under-
water supersonic gas jets.
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