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Abstract 

There has been a large amount of work being conducted on the thermo-dynamics of the Direct Contact 

Condensation (DCC), however, not much attention was given to the phenomena particularly active near 

the steam’s nozzle exit. A transparent rectangular upright duct of 4 ft high, was built with a supersonic 

nozzle positioned at the bottom of the channel to characterize flow behavior near the steam nozzle’s exit. 

Particle image velocimetry (PIV) was applied to draw information on the steam’s jet penetration into the 

water as well as the entrainment and mixing between the two phases under the steam’s inlet pressure 

ranging from 1.5 – 3.0 bars. PIV normalized contour measurements depicted not appreciable changes in 

the radial velocity of the jet. Whereas, in the core region of the jet, the change in the jet’s velocity was not 

much till Y/De ~ 4.3 and the vertical velocity of the jet decreased slowly till Y/De ~ 8. The jet’s 

normalized upward velocity attained an optimized value between Y/De ~ 8 and Y/De ~ 9.8. With varying 

pressures, 1.5 bars to 3.0 bars, the jet expanded radially in water. It was also found in the near nozzle exit 

region, the shear layer’s thickness remained within 0.2 – 0.5 De over the 1.5 – 3.0 bars pressure. 

Probability Density Function (PDF) analysis of Reynolds shear and normal stresses confirmed the 

existence of the velocity fluctuations across the shear layer, owing to the large eddies across the steam-

water interface. 

Keywords: Hydrodynamics; local and core circulation; pulsating injection; steam-water flow;  vortical 

Structure.     

1. Introduction

When the steam is discharged into the pool of 

water, Direct Contact Condensation (DCC) 

occurs, which relies on the transfer of heat as well 

as the mass of the steam into the water. Till date, a 

huge amount of work has been devoted to the  

thermal-hydraulic aspects of the phenomena of the 

DCC, that includes the research on the jet’s shape 

and length, mass and heat transfer, and the flow 

instabilities associated with the DCC phenomena 

(Afrasyab et. al., 2013; Chun et. al., 1996; Khan 
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et. al., 2016, Song, Chul-Hwa 2007; Cho, Seok; 

Kim, Hwan-Yeol; Bae, Yoon-Young; Chung, 

2000, n.d.; Weimer et. al., 1973). The supersonic 

steam’s jet injection has myriad uses in the safety 

studies that are related to nuclear power, where 

this phenomenon contributes significantly to the 

storage of water, which serves the role of a heat 

sink as a result of dumping of the steam that has 

been discharged from the Reactor Coolant System 

(RCS) (Song, Chul-Hwa 2007; Cho, Seok; Kim, 

Hwan-Yeol; Bae, Yoon-Young; Chung, 2000).  

     The region just outside the nozzle exit of the 

injecting steam’s jet into the still water is very 

significant and understanding of flow 

characteristics in this region is vital to elaborate 

the overall significance of the steam’s jet 

interaction with the surrounding water. The 

region has the lower pressure and thus offers a 

higher suction of the surrounding fluids into the 

region. The physical picture of the steam’s jet 

near the nozzle exit reveals that the higher 

density of the steam near the exit initially with 

the jet itself has a the positively buoyant nature. 

However, the jet entrains the water from the 

surroundings as it moves further from the exit. 

The density difference between the two phases 

reduces, and in the end with a constant 

dwindling profile, the jet terminates after being 

penetrated for some distance along the direction 

of injection.  

     The modeling of the turbulent jets and 

plumes associated with the steam’s injection into 

the pool of water can conveniently be performed 

with the help of the entrainment ratio, which is 

conveniently referred to as  the ratio of the radial 

velocity of the surrounding fluid towards the 

axial jet to the jet’s velocity at the radial distance 

equal to the half of axial axis of the jet velocity 

(Zong et. al., 2016). The typical empirical values 

obtained for the ratio were 0.054 for the jets and 

0.09 for the plumes, which reasonably provided 

a reasonable estimate using modeling 

approaches (Yang et. al., 2019). In the case of 

the supersonic steam jet injection into the 

subcooled water, the jet at the most can 

penetrate several diameters of the steam’s nozzle 

exit, whereas the shear layer is quite thinner in 

most of the cases with the eddies being able to 

drive the entrainment process through the shear 

layer (Yang et. al., 2015). There is amply  

literature that cites the entrainment of the 

surrounding fluid as a result of a jet injection 

into it, for instance, the extent of entrainment 

along with turbulence dissipation associated 

with the swirl steam injection into the water 

(Khan et. al., 2019). Few studies that comprised 

of the PIV study of the gas that exited from an 

orifice into the flat plate, in comparison to its 

exits from the smoothed contoured nozzle with 

its exit from the long pipe (Mi et. al., 2007). The 

significant observation drawn from this study 

revealed that the turbulence was not fully 

developed even after 16 diameters of the 

orifice/nozzle/pipe exit, however, the mean-field 

approached a self-similar Gaussian profile.  

However, downstream expansion and 

contraction waves prevailed throughout the fluid 

domain wherever steam interacted with the 

surrounding water. These waves were generated 

due to the inception and collapse of the steam 

bubbles within the surrounding water. In the 

case of the compressible fluids, the region being 

inhibited these compression and expansion 

waves, which has been dominated by the density 

contrast fluid domains, i.e. steam and water due 

to which the entrainment has been reduced along 

the axial direction across the interface which 

affects the mass flow rate of these fluids. 

Whereas, in the case of the moderately 

overpressure jets the entrainment was reduced to 

around 50% due to the compressibility effects 

(Solovitz et. al., 2011). In another study, the 

importance of the density gradient within the 

two parallel streams of the fluids has been 

determined, with major attention on the growth 

of the interacting layer between the two. The 

striking finding from this study revealed that the 

density gradient itself was not enough alone to 

describe the reduction in the mixing growth 

layer in the compressible fluids. In addition to it, 

one couldn’t ignore the velocity and pressure 

fluctuations which contributed mainly towards 

the Mach number among these flows 

(Brown & Roshko, 1974). Also, the 

mixing layer growth was obtained by using 

the Schlieren images and traversing pitot 

tubes and it was found to be dependent on 

the convective Mach number because the 

propagation of the flow disturbances was 

proportional to the Mach number 

(Papamoschou & Roshko, 1988).  

Flow characterization near the nozzle exit of the supersonic steam jet injecting into the stagnant water
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     Among the studies mentioned here, only a 

few have emphasized the entrainment of the 

surrounding fluid by the jets/plumes in the 

developing regions. Still, none of the studies 

precisely shed light on the flow hydrodynamics 

in the region adjoining to the nozzle exit as well 

as the entrainment issues and the physics 

prevailed within the region close to nozzle exit 

in the case of the supersonic steam jet injection 

into the subcooled water. The experimental 

setup, involving a rectangular vertical glass 

column with a supersonic nozzle fitted at the 

bottom of the column, was used to characterize 

flow within a region adjacent to the nozzle’s exit 

by the application of the PIV technique. The 

details of the experimental setup and the 

measurements conducted by utilizing the PIV 

are illustrated in the following sections. 

2. Experimental setup

The experimental setup was comprised of a 

rectangular vertical glass vessel having the 

dimensions (length, L = 2 feet, height, H = 4 

feet, and width, W = 2 feet) filled with water up 

to 3.8 feet. The supersonic nozzle was inserted 

at the base of the rectangular vessel. The nozzle 

has the dimensions (length = 10 cm, length of 

the chamber = 2 cm, length of converging 

section = 8.5 cm, length of the diverging section 

= 2.2 cm, diameter of the throat = 0.2 cm, 

diameter of the exit, De = 0.3 cm, inlet diameter 

= 2 cm) as shown in Figure 1. Velocity 

measurements were obtained by using a PIV 

system. The PIV consisted of a charged coupled 

diode camera with resolution 2048 x 2048~ 7.4 

pixels. The laser had a pulse with a National 

instruments data acquisition and frequency of 

~15 Hz and power 200 mJ/pulse data processing 

software module. Fluorescent 1.0 g/cc 

microspheres were used as tracer particles, 

which faithfully followed the fluid streams 

because of having nearly same density as of the 

fluid.  

     Data was acquired for 10 minutes at a rate of 

10 Hz. Thus, using this configuration, 6000 

frames were acquired in 10 minutes against a 

single operating condition. The frame for the 

CCD camera was adjusted in such a way that it 

only focused on the area exactly surrounding the 

Fig. 1. A schematic of an experimental setup 

and supersonic nozzle, (a) Experimental Setup 

(b) Supersonic nozzle.

nozzle exit as shown by the dotted circle in 

Figure 1. From the generated frames anomaly 

detection was performed to remove the uneven 

data points from the PIV frames. The calibration 

of the PIV was performed by using method for 

the accurate measurement of the laser pulse 

magnification and separation. The pulse 

separation was measured by focusing the laser 

sheet on the photodetector which itself was 

connected to the oscilloscope which provided of 

how much separation existed with respect to the 

distance between the point of light emergence 

and the point of light incidence on to the 

photodetector. 

     The magnification-related errors were 

determined by focusing the laser sheet light on a 

known grid dimension, following this, the ratio 

of the measured grid spacing with the known 

grid spacing was adopted. This helped to 

estimate the extent of the optical distortions. In 

case of zero distortion, the ratio value remained 

the same at all the locations along with the fluid 

domain. The measured uncertainties for the 

present experimental setup were 0.1 - 0.3%. The 

profiles obtained from the PIV techniques were 

converted into black and white images by 

application of the decolorization technique with 

contrast preserving measures (Zhao et. al., 2018) 
as well as edge detection technique through 

Afrasyab Khan, Khairuddin Sanaullah, Mohammed Zwawi, Mohammed Algarni, Bassem F. Felemban, Ali Bahadar, 
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Matlab (Matlab, n.d.). This relaxed the contrast 

of the colour constraints, using these to construct 

the non-local colour pair (white & black) by 

applying the non-linear bounding hierarchy in 

which the duplication of the local colour was 

removed. 

3. Results & discussion

In this study, the supersonic steam jet was 

injected into the subcooled water in a vertical 

orientation. The inlet pressure of the steam was 

varied from 1.5 - 3.0 bars. The flow dynamics in 

the region adjacent to the nozzle exit have been 

discussed in detail in the following sections. The 

details of the results in this regard are given as 

follows.  

3.1 Hydrodynamics of the supersonic steam in 

the regions near the nozzle exit 

The flow structures based upon the normalized 

velocity contours were characterized here. The 

velocity was normalized by the jet’s centerline 

velocity at the exit.  At an inlet pressure of 1.5 

bars, the jet exited the nozzle at an approximate 

uniform velocity, thus generating a shear layer 

that acted upon the surrounding water into a 

growing behavior along the axial as well as 

radial directions as shown in Figure 2. The 

colored PIV images were transformed into black 

and white images of high resolution, the 

intensity of the resolution can be visible from 

the Figure 2 and Figure 3. As seen from these 

figures, the moment the jet exits the nozzle, the 

radial interfaces with the water have shown a 

very little growth, however, the radial spread of 

the jet gradually increases due to more 

surrounding water being entrained, as the jet 

moves vertically upward. Whereas the jet’s 

velocity within the core region remains 

unchanged till Y/De ~ 4.3, further distance from 

this, the jet centerline velocities have shown a 

gradual decrease. 

Fig. 2. Contrast preserving decolorization 

images for the regions near the nozzle’s exit. 

Flow characterization near the nozzle exit of the supersonic steam jet injecting into the stagnant water
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Fig. 3. Plot between normalized axial distance 

and normalized axial velocity distribution. 

The trends being presented here were due to the 

contours of the jet velocities from the nozzle exit 

till the downstream point of observation, see 

Figure 3. It should be noted that these profiles 

were based upon the velocity values across the 

jet, r/De = 0 - 1.0. The velocity was normalized 

by the steam jet’s exit velocity, Ue, whereas the 

axial and radial distances were normalized by 

Fig. 4. Plot between normalized radial distance 

and normalized radial velocity distribution 

(asymmetric aspects of the flow) in the regions 

near the nozzle exit. 

the diameter of the nozzle exit, De. The jet’s exit 

velocity shows initially a gradually decreasing 

behaviour till Y/De = 8, however, further from 

this till Y/De = 9.8, the jet’s exit velocity has 

shown an optimized behaviour. The optimized 

profile implies that the velocities of the jet 

match with each other irrespective of the steam’s 

inlet pressure. The profiles within the 

developing region grow with the spread of the 

shear layer. Among the compressible fluids, 

which were representative of considerable mass 

transfer, the steam-water flows didn’t need any 

higher distances to become fully developed, 

contrary to the non-condensable fluids like air-

water flows (Mi et. al., 2007), rather the velocity 

profiles exhibited a non-conserving momentum 

outcome. It was observed that varying the 

pressure from 1.5 - 3.0 bars of inlet pressure, the 

jet widened in the water at atmospheric pressure. 

The velocity close to the exit region has higher 

values than the velocity at the same location at 

lower inlet pressure, this was due to the reason 

that the steam expanded as it came out of the 

exit of the nozzle. The sudden expansion 

experienced by the steam resulted in a lowering 

of the pressure in the exit region along with the 

rise in the velocity in the exit region (Khan et. 

al., 2014).  The velocity field was further 

analyzed in the near exit locations at multiple 

positions (0 - 5De) as shown in Figure 4.  

     The steam’s jet exiting the nozzle at the 

supersonic speed, which dissipates as soon as it 

penetrates the water in the vertically upward 

direction. The flow shows an asymmetric 

behavior right from the exit of the nozzle and 

quickly this asymmetric behavior propagates 

downstream of the nozzle exit.   

     The compression and expansion waves 

inherent in the supersonic steam jet’s injection 

into the water cause the velocity profiles 

imbalance across the axial position, of the 

nozzle, the asymmetry was observed in a 

number of other studies related to the supersonic 

steam injection into the water. Overall, across 

the axial position the steam jet has shown a 

Gaussian profile. As seen in Figure 4, outside 

the core region where the jet has shown the 

slowly varying velocities along the radial 

direction, the jet velocities have shown a 

decreasing behaviour even in the flow 

developing regions. This result is an indication 

of the influence on the flow due to the 

entrainment of the surrounding fluid into the jet 

layer at the expense of the dissipation of the jet’s 

momentum and its kinetic energy.  

Afrasyab Khan, Khairuddin Sanaullah, Mohammed Zwawi, Mohammed Algarni, Bassem F. Felemban, Ali Bahadar, 
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Fig. 5. Plot between normalized Reynolds normal stresses and normalized radial distance.

      It should be noted that at the lower 

inlet pressure, the entrainment   was mainly 

initiated  by the central core region velocities, 

since, the core velocities provided more 

energy to the eddies that contributed towards 

the entrainment of the surrounding fluid. 

However, In the case of the higher pressure 

jets, the eddies were not directly driven by 

the core velocities, rather the local velocities 

were enough to drive such entrainment 

inhibiting eddies (Brown & Roshko, 

1974). Overall, it has been observed that in 

the near exit region, the shear layer grows in 

thickness gradually, whereas the difference 

between their thicknesses never exceeds 

0.2-0.5 De in the downstream regions, which 

almost appears the same on a general 

basis. The similarity of the thickness of the 

shear layer may be attributed to our inability in 

characterizing the steam jet interface precisely 

as well as its highly fluctuating nature 

and high-frequency occurrences of the 

Kelvin Helmholtz instabilities 

being generated at the interface and then being 

propagated further into the surrounding water. 

3.2 Reynolds shear and normal stresses in the 

region near the nozzle exit 

The velocity fluctuations-based Reynolds shear 

and normal stresses were measured along the 

vertical and radial directions by first taking the 

time average of the ensembled averages at a 

point and then subtract it from the instantaneous 

value of the velocities at the location. The 

Reynolds normal stress,  and the Reynolds 

shear stress,  were normalized by the 

time-averaged core velocities,

     At the lower pressure, and along the radial 

direction, the normal shear stresses were 

accumulated in the region where the shear layer 

originated and started propagation, which was 

accompanied by large-scale fluctuations due to  

Flow characterization near the nozzle exit of the supersonic steam jet injecting into the stagnant water
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Fig. 6. Plot between normalized Reynolds shear Stresses along normalized radial distance. 

the expansion in the shear layer. Along the axial 

direction, these fluctuations were found to 

increase with the rise in their amplitudes. In the 

case of the higher inlet pressure, the radial 

normal stresses were first accrued in the region 

marked by the point of initiation of the shear 

layer with higher values of the normal stresses 

than their values at the lower pressure which 

may mainly be attributed to the higher jet 

velocities at higher inlet pressure. However, 

along the axial direction, the amplitudes of these 

fluctuations in the case of the higher pressure 

became almost comparable to the amplitudes of 

the fluctuations in the case of the lower pressure. 

Such behavior may be due to the existence of the 

optimization point as shown by the results in 

Figure 5. Since the profiles that have been 

plotted in this figure were obtained at a pressure 

of 3.0 bars, whereas the profiles obtained at 

other pressures also showed almost the same 

approximate behavior (see Figure 6). In the case 

of the Reynolds shear stresses at the same 

location, the profiles have shown a comparable 

height in comparison to the profiles for the 

Reynolds stresses.  Rather a minor difference 

can be seen in terms of the larger spatial span of 

the profiles across the spatial locations. 

      The Reynolds shear and normal stresses 

profiles obtained across the flow development 

regions represent higher amplitudes 

associated to the velocity fluctuations 

(Papamoschou & Roshko, 1988). The values 

of the shear stresses appeared to be very low in 

the core region along with the axial positions 

which may be due to a number of reasons, as 

in the core region the interaction between the 

jet and the surrounding fluid is almost 

negligible, secondly, the fluctuation in the 

core region may be too much frequent so 

that it may be difficult to characterize 

such fluctuations precisely. Besides, the nature 

of such fluctuations may be too minor due to 

the lower amplitudes of the velocity 

fluctuations (Urban & Mungal, 1997).  
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Fig. 7. Probability Density Function analysis of the fluctuating velocity. 

      In addition, based on the order of magnitude 

analysis, the growth rate of the shear layer was 

affected directly by the Reynolds stresses 

and inversely by the Mach number (Brown 

& Roshko, 1974).   

3.3 Extent of entrainment in the region near the 

nozzle exit 

Here, the effect of the pressure on the 

entrainment in the regions near the nozzle exit 

was explored by presenting the variations in the 

instantaneous velocities. The PDF analysis 

provides the density of the instantaneous 

velocity fluctuations across the radial directions 

with varying inlet pressure.  The variations in 

the instantaneous velocity fluctuations being 

observed across the shear layer may have arisen 

mainly due to the large eddies at the interface 

between the steam and water. The profiles 

appeared to be Gaussian in the region where the 

large eddies were observed, which were 

analogous to the observations in the 

earlier studies (Olsen & Dutton, 2003) with the  

inclusion of few maxima on both sides of the 

profiles, as seen in Figure 7.  

      It can be seen that with rising pressure, the 

PDF analysis reveal that the density of the 

instantaneous fluctuations has been raised in the 

core region all the way till the outer boundary of 

the core region not only in terms of the number 

of these fluctuations but also by the amplitudes 

of their fluctuations as well. The entrainment 

inhibited by the variation of the inlet pressure 

has been investigated using the measurements 

for the vortices following the equation, 

as well as in parallel measurements for the 

extent of the swirling strengths (Khan et. al., 

2020) for comparison. The contours of these 

vorticities again were estimated by the given 

equation and these values were normalized by 

the exit velocities before being plotted, as shown 

in Figure 8. These plots have been transformed 

into black and white contours with the help of 

Flow characterization near the nozzle exit of the supersonic steam jet injecting into the stagnant water
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the contrast preserving decolorization (Zhao et. 

al., 2018) and then the Matlab-based edge 

detection technique (Matlab, n.d.). The finally 

transformed contours are presented on a plot 

consisting of the vertical and the radial distances 

as shown in Figure 8. At lower pressure, the 

steam jet has shown a penetrating profile over a 

core region in the water in the vertically upward 

direction, whereas the jet profile diverges 

outward slightly when the jet raises further up 

into the water. This may probably be due to the 

Fig. 8. Vorticity Profiles across the shear layer. 

repetitive inception and collapse of the steam 

bubbles and subsequent filling of the voidages by 

the surrounding water, with its sudden expulsion 

towards the surroundings. The pressure recovery 

at the nozzle exit from lower pressure to the 

ambient due to the sudden expansion of steam jet 

may involve several factors and the physics of 

the phenomena is indeed complex to describe.  

      In the case of the lower inlet pressure, the 

vorticities were confined within a narrow strip of 

spatial width and they expanded vertically up in 

the water. At the lower pressure, the width of this 

strip was larger corresponding to the lower 

penetration length, whereas, in the case of the 

higher inlet pressure this strip expanded in the 

water, thus more radial penetration was observed, 

with lower vertical penetration for the supersonic 

steam jet at lower inlet pressure. In addition to it, 

the vertical structures possessed less density 

within the central core, with more density being 

concentrated within the outer region as 

highlighted by the division of the vorticities on 

both sides of the vertically segregating line in 

Figure 8. This finding supported earlier research 

in this regard in which the higher entrainment 

was attributed to the lower inlet pressure as well 

as Mach number at a fixed penetration distance, 

which was found by the planar velocity 

measurements in compressible mixing layers . 

The width of the spatial plane having vorticities 

contained within it may be attributed to the extent 

of entrainment, thus at a lower inlet pressure at a 

fixed penetration length, higher penetration 

would take place in the surrounding water. 

4. Conclusion 

An experimental study involving injection of the 

supersonic steam jet into the subcooled water 

was performed and the flow dynamics were 

carefully studied within the region close to the 

supersonic steam’s exit from the nozzle. It was 

found that the radial spread of the steam’s jet at 

the nozzle’s exit was minor and the jet’s velocity 

in the core region of the plume didn’t change 

much till Y/De ~ 4.3. Whereas, the vertically 

upward of jet’s exit velocity gradually decreased 

till Y/De ~ 8, however, the jet’s normalized 

velocity achieved an optimized value between 

Y/De ~ 8 and Y/De ~ 9.8. Another interesting 

outcome was observed that with varying the 

pressure from 1.5 bars to 3.0 bars, the jet 

expanded radially in water at atmospheric 

pressure. Also, the asymmetric profile was 

observed right at the jet’s exit and even the 

asymmetric profile also propagated further 

downstream of the nozzle exit. Also, the shear 

layer’s width increased gradually, however, the 

shear thickness remained within 0.2 – 0.5 De 

over the 1.5 – 3.0 bars pressure. The normalized 

normal stresses, along with the normalized 

horizontal distances at lower pressure, were 

accrued in the region where the shear layer 

occurred, and propagated, and along the axial 

direction, both Reynolds shear and normal 
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stresses increased with higher amplitudes. PDF 

analysis showed that the velocity fluctuations 

across the shear layer were due to the large 

eddies across the steam-water interface and their 

profiles were found to be Gaussian. With 

increase in inlet pressure, the PDF analysis 

revealed the density of the velocity fluctuations 

were raised within the core region. 

Transformation of the vortical contours by the 

application of contrast preserving decolorization 

into black and white contours indicates that at 

lower pressure, the steam jet profile was 

penetrating over a core region in the water along 

vertically upward direction. 
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