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Abstract: - This study is a fundamental analysis for the prediction of single submerged steam jet condensation. 
Based on turbulence jet theory and energy conservation, a prediction model was derived, and compared to 
experimental data. For choked steam flow condition and pool temperature under 75 ℃, the proposed model shows 
good agreement with experimental data within 10% error. It is expected that the model presented in this study will 
be very useful in structural design of submerged steam jet condensation oscillating system. 
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1   Introduction 

Korean nuclear industry has pursued a 
development of a revolutionary pressurized water 
reactor (PWR), called APR1400 (Advanced Power 
Reactor 1400 MWe) since 1992, and now reaches 
engineering design step for a specific power plant. 
APR1400 incorporates a lot of new advanced safety 
features including in-containment refueling water 
storage tank (IRWST).  

The IRWST system performs water collection, 
delivery, storage and heat sink functions inside the 
containment during normal plant operation and 
accident conditions. An type I sparger containing 
multi-hole is adopted in the IRWST in order to 
increase the quenching efficiency of steam, and to 
alleviate probable pressure surge induced by the 

sudden discharge of the high pressure steam from 
Reactor Coolant System (RCS) during postulated 
accident. Conceptual configurations are shown in Fig. 
1. When the Pilot Operated Safety Relief Valve 
(POSRV) opens in Safety Depressurization and Vent 
System (SDVS), the steam is discharged into the 
subcooled water in IRWST, following water clearing 
and air clearing, and the steam undergoes violent 
direct contact condensation in the form of oscillatory 
jet or chugging. Such a violent transient issues several 
design or regulatory concerns, and one of them is an 
effect of pressure oscillation on structure [1].  

This study aims to model such an oscillatory 
motion of single jet in choked condition as a 
fundamental analysis, even though the sparger in 
APR1400 is multi-hole system. The oscillatory motion 
of single jet is directly related with steam jet volume or 
the steam jet length by the equation of state. 

Fig. 1 Conceptual configurations of IRWST and 
sparger in APR1400 

 
 
2   Review of Submerged Steam Jet 
Condensation 

Steam jet condensation shows very different 
phenomenon according to mass flux of discharged 
steam and the temperature of pool water, which results 
in regime map like as Fig.2[2]. Operating condition of 
IRWST system is expected to fall mainly on SC 
(stable condensation) region of choked steam flow 
condition. In this region the steam condensation shows 
the most stable behavior, and steam-water interfaces 
are also very stable. Only the entire jet length moves 
back and forth accompanying pressure oscillation. 
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Continuous steam ejection increases the pool 
temperature, and the regime transits into IOC 
(interfacial oscillation condensation) region. Steam jet 
in this region shows similar behavior to that in SC, 
however, the steam jet is extreamly elongated, and the 
steam-water interfaces are more unstable with larger 
pressure oscillation compared to SC. Whe the steam 
mass flux decreases and  the steam velocity becomes 
subsonic, the regime transits into CO (condensation 
oscillation) or BCO (bubbling condensation 
oscillation), which shows more violent condensation 
than SC or IOC. The regimes mentioned above is 
some times called as jetting, however, at the lower 
steam mass flux the steam cannot form a jet shape, and 
eventually the steam forms chugging, an extremely 
violent condensation phenomena. More details are 
attributed to reference 2. 

Pressure oscillation was intensively studied by 
Damasio et al. [3]. They suggested an experimental 
frequency correlation using Strouhal number for 
frequency (St), Reynolds number (Re) for steam, 

Jacob number (Ja) for pool, and Weber number (We) 
up to maximum steam mass flux 250 kg/m2s. The 
frequency is proportional to steam mass flux and pool 
subcooling, but inversely proportional to nozzle 
diameter. Nariai et al. analytically studied on the 
pressure oscillation, and well predicted experimental 
data[4]. However, they were all limited to steam mass 
flux up to 300 kg/ m2s, that is, CO  or BOC  region in 
Fig.2. Hong, S.J. experimentally identified pressure 
oscillation for higher steam mass flux with 10mm 
diameter hole, as shown in Fig.3[5].  
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Fig. 2 Condensation regime map by Cho et al. [2]                 Fig. 3 Pressure oscillation by Hong, S.J. [5] 

 

                

X

dx
dX ( )xu

x

0d
2b k x=

Initial Region Main Region

lρ

Vapor Dominant Region Liquid Dominant Region

Vapor Cone

Mixing Region

x directionsP ooP

Initial Expansion 
of Vapor Cone

1d k X=

Fig. 4 Steam jet ejected through single hole at steam            Fig. 5 Structure of submerged steam jet 
mass flux 625 kg/m2s pool temperature 47℃ [5]                               for modeling 

 
 
3   Modeling of Oscillatory Jet Motion 
3.1 Derivation of Governing Equation 

The governing equation is based on the balance 
of kinetic energy that the steam jet gives and the 
ambient water receives when the steam jet grows. On 
this basic idea, the fundamental theory of submerged 
turbulent jet was adopted. Through the observation of 
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steam jet in Fig. 4, Fig. 5 was suggested as a simplified 
structure of submerged steam jet. It is mainly 
composed of vapor dominant region (VR) and liquid 
dominant region (LR). Followings are principal 
assumptions for the derivation of balance equation. 
(1) The effective width of LR is proportional to the 

distance from the exit of hole, and the conceptual 
diameter is . Such an assumption is based on 
the theory of submerged turbulent jet. With 
similar reason, the effective width of VR at 

2k x

X  is 
proportional to the distance from the exit of hole, 
and the conceptual diameter is . 1k X

(2) Its mean velocity can represent the liquid velocity 
in LR. 

(3) The entrained water does not affect the total 
kinetic energy in VR and LR. This assumption is 
based on that the entrainment is also caused by the 
kinetic energy transfer from VR and LR to 
ambient liquid. 
The mass conservation of liquid at the point  

and  gives 
X

x
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, where  is an area-averaged velocity at x , and 
can be arranged into; 
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Throughout the LR, , the liquid gains the 
kinetic energy from the motion of the VR. Using Eq. 

(2) and the relation 
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The net work  done against the LR as the VR 
grows from  to 

lW
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 In the first line of this equation, the second term 
subtracts work done against the LR to accommodate 
the volume change of the VR. Equating the Eq. (3) and 

Eq. (4), arranging, and differentiating with respect to 
X gives 

( )
222
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This equation is named as ‘jet equation’, and is the 
form of second  order one dimensional non-linear 
ordinary differential equation. The form of Eq. (5) is 
very similar to Rayleigh bubble equation. 
 
3.2 Solution of Jet Equation 

In order to solve the jet equation, perturbation 
solution method was used. For the Eq. (5), following 
initial conditions were considered. 

( )0, 1 , 0E
dXt X X
dt

ε= = + =   (6) 

The equilibrium jet length is disturbed by the amount 
EXε  in Eq. (6). A series expansion of ( )tX  is 

assumed in the form 
( ) ( ) ( )0 1X t X t X tε= + +    (7) 

It was assumed that the pressure of VR undergoes the 
polytropic process, and given by 
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where  is a coefficient of polytropic process. The 
other terms in jet equation and initial condition also 
can be expanded in the similar manners. If only terms 
up to the first order of 

n

ε  are kept, the problem will be 
linearized. 

Now, the expanded terms in  jet equation can be 
rearranged according to the order of ε . The 0th order 
of governing equation (GE) and initial conditions 
(ICs) are as followings; 
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The solution of Eq.(9) is self-eviden
non-perturbed equilibrium state. 

( )0 EX t X=       
The 1st order of equation and initial condition
followings 
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The solution is easily obtained: second order o
differential equation. 
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This solution shows that the freque
inversely proportional to steam jet length. 
 
 
4   Comparison with Experimental

The experimental data for comparison 
modelling are those in Fig.3 by Hong[5]. And i
to get substantial frequency, all of the terms in E
have to be specified. At first, for the equilibr
length, EX , experimental correlations of K
type, which considers both steam and pool con
were used. 
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Three correlations have been suggested
summarized in Table 1 [6,7,8].  It was revealed 
Kerney et al.’s length is the longest, Kim, Y. S.’
shortest, and the Kim, H. Y.’s lies between th
The ambient pressure or water pressure P
assumed to be atmospheric pressure, 101325 
the density of water was obtained from steam
Adiabatic process was assumed, and n γ= =
The ratio of jet expansion coefficients for VR 
is assumed to be from trial an
This ratio of coefficients means that the exp
ration in LR is larger than that in VR by 3.2592

2 1/ 3.2592k k =

The predicted frequencies are compa
experimentally measured one’s in Fig. 6. 
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  Table 1 Correlations for steam jet length 
Author Correlation 

Kerney [6] ( )0.64468311
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shows good agreement between experiment and 
prediction except for over 80℃ pool temperature and 
under 300 kg/m2s steam mass flux. In particular, the 
prediction using Kim, H.Y. was bounded within 15% 
error for steam mass flux 300~900kg/m2s and  pool 
temperature 35~75℃. In Fig. 7 the average and the 
root mean square (RMS) are defined as follows. 

( )∑ −=
N

i
iexppred ff

N
Deviation 1Average    (15) 

( )∑ −=
N

i
iexppred ff

N
RMS 21

    (16) 

However, it should be noted that from the 
condensation regime map in Fig. 2 the pool 
temperature 80℃ and the steam mass flux 300 kg/m2s 
are transition boundaries. Thus, it is necessary to 
analyze only the data in SC region.  This analysis 
shows more accurate prediction, only 10% error, as 
shown in Fig.8. For IOC region, using modified ratio 
of jet expansion coefficients, ( ), for each pool 
temperature gave an improved prediction. However, 
consistent coefficient ratio regardless of pool 
temperature was not obtained for improved 
predictions. 

2 /k k1

 
 
5   Conclusion 

This study suggests analytic model for prediction 
of pressure oscillation frequency for SC region 
(choked steam flow condition and pool temperature 
under 80 ℃). Except for transition region of SC, the 
proposed model shows good agreement with 
experimental data within 10% error. The result of  this 
study supports the experimental results of reference 5, 
that is, the oscillation mechanisms of SC and CO are 
different each other. It is expected that the model 
presented in this study will be very usful in structural 
design of submerged steam jet condensation 
oscillating system. 
 



 

Nomenclature: 
pc  specific heat of water (J/kgK) 

d  diameter of jet or VR (m) 

0d  hole diameter (m) 
f  frequency (Hz) 

0G  steam mass flux at the exit of hole (kg/m2s) 
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                    Fig. 6 Comparison of Prediction and Experiment 

 n  coefficient of polytropic process 

sP  pressure of VR (Pa) 
T∞  pressure of LR (Pa) 

sT  temperature of VR (Pa) 
P∞  temperature of LR (Pa) 
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t  time (s) 
u  velocity (m/s) 
V  volume (m3) 

lW  net work done against the LR (J) 
X  steam jet penetration length (m) 

EX  equilibrium length of steam jet (m) 

x  distance in the direction of jet axis (m) 
ε  perturbation 
γ  ratio of specific heat 

lρ  density of LR (kg/m3) 
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