
Citation: Ghazwani, H.A.; Sanaullah,

K.; Khan, A. Hydrodynamics of

Supersonic Steam Jets Injected into

Cross-Flowing Water. Fluids 2023, 8,

250. https://doi.org/10.3390/

fluids8090250

Academic Editors: Robert Martinuzzi

and D. Andrew S. Rees

Received: 2 May 2023

Revised: 6 September 2023

Accepted: 8 September 2023

Published: 12 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fluids

Article

Hydrodynamics of Supersonic Steam Jets Injected into
Cross-Flowing Water
Hassan Ali Ghazwani 1, Khairuddin Sanaullah 2 and Afrasyab Khan 3,*

1 Department of Mechanical Engineering, Faculty of Engineering, Jazan University,
Jazan P.O. Box 45124, Saudi Arabia

2 Discipline of Chemical Engineering, School of Engineering, Howard Campus, University of KwaZulu-Natal,
Durban 4041, South Africa; sanaullahk@ukzn.ac.za

3 Sino-French United Institute (DCI), Dongguan University of Technology (DGUT), Dongcheng District,
Dongguan 523820, China

* Correspondence: drafrasyabkhan7@gmail.com

Abstract: High-speed gas/vapour jets injected into a cross-moving sonic liquid signifies a vital
phenomenon which bears useful applications in environmental and energy processes. In the present
experimental study, a pulsating jet of supersonic steam was injected into cross-flowing water. Cir-
culation zones of opposite vorticity owing to the interaction between the steam jet and cross-water
flow were found. However, a large circulation appeared in front of the nozzle exit. Also, most small
circulation regions were observed at higher water-flow rates (>2 m3/s). Among the prime mixing
variables (i.e., turbulence kinetic energy (TKE) and Reynolds shear stress (RSS)), the RSS estimations
backed a small diffusive phenomenon within a region far from the nozzle exit. Further information
extracted from the PIV images indicated the existence of Kelvin–Helmholtz (KH) instabilities. The
counter-rotating vortex pairs (CVPs) appeared to be significant in the region close to the nozzle
exit, and they exhibited leeward side folds. Moreover, the effects of the operating conditions on the
pressure recovery and mixing efficiency as well as the penetration and the separation height were
evaluated to determine the optimisation of the phenomenon. By applying extreme difference analysis,
the mixing efficiency was found as the most influential parameter.

Keywords: steam–water; hydrodynamics; local and core circulation; vortical structure

1. Introduction

The injection of a high-speed gas/vapour into a low-speed cross-flowing gas/liquid
presented an interesting phenomenon which has been exploited by the scientific community
for multiple purposes. It includes the injection of steam into polluted air, which causes these
solid particles to wet. Afterwards, these solid particles are removed from the air supply
using cyclone separators [1]. Depending on the application, these two streams of fluids
can be mixed at any speed, including subsonic, sonic, supersonic or even hypersonic [2–7].
So far, the mixing studies related to this phenomenon have been mainly directed towards
noise control inside cavities [7–12], the thrust vector control of moving bodies [13,14],
and in combustion chambers [15–18]. In another study, three different types of injections
were investigated that included the circular transverse, circular oblique and elliptical
transverse configurations into a stream flowing at a speed of Mach 2 [3]. It was observed
that, in comparison to the oblique injection, the rest of the two configurations presented
maximum penetrations into the flowing stream due to the reduced number of the transverse
momentum components in the transverse direction than the rest of the two cases. Other
studies have included the injection of different gases like argon, helium and nitrogen into a
free stream of air inside a wind tunnel, where the air was flown at supersonic speed [19].
Here, a model was applied to determine the forces against the walls, and with the help of
analytical treatment, corrections were made based on the data that provided the pressure
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distribution, shock wave shapes, injected mass fraction, total pressure and velocity profiles
in the downstream direction.

In the current study, the hydrodynamics of flow were investigated when a supersonic
steam jet was injected into a cross-flowing water stream. Before presenting the experimental
measurements involving the flow hydrodynamics, some of the necessary mathematical
formulations are illustrated to understand the criteria applicable for characterising the flow
regimes. A vital ratio in such studies is the ratio of the steam’s jet to the cross-flowing fluid’s
momentum fluxes [20,21], which can be useful to determine the extent of the penetration of
the steam jet into the cross-flowing water.

J =
ρjetVjet

ρwaterVwater
=

γjetPjet M2
jet

γwaterPwater M2
water

(1)

where ρ represents density, V is the mean velocity, γ is the ratio of specific heat (cp/cv), P is
the dynamic pressure and M represents the Mach number. Another important ratio is the
height (Hmid) of the point where the higher velocity profiles terminate, which can be seen
visually via a characterisation setup like particle induced velocimetry (PIV) systems. This
height can suitably be non-dimensionalised by using the diameter of the steam’s nozzle
exit, as given in the following relation [22]:
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Using the above two relations, as well as the data acquired through use of an appro-
priate experimental setup and the measurement devices, the flow fields were characterized.
All studies related to the hydrodynamics of those flows where the cross-flowing stream
travels at sonic and supersonic speed or above are almost similar, so most of these studies
included subsonic flows which were then extended to include supersonic or hypersonic
flows. To date, there is an ample number of studies that have been conducted to investigate
the hydrodynamics of jets which have been injected into a cross-flowing stream of fluid(s),
but to date, there is no study that is known to the authors of the present manuscript that
has been cited in the literature in which the effect of a supersonic steam jet injection on
cross-flowing water at sonic speed has been discussed. Second, the hydrodynamics of the
resultant flow regimes were presented with regard to the influence on the shear layer, as
well as the quantification of the most effective operating condition for the efficient mixing
of steam and water. Therefore, the present manuscript is an effort in this regard. The details
of the experimental setup and the experiments being performed, as well as the derived
results, are presented in the proceeding sections.

2. Experimental Setup

The experimental setup (Figure 1) consisted of a square flow channel with a height of
10 cm, a length of 120 cm and a width of 10 cm. Steam was injected into the flow channel
through a supersonic nozzle which had the following dimensions: full length, 10 cm; throat,
0.5 cm; length of converging section, 8.5 cm; length of diverging section, 1.5 cm; nozzle inlet
diameter, 2 cm; and nozzle exit diameter, 1.5 cm. Steam was injected at the inlet pressure of
3 bars and the water was run through the duct at a varying volumetric flowrate, from 1
to 3 m3/s, at increments of 0.5 m3/s with each step. The water’s superficial velocity rate
was measured with the help of hot film anemometers (HFAs) in the upstream area, where
the water was the only medium. The square duct was filled with water, and then water
was circulated through the flow channel at varying flow rates by means of the externally
regulated pump. The PIV system was used initially with fluorescent 1.0 g/cc microspheres
as tracer particles to characterize the steam’s velocity and direction. The tracer particles
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were mixed with the water stream. The tracer particles had nearly the same density as the
water so as to enable them to move with the water streams.
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steam injection, the micro-bubbles could have been used as tracer particles. However, as 
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Figure 1. A schematic of the square duct with water and steam injections.

A double pulsed Nd:YAG laser was utilized, of a wavelength of 532 nm, pulsing at a
frequency of 15 Hz and a maximum energy of 500 mJ/s to generate a sheet of a thickness
of 2 mm, with the help of the appropriate lenses to capture the whole fluid domain for the
PIV scans, as seen in Figure 1.

The scattered light was guided by the reflecting mirror through the column onto the
charged-couple device (CCD). The adoptive cross-correlation (ACC) algorithm was applied
to process the initial scans and the method proved useful in providing the velocity fields
for the regions of larger velocity gradients, as was the case in the present study, particularly
with the interfacial region between the steam’s bubbles and the surrounding water. For
this reason, two steps of the ACC were adopted in this work. The initial interrogation
window was 64 × 64 pixels, and the refinement process was conducted at 32 × 32 pixels
over the two steps. The measuring field-of-view for the region (H × W) including the
steam jet and the surrounding area was 200 mm × 100 mm, which was covered using a
CCD camera, covering a region of 100 mm × 100 mm. It was found that the steam jet’s
profile velocity could generate a periodic oscillation at the entrance into the duct, with
a velocity varying across a range of values against time. Data were acquired for 10 min
at a rate of 10 Hz in a synchronized manner, with the same shutter speed used for both
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cameras. Thus, using this configuration, 6000 frames were acquired in 10 min against a
single operating condition from a single camera. A national instruments data acquisition
and data processing software module were used to record the pictures. Yet, in the case of
the steam injection, the micro-bubbles could have been used as tracer particles. However,
as it was a steam injection inside a pool of water, these small bubbles could not keep
their existence due to the sudden condensation, so the original tracer particles were used
instead [23]. The mass flow rates were measured with the help of the mass flow rate meters
for the liquids at the inlet pipe of the steam, as well as that of water channel’s inlet and
outlet. The experimental scheme can be seen in Table 1 at various operating conditions. The
results drawn based on the mentioned phases of the experiments are discussed in detail in
the following section.

Table 1. Experimental phases and operating conditions.

Serial No. Experimental
Phases

Steam Inlet
Pressure (Bars)

Water Volumetric
Flow Rate (m3/s) Mach Number

1 1 3.0 1.0 2

2 2 3.0 1.5 2

3 3 3.0 2.0 2

4 4 3.0 2.5 2

5 5 3.0 3.0 2

3. Results and Discussion

In the current study, a supersonic steam jet was injected into cross-flowing water in
a square duct, resulting into a complex hydrodynamic picture of the flow regimes thus
observed. The results are described in detail in the proceeding sections.

3.1. Hydrodynamics of the Supersonic Steam Jet into the Cross-Flowing Water

From the PIV images, the structure of the flow regimes within the fluid domain can
be seen in Figure 2. It should be noted that, throughout the manuscript, just the PIV
image with the highest mass flow rate of water is referred to. The errors in the current PIV
measurements are within 0.12–0.34%. The first image of each result reported here represents
the case when the steam was injected at the inlet pressure of three bars, and the water
travelled at a volumetric flow rate of 2.0 m3/s. The flow domain was divided into multiple
sections, which are represented by the circles in Figure 2. A total of 6000 images were
acquired for a duration of 10 min to support Figure 2. On average, the overlapped images
under the influence of a single set of operating conditions show that the steam initially
penetrated vertically into the flowing water before it bent towards the direction of the water.
It should be noted that all results were plotted with the steam–water velocity profiles that
were normalised using the velocity of the steam at the nozzle exit. From Figure 2, it can be
clearly seen that the region of maximum velocity occurred above the nozzle exit, towards to
the right side, due to the deflection of the steam jet under the influence of the momentum
acquired by the flowing water. In contrast, the region above the steam’s jet shows a gradual
decrease in velocity in the downstream direction—the jet showed an expansion profile in
the region downstream of the nozzle’s exit.
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pressure of 3 bars through the high-stress regions. 
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Figure 2. (a) Non-dimensionalised velocity profiles/penetration line/region across the fluid medium.
(b) TKE profiles observed in experimental phase 5. (c) Reynold shear stress profiles as observed in
experimental phase 5; (d) Reynold’s shear stress profiles as observed with the variation in the height
of the observation PIV plane; (e) mean velocity vs. Reynold’s shear stress profiles at steam inlet
pressure of 3 bars through the high-stress regions.

As seen in Figure 2, the height of the point where either the jet achieved the highest
horizontal velocity, or the highest velocity profile was terminated, has been measured as
27 Dnozzle. The height above the nozzle exit was non-dimensionalised by the diameter of
the nozzle exit. The vertical (Y) penetration of the steam’s jet was estimated with the help
of the equation [24], expressed as

Y
Dnozzle

=

( Pjet

Pstream

)0.434(X
d

)0.33
(3)

where X is the horizontal distance from the location of the steam’s nozzle exit and d is
the diameter of the steam’s jet at the nozzle exit. As seen in Figure 2a, the PIV-based
measurement of the jet’s penetration showed little discrepancy with the jet’s penetration
values estimated from this equation. It can be observed that, in the present case, the
supersonic steam being injected into the cross-flowing water showed a penetration length
a little above the line, which was obtained from estimations using Equation (3). A possible
reason for this may be the contribution of the buoyant steam compared to the water, which
is absent in Equation (3). The deviation from the line drawn based on this equation has
also been quoted in earlier experiments conducted [25]. As can be seen in Figure 2, with
regard to the downstream of the steam’s nozzle, the formation of large vortical structures
ensured mixing, which was further amplified by the cross-flowing water. Also seen in
Figure 2, regions of low pressure were formed at the bottom of the deflected steam’s jet,
which may have been due to the low-pressure suction of the steam jet just near the exit
of the nozzle, as also illustrated in earlier studies [26,27]. These circulation zones had an
opposite vorticity in comparison to the vorticity of the large circulation zones at the front.
It was further observed that, among the experimental phases, most of the small circulation
zones were observed at higher flow rates of water, contrary to the number of circulation
zones at lower flow rates. This shows the dependence of the low-pressure circulation zones
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on the volumetric flow rate of the water, which may be proportional in terms of mixing, as
observed in the earlier studies [28–30]. The non-dimensionalised turbulence kinetic energy
(TKE) relation was given as in Equation (3), where X is the horizontal distance from the
location of the steam’s nozzle exit and d is the diameter of the steam’s jet at the nozzle
exit. As seen in Figure 2a, the PIV-based measurement of the jet’s penetration showed
little discrepancy with the jet’s penetration values estimated from this equation. It can
be observed that, in the present case, the supersonic steam being injected into the cross-
flowing water showed a penetration length a little above the line, which was obtained from
estimations using Equation (3). A possible reason for this may be the contribution of the
buoyant steam compared to the water, which is absent in Equation (3). The deviation from
the line drawn based on this equation has been quoted in earlier studies [25], too. As can be
seen in Figure 2, with regard to the downstream of the steam’s nozzle, the formation of the
large vortical structures ensured mixing, which was further amplified by the cross-flowing
water. Also seen in Figure 2, regions of low pressure were formed at the bottom of the
deflected steam’s jet, which may have been due to the low-pressure suction of the steam jet
just near the exit of the nozzle, as also illustrated in earlier studies [26,27]. These circulation
zones have an opposite vorticity in comparison to the vorticity of the large circulation zones
at the front. It was further observed that, among the experimental phases, most of the
small circulation zones were observed at higher flow rates of water, contrary to the number
of circulation zones at lower flow rates. This shows the dependence of the low-pressure
circulation zones on the volumetric flow rate of the water, which may be proportional in
terms of mixing, as observed in earlier studies [28–30]. The non-dimensionalised turbulence
kinetic energy (TKE) relation was given as

TK.E =

[
u′2 + v′2 + w′2

]
2U2

m
(4)

where u′, v′ and w′ are the fluctuating velocity components along the x, y and z-axis,
respectively, and Um is the mean velocity of the flow at any location in the flow domain.

For the values of the turbulence kinetic energy (TKE), we used the relation given in
Equation (3). However, as our interest is mainly focused on the jet penetration and on the
flow characteristics in the vertical plane, the values of the velocity component along the
z-axis have been used as unity. This, on the one hand, keeps the stability and correctness of
the equation intact and, on the other hand, it helps us to focus our observation window only
along the x–y plane. The 2D PIV image here captures the upward propagation of the steam
jet (y-axis), whereas the cross-flowing water forces the steam jet to be bent along the length
of the duct (x-axis). Parameters such as the TKE are associated with the velocity profile of
the steam jet along the length of the duct against the height of the duct. The orientation
of the laser sheet and the camera were at right angles to each other, with the laser sheet
aligned along the x–y plane. As from Figure 2b, two distinct regions of TKE could be
identified with the initial flow conditions, and this increased to three at the highest flow
rate. In the upstream region, the TKE resulted from the shear layer interaction involving the
steam’s interface with the water, and the interaction between the shock and the boundary
layer. With the rise in the flow rate of the water and an increased deflection in the steam’s
jet along the direction of flow of the water with the sudden expansion of the steam, small
secondary circulations involving the TKE profiles were observed.

For the calculation of the Reynolds shear stress, the values of the mean time and
average velocities were subtracted from the instantaneous values of the velocities along
the x and y-axis. Furthermore, we joined the k-type thermocouples with the anemometer’s
knobs to measure the density of the fluid. The temperature values thus obtained were
utilized to determine the corresponding steam density from the steam data tables. Thus,
the Reynolds shear stress values were estimated. The Reynolds shear stress measurements
can be seen in Figure 2c, which shows two spots having high Reynolds shear stress values.

The non-dimensionalised Reynolds shear stress (RSS) (− u′2v′2

U2 ) reflected a behaviour in
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the regions where the mean velocity gradients were higher between the injected steam
and the cross-flowing water. Across the y–z plane at three distances, i.e., h = Y/D = 1.25,
1 5, 1.75 and 2.0 cm, the Reynolds shear stress showed a slight diffusive behaviour at a
higher non-dimensionalised height, h = Y/D, along the y-axis (normal) to the flow. In
the present study, our main purpose is to present a macroscopic view of the turbulence
kinetic energy (TKE) and Reynolds shear stress (RSS) and find out their impacts on the
flow characteristics. It was found that the vortical structures affected the TKE as well as
the associated decays of the flow. Regions of high TKE were found to initially increase
due to the jet’s interaction with the surrounding flow field, and thus, due to the significant
contribution of the buoyancy, the jet’s inlet pressure and the surrounding water lateral
velocity were affected. All these factors aided the generation of the vortical structures that
enhanced mixing in said regions. The role of these vortical structures having different
scales and strengths can be seen in Figure 2a,b, which affected the increasing strain rate of
the flow. Thus, these structures directly affected the production of the turbulence KE. The
interaction of these structures and the resulting distribution of the TKE across the vertical
planes is critical to understand the mixing between the distinctive flow domains (i.e., the
jet and the cross-flowing water). The contours of the TKE showed how the flow structures
shifted the turbulence from the region above the steam jet’s exit nozzle to the region to
the right of the flowing water. Further, the main reason of the generation of RSS is the
interaction between the region dominated by the fluctuating velocity due to the violent
steam jet, and the region covering the mean water flow velocity. The stress gradient in these
flows depends on the time history of the turbulence. The RSS vanished in the regions where
the velocity gradients were temporally zero, as can be seen from Figure 2c,d. By the time
the RSS values in the regions that were devoid of RSS contours became zero, the values of
the TKE were derived from the relation given in Equation (3); however, since our interest is
mainly focused on the jet penetration and on the flow characteristics in the vertical plane, it
is therefore the values of the velocity component along the z-direction w′2 that have been
approximated as unity. This results in us favouring the equation’s usefulness and stability
and, on the other hand, it assists our focus on the observation window along the x–y plane
only. The 2D PIV image here captures the upward propagation of the steam jet (y-axis),
whereas the cross-flowing water forces the steam jet to be along the length of the duct
(x-axis). Parameters such as the TKE are associated with the velocity profile of the steam
jet along the length of the duct against the height of the duct. The orientation of the laser
sheet and the camera are at right angles to each other, with the laser sheet aligned along the
x–y plane. The comparative profiles for the Reynold’s shear stress and the mean velocity
through the high-stress regions are shown in Figure 2e.

3.2. Shear Layer-Driven Instabilities

The shear layer generated at the interface among the steam–water two-phase flows
contains instabilities which were observed in the case of the vertical jet injection long ago.
These instabilities were formed due to various flow-induced mechanisms that depended
upon the Reynolds number, the velocity gradients and the density gradients between
the two interacting fluids. The PIV images used to address the topic in this section were
converted into black and white images by applying the decolourisation technique, taking
measures to maintain the contrast [31] with the Matlab-based edge detection technique [32].

Since the greyscale conversion includes the loss of the data, decolourisation was
applied with the contrast preservation method. This relaxed the contrast of the colour
constraints and enabled us to construct a non-local colour pair (i.e., white and black)
using a non-linear bounding hierarchy in which the duplication of the local colour was
removed. The initial profile thus obtained showed the formation of a hovering vortex,
which encapsulated the jet from the windward side, thus contributing to the vortex pairs
that were generated in a counter-direction to each other, without affecting the horseshoe-like
structures that were formed parallel to the surface of the flow vessel. Such structures were
found dominant up to a height of 2.0 cm in the current experiment, as seen in Figure 2d.
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Due to the gradient of the velocities of the steam jet and the surrounding cross-flowing
water stream, the shear layer contained vortical structures which overturned to cause the
KH instabilities. With sufficient water flow to surround the steam’s jet, the KH instabilities
were transformed into the periodic ring vortices around the jet body, mainly at the interface
between the steam and water, which can be observed from Figure 3. A careful examination
of all the PIV images reveals that the behaviour involving the KH instabilities was not
continuous, and the main reason for the discontinuity of such behaviour may have been
the inception and collapse of the steam bubbles after emerging from the exit of the nozzle.
Thus, we can attribute this behaviour as a mean or time-averaged behaviour [33]. From
Figure 3, the small separation region can be seen just on the windward side near the exit
of the nozzle, whereas the shear layer-induced overturning circulations were influenced
to a greater extent by the rise in the flow rate of the water. The vortex rings were found
to be tilted initially and expanded more towards the windward side of the flow; however,
after rising to a certain height, they tilted in a clockwise direction and diverted towards the
right-hand side along the clockwise direction [34]. Counter-rotating vortex pairs (CVPs)
were observed in this study, along with leeward side folds, which can be noticed in Figure 3.
The region near the nozzle exit appeared to be the dominant reason for the generation
of the CVPs. Thus, based on these observations, the upstream part of the jet, which was
tilted towards the right-hand side in a clockwise direction, as well as the downward side,
where the planes aligned with the direction of the jet, thus contributed to the creation of
the counter-rotating vortex pairs on the windward and leeward sides of the jet [35–37].
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3.3. Effects of Operating Conditions on the Mixing

In this section, the flow process optimization of the supersonic steam jet cross-water
flow injection was conducted in reference to the effect of the flow properties as well as
the dimensions of the mixing of the steam with the water. The prominent parameters
that were used in the study of the steam–water flow process optimization included the
flow rate ratio of the steam and water, the angle of the steam’s injection, and the ratio of
the distance between the vessel inlet and the centre of the nozzle exit (l1) to the distance
between the flow channel outlet and the central point of the nozzle exit (l2), (i.e., l1/l2).
The most effective parameter was determined based on the extreme difference analysis
method. The details of the variations in the vital process parameters are summarized in
Table 2. Four criteria for the optimization of the flow process are set here. These include
the extent of the pressure recovery, the extent of the mixing, the penetration height and the
separation length. The relation for the pressure recovery [38] is expressed as

P _recovery =
Poutlet
Pinlet

(5)

Table 2. Experimental phases and operating conditions for design optimization.

Experimental Phases Parameter Values

1

Ratio of Volumetric flow rates
of Steam and Water

(Fsteam/Fwater)

2.46

2 2.13

3 1.91

4 1.74

5 1.60

6

Angle of steam injection (θ)

90

7 88

8 86

9 84

10 82

11

Ratio of distances from the
inlet to the steam nozzle

exit/the outlet to the steam
nozzle exit (l1/l2)

1

12 1.2

13 1.3

14 1.4

15 1.5

The mixing efficiency (E _mixing
)

is defined as the ratio of the mass flow rate of the
steam to the mass flow rate of the water expressed as

E _mixing =

∫
αρsusdA∫

(1− α)ρwuwdA
(6)

where α is the void fraction (i.e., the fraction of steam from the total of steam + water), the
subscript s represents the steam and w represents the water. The penetration height was the
height from the nozzle exit to the point at which the maximum velocity profile terminated
in the cross-flowing water, and the separation length was the distance between the location
of the separation of the shock wave and the centre point of the steam-injecting nozzle’s
exit [37]. The values of these four parameters that have been set here as the major criteria
for the purpose of the optimization of the flow conditions to achieve the maximum mixing
between the two phases are given in Table 3. It was found that the non-dimensionalised
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penetration height had almost a proportional effect on the non-dimensionalised separation
length of the jet, whereas the non-dimensionalised penetration height itself was influenced
by the ratio of the mass flow rates corresponding to the steam and the cross-flowing water.
The most crucial parameter, i.e., the mixing efficiency, was found to show an increasing
trend with the rise in the ratio of the mass flow rates, penetration height and separation
lengths. The mixing efficiency was evaluated using the expression given in Equation (5).
To our observation, the more prominent factor that affected the mixing efficiency was the
ratio of the mass flow rates and, subsequently, the velocity of the steam jet that affected the
mixing efficiency itself. However, in comparison to the other factors, the optimizing of the
mixing phenomena was influenced more by the mixing efficiency.

Table 3. Optimization of the design based on the mixing efficiency and related variables.

Experimental
Phases

Pressure
Recovery

(P_recovery)

Mixing
Efficiency
(E_mixing)

Penetration Height
(H_penetration) = h/D

Separation Length
(L_saparation) = L/D

1 77.38% 98.12% 27.2 5.3

2 79.12% 98.68% 23.7 5.9

3 84.19% 99.12% 22.4 6.4

4 86.48% 99.24% 17.9 6.9

5 89.33% 99.31% 11.7 7.8

6 56.28% 94.58% 26.8 5.7

7 54.21% 94.47% 24.8 5.4

8 51.19% 94.31% 21.9 5.0

9 47.33% 94.28% 20.1 4.5

10 44.44% 93.89% 19.7 4.1

11 43.18% 97.33% 26.7 5.4

12 40.79% 97.31% 26.9 5.9

13 39.64% 97.27% 27.4 6.4

14 36.66% 97.21% 27.7 6.8

15 32.21% 97.17% 28.2 7.2

The effect of the angle of injection was found to have an inverse impact on all four
variables, followed by the ratio of the distances. From the discussion given above, it can
be inferred that the ratio of the steam jet mass flow rate to the mass flow rate of the cross-
flowing water had a significant impact on all these parameters, affecting not only the mixing
efficiency but also the penetration height, as well as the ratio of the separation distance.

Based on the measured values for all four parameters, extreme difference analysis
was opted for here in order to determine the parameter that had the greatest effect on the
mixing performance of the supersonic steam jet injected into the cross-flowing water [38],
which we believe to be the most important aspect for the performance of the two-phase
mixing, expressed as

R = max(A1)−min(A1) (7)

where R is the extreme difference, and Ai and Aj are the minimum and maximum values of
the specific parameter for all its values as an influencing parameter. By using this relation,
the extreme difference analysis provides the greatest effect that was imparted by the flow
rate ratio of the steam and water, as shown in Figure 4.
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4. Conclusions

In the present experimental study, the physical picture of the phenomena associated
with the injection of a supersonic steam jet into cross-flowing water in a square duct was
investigated. A 1.2 m long square flow channel with a 10 cm width and height as the
experimental setup, as well as the PIV technique and HFA sensors as diagnostic techniques,
were used to determine mainly the extent of the penetration of the steam jet into the cross-
flowing water, which was analogous to the ratio of the momentum fluxes of the steam’s jet
to the cross-flowing water. The flow domains, based on the normalised velocity as well as
planar normalized duct dimensions, derived from the PIV images, showed the penetration
of the steam’s jet and its subsequent bending towards the water’s flow. The PIV-based jet
penetration was compared with the model equation, and there was little difference between
the two, which was due to the absence of a buoyant steam contribution, which was absent
in the model equation.

Also, using the PIV images to observe the steam jet flow domain, the circulation zones
were of opposite vorticity to the vorticity of the large circulation zone in front of the nozzle
exit. However, most of the small circulation zones occurred at higher water flow rates
than at lower flow rates of the water. Other significant mixing parameters such as the TKE,
RSS and shear-driven instabilities were also estimated to determine the significance of the
mixing between the two phases. With the rise in the flow rate of the water, the jet was
deflected more towards the water’s flow, leading to the sudden expansion of the steam,
and secondary small circulations involving the TKE profiles were observed, whereas the
RSS supported a bit of a diffusive trend at higher y/D values across the normal to the flow.
Further from the PIV measurements, based on the gradient of the velocities between the
steam jet and the surrounding water, the shear layer that contained the vortical structures
was highlighted. They overturned to cause KH instabilities, which were characterized
by the formation of periodic ring vortices at the steam–water interface. CVPs were also
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observed along with leeward side folds; the flow near the nozzle exits appeared to be the
dominant reason for the generation of the CVPs. The influences of the operating conditions
on the optimization of the supersonic steam jet cross-water flow were also studied by
evaluating the pressure recovery, mixing efficiency, penetration height and separation
height. Utilizing extreme difference analysis, the most influential aspect of the performance
of the phenomenon was the mixing efficiency. The distribution of the TKE varied between
0.01 and 0.51, along with the values of the RSS, which varied between 0.25 and 0.27 (both
sides). Regarding the mixing efficiency, our observation indicated that the more prominent
factor that affected the mixing efficiency itself was the ratio of the mass flow rates and,
subsequently, the velocity of the steam jet. However, in comparison to the other factors (i.e.,
pressure recovery, which varied from 32.21 to 89.33, penetration height, which varied from
11.7 to 28.2, and separation length, which varied from 4.1 to 7.8), the mixing phenomenon
was influenced more by the mixing efficiency, which varied from 93.89 to 99.31%.
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