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1. Introduction 

 
In the safety analysis of loss-of-coolant-accident 

(LOCA) and steam generator tube rupture (SGTR) 
scenarios of light water reactors, a modeling of a 
break is very important to predict the accident’s 
result. For example, the design of a break simulator 
to simulate a LOCA in light water reactors requires 
accurate knowledge of the leakage flow through the 
break, whose shape can be assumed as an orifice or a 
nozzle according to the characteristics of the break 
shape. In the case of a small-break LOCA (SBLOCA) 
scenario, the critical flow mostly occurs by sub-
cooled and saturated liquid water including a two-
phase water flow at relatively high-pressure 
conditions.  

Among previous critical flow maps, Moody’s 
maps [1] are well known for their critical flow rate 
and pressure of a single component and two-phase 
mixture with respect to the upstream enthalpy and 
pressure. In Moody’s model, a slip ratio defined by 
maximizing the critical flow rate with respect to the 
slip ratio was introduced, and thus its predictions 
tended to be too conservative. Later, Moody [2] 
suggested other maps based on a homogeneous 
equilibrium model (HEM), and they were useful to 
predict a choked condition for a given upstream 
condition. However, their predictions of the critical 
flow rate seemed to show quite an underestimation 
compared to various test data.  

The author [3] suggested more practicable critical 
flow maps for a critical mass flux and pressure of a 
steam-water flow with respect to the upstream 
stagnation conditions using an extended Henry-
Fauske model [4]. From a comparison with the 
selected test data, suggested maps showed 
conservative predictions within reasonable ranges. In 
this report, a new correlation for the critical flow rate 
was developed to simulate the suggested critical flow 
maps [3] within a reasonable range of error.   

 
2. Methods and Results 

 
Most correlations for the critical flow rate were 

suggested using an incompressible flow equation for 
the orifice [5] as follows:   

݃௖ ൌ ඥ2ሺܭ ଴ܲ െ ௕ܲሻߩ௙଴         (1) 
Here, gc is the critical mass flux; K, a discharge 
coefficient, e.g., typically 0.61; P0, the stagnation 

pressure; Pb, the back pressure; and f0, the fluid 
density based on the stagnation condition. Despite its 
usefulness, Eq. (1)’s predictions had some limitations 
for all ranges of water flow. The orifice type 
correlation, like Eq. (1), for example, was found to 
predict a rather under-estimation for large sub-
cooling and an over-estimation for small sub-cooling 
and two-phase mixture conditions with respect to the 
ideal data. The main reason for these discrepancies 
seems to be due to the use of the total hydraulic 
pressure difference, e.g., P0-Pb, as a driving force for 
the critical flow.   

To overcome the limitations of the orifice type 
correlation, a practicable correlation predicting the 
critical flow rate for any kind of water condition 
using a Bernoulli type relation was suggested as 
follows: 

݃௖ ൌ ඥ2ሾ ଴ܲ െ ௙ܥ ௦ܲ௔௧ሺ ଴ܶሻሿߩ௙଴    (2) 
Here, P0 is the stagnation pressure; Psat, saturation 
pressure; T0, the stagnation temperature; f0, the fluid 
density based on the stagnation condition; and Cf , a 
choking correction factor dependent upon the 
stagnation pressure and sub-cooled temperature (Cf 
was introduced first in a previous study [6]). In the 
case of a two-phase flow, the fluid density was 
obtained using an assumption of a homogeneous 
mixture. Note that Eq. (2) calculates the maximum 
flow rate using a thermal pressure difference between 
the stagnation pressure and the saturation pressure at 
the stagnation temperature as a driving force for the 
critical flow, and simulates the critical flow rate for 
an idealized data, and thus there is no discharge 
coefficient in the equation. 

From the review of idealized data for sub-cooled 
and saturated water with a pressure range of 0.5-20 
MPa, a dimensionless parameter called a 
dimensionless sub-cooled temperature, i.e.,ㅿT*

sub 
defined as Eq. (3), was found to correlate the 
idealized data effectively.    

∆ ௦ܶ௨௕
∗ ൌ ೞ்ೌ೟ሺ௉బሻି బ்

ೞ்ೌ೟ሺ௉బሻି்ೝ೐೑
        (3) 

Here, Tsat(P0) is a saturation temperature 
corresponding to the stagnation pressure, P0; T0,the  
stagnation temperature; and Tref, a reference 
temperature defined as 20 oC . For sub-cooled and 
saturated water, it was found that Cf was dependent 
on the stagnation pressure for 0.0 ㅿT*

sub < 0.15, 
and independent on the stagnation pressure for 0.15 
ㅿT*

sub  1.0. In addition, for a two-phase mixture, 
Cf was mainly dependent on the stagnation pressure. 
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Table 1 shows a summary of the Cf values for a wide 
range of upstream pressures, e.g., 0.5-20.0 MPa, to 
correlate the extended Henry-Fauske model [4]. 
 
Table 1. Values of the choking correction factor for 
water flow  

Upstream 
State 

Condition P0 [MPa] Cf Remark

Sub-Cooled 
and 

Saturated 
Water 

0.0ㅿT*
sub  

< 0.15 

0.5 0.87 

10% Error
1.0 0.85 

2.0,3.0 0.83 
4.0-6.0 0.82 
7.0-20.0 0.81 

0.15 ㅿT*
sub  

 1.0 
0.5-20.0 1.0 5% Error

Two-Phase 
Mixture 0.0 < x  1.0 

0.5 0.81 

10% Error

1.0 0.80 
2.0-11.0 0.79 
12.0,13.0 0.78 
14.0-17.0 0.77 

18.0 0.76 
19.0,20.0 0.75 

 
To check the feasibility of Eq. (2), idealized 

critical mass fluxes [3] were compared with those of 
Eq. (2) for four different upstream pressure 
conditions, e.g., 1.0, 5.0, 10.0, and 15.0 MPa, as 
shown in Fig. 1. As can be seen in the figure, the 
suggested correlation predicted the idealized critical 
values for sub-cooled and saturated water including a 
two-phase mixture with a reasonable error range, i.e., 
within 10%. In the figure,  10% error ranges, for 
example, were also depicted for the case of P0 = 10.0 
MPa.  
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Fig. 1 Comparison between idealized critical mass 
fluxes and Eq. (2)’s prediction 

 
3. Summary and Conclusions 
 

A new correlation predicting the idealized critical 
mass flow rates of water for sub-cooled and saturated 
liquid water including a two-phase water flow was 
developed for wide ranges of upstream stagnation 
pressures, e.g., 0.5-20.0 MPa. A choking correction 
factor dependent upon the upstream stagnation 
pressure and sub-cooled temperature was introduced 
into a new correlation, and its values were suggested 

satisfying the idealized nozzle data within 10% error 
ranges. The suggested correlation would be 
instructive and helpful for related studies and/or 
engineering works.  

 
Acknowledgement 
 
This work was supported by the National Research Foundation of 
Korea (NRF) grant funded by the Korea government (MSIP). (No. 
2013M2B9A1020039) 
 
REFERENCES 
 
[1] F.J. Moody, “Maximum Flow Rate of a Single 

Component, Two-Phase Mixture,” ASME Journal of 
Heat Transfer, pp. 134-142 (1965). 

[2] F.J. Moody, “Maximum Discharge Rate of Liquid-
Vapor Mixtures from Vessels, Non-Equilibrium Two-
Phase Flows,” ASME Symp., American Society of 
Mechanical Engineers, pp. 27-36 (1975). 

[3] Y-S. Kim, “Critical Flow Maps using an Extended 
Henry-Fauske Model,” Ann. Nucl. Energy, 75, 516-
520 (2015). 

[4] R.E. Henry and H.K. Fauske, “The Two-Phase Critical 
Flow of One-Component Mixtures in Nozzles, Orifices, 
and Short Tubes,” ASME Journal of Heat Transfer, 
179-187 (1971). 

[5] H.K. Fauske, “The Discharge of Saturated Water 
Through Tubes,” Chem. Eng. Progr. Symp. Ser. 61, 
210-216 (1965).  

[6] Y.S. Kim, “Overview of Geometrical Effects on the 
Critical Flow Rate of Subcooled and Saturated Water,” 
Ann. Nucl. Energy, 76, 12-18 (2015). 

 

 


