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1. Introduction 

Under mid-loop operation during a PWR (pressurized water reactor) plant outage, reflux 
condensation in the SG (steam generator) U-tubes can be one of the major heat removal 
mechanisms in a hypothetical loss-of-RHR (residual heat removal systems) event. In mid-
loop operation, the reactor coolant level is kept around the hot leg nozzle center and non-
condensable gas (air or nitrogen) is present in the reactor coolant system (RCS). Such non-
condensable gases are well known to accumulate on the condensation heat transfer surface 
and consequently inhibit steam from condensing. Therefore, in order to evaluate the 
effectiveness of reflux condensation in the SG U-tubes, the condensation heat transfer 
characteristics in the presence of a non-condensable gas must be clarified. 
In the riser section of the SG U-tubes, the steam and non-condensable gas mixture and 
liquid condensate form countercurrent flow. A model for the influence of non-condensable 
gas on condensation was developed by Nithianandan et al. (1986) for the RELAP5/MOD2 
code, based on an analogy between mass and heat transfers. However, the model was not 
well validated for countercurrent flow conditions while the condensation heat transfer 
coefficients in the presence of a non-condensable gas have been measured in many 
experiments, they have been measured very few times in countercurrent flow. Moon et al. 
(2000) measured the condensation heat transfer coefficients of steam-air mixtures in 
countercurrent flow, and proposed an empirical correlation as a degradation factor to the 
heat transfer coefficient of pure steam. Meanwhile Chun et al. (2001) placed a condenser 
tube bundle in a water pool and improved the empirical correlation by Moon et al. (2000). 
However, the correlations are limited to turbulent conditions of gas flow and when applied 
to laminar flow conditions, they overestimate the heat transfer coefficient. 
Therefore, in our study, we carried out condensation heat transfer experiments in the 
presence of a non-condensable gas in a collaborative study at Purdue University (Vierow et 
al., 2003) and derived an empirical correlation mainly for laminar flow (Nagae et al., 2005). 
Moreover we conducted additional condensation heat transfer experiments, especially at 
high flow rates of a non-condensable gas, and improved the empirical correlation for 
turbulent flow conditions (Nagae et al., 2007a). In this article, we summarize the major 
results. 
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Using the BETHSY facility, which was a scale-model of a three-loop PWR, Noel & Deruaz 

(1994) and Noel & Dumont (1997) conducted reflux condensation tests. Different flow 

patterns were observed in the 34 U-tubes in the tests 7.2c with nitrogen injection (Noel & 

Deruaz, 1994), but were not observed in the tests 10.2 with helium injection (Noel & 

Dumont, 1997). In the test 7.2c-1.3 for example, an active condensation zone developed in 

the up-flow side of 21 U-tubes (active U-tubes), but nitrogen reverse flow from the outlet 

plenum to the inlet plenum occurred in some U-tubes (passive U-tubes). 

In our study, we calculated steady-state flow patterns in U-tubes for the BETHSY tests 7.2c 

by one-dimensional analyses (Murase & Nagae, 2005) using a parallel channel model and 

the old correlation for condensation heat transfer coefficients by Nagae et al. (2005). In the 

steam-nitrogen mixture, density head is higher in the cold-side of active U-tubes than in the 

hot-side. In the region of low steam flow rates with small friction loss, the pressure becomes 

higher in the outlet plenum than in the inlet plenum, and nitrogen flows from the outlet 

plenum to the inlet plenum in passive U-tubes. About 10 solutions with different numbers 

of active U-tubes were obtained in our calculations. Using the assumption that the flow 

might be most stable in the case with the maximum nitrogen recirculation flow rate, we 

could obtain a unique solution for the number of active U-tubes, and the estimated number 

of active U-tubes agreed well with the BETHSY test results. 

We also calculated different flow patterns in U-tubes (Nagae et al., 2007b) observed in the 

reflux condensation tests 7.2c by the BETHSY facility using the RELAP5/MOD3.2 code 

(The RELAP5 Development Team, 1995), where the improved correlation by Nagae et al. 

(2007a) for condensation heat transfer coefficients were applied. With modification of the 

equation for the interfacial and wall friction coefficients, nitrogen reverse flow was 

successfully calculated by RELAP5/MOD3.2, where SG U-tubes were modeled with two 

parallel flow channels. There were many solutions with different numbers of active U-

tubes with condensation and the predicted number of active U-tubes agreed rather well 

with the measured values based on the assumption that the flow might be most stable in 

the case with the maximum nitrogen recirculation flow rate. In the calculations, however, 

the validity of the assumption has not been confirmed. Therefore, using 

RELAP5/MOD3.2 we calculated using three flow channels in order to change the flow 

area of active and passive U-tubes rather smoothly, and we evaluated the number of 

active U-tubes without the assumption (Minami et al., 2008). The ratio of active U-tubes 

calculated with three flow channels gave a good prediction of the ratio of active U-tubes. 

The results indicate the validity of the assumption that flow with the maximum nitrogen 

recirculation flow rate may be most stable and appear most probably among different 

numbers of active U-tubes. In this article, we also summarize the methods to predict the 

ratio of active U-tubes. 

2. Heat transfer in the presence of non-condensable gas 

In order to evaluate reflux condensation heat transfer characteristics in SG U-tubes in the 

presence of a non-condensable gas, experiments were conducted for condensation heat 

transfer of steam-air mixture under countercurrent flow in a vertical tube having an inside 

diameter of 19.3 mm and with pressure range from 0.1 to 0.4 MPa (Nagae et al., 2005 & 

2007a). 
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2.1 Measurement methods 

The design and manufacture of the experimental facility, experimental measurements, and 
data processing were done at Purdue University (Vierow et al., 2003). Figure 1 shows the 
experimental setup. Its main component was a vertical, double-pipe heat exchanger made of 
Type 304 stainless steel (SUS 304). The inner tube was the heat transfer tube with an inside 
diameter of 19.3 mm, wall thickness of 3.04 mm and a heat transfer length of 1.8 m. The 
mixture of steam and air flowed into the tube from the lower plenum. The coolant water 
flowed along the outer surface of the heat transfer tube. 
 

Steam/Air in

Coolant water in

Upper plenum

Lower plenum

Condensate collection tank

Coolant water out

Steam/Air out

Drain

Condensate water

1.8m

Condenser tube

(SUS304)

Annulus outer tube

(SUS304)

19.3mm

T1(z=0.076m)
T2(z=0.18m)
T3(z=0.31m)

T4(z=0.46m)

T5(z=0.66m)

T6(z=0.86m)

T7(z=1.12m)

T8(z=1.42m)

T9(z=1.78m)

(z=0.0m)

 

 

Fig. 1. Experimental setup (Vierow et al., 2003) 

To obtain the condensation heat transfer coefficient under steady state conditions, the 
steam-air mixture temperature, outer wall temperature of the heat transfer tube, and coolant 
water bulk temperature were measured at nine elevations along the experimental section. 
The experimental conditions are listed in Table 1. The pressure, inlet steam mass flow rate, 
and air mass flow rate at the inlet of the test section were varied to examine their influence 
on the condensation heat transfer coefficient. The pressure and steam flow rate were 
selected based on the values presumed in the loss-of-RHR event during mid-loop operation. 
One objective of the experiment was to obtain a database under laminar and turbulent flow 
conditions. 
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Pressure (MPa) 0.1 0.2 0.4 

Inlet conditions 
   Steam mass flow rate (g/s) 
   Air mass flow rate (g/s) 
   Reynolds number of mixture  

 
0.49-1.9 
0.03-0.18 
2900-10000 

 
1.1-1.9 
0.06-0.5 
6500-10000 

 
0.48-1.9 
0.06-0.8 
3100-9500 

Measured regions 
   Steam mass flow rate (g/s) 
   Partial pressure ratio, Psteam/Pair 
   Reynolds number of mixture 

 
0.00031-1.9 
0.027-120 
73-10000 

 
0.00039-1.9 
0.012-47 
210-10000 

 
0.00020-1.9 
0.0054-49 
210-9500 

Table 1. Experimental conditions 

In the experiment, the temperature of the steam-air mixture, Tg, and the outer wall 

temperature of the heat transfer tube, Tw,o, were measured, and the heat flux at the inner 

surface of the heat transfer tube, "q , and the overall heat transfer coefficient, K, were defined 

by the following equations: 

 ( )g w,oq" K T T= −  (1) 

 
( )1 1w,i w ,o w,i

w c

r ln r r

K hλ
= +  (2) 

where rw,i is the inner radius of the heat transfer tube, rw,o is the radius of the thermocouple 

location to measure outer wall temperature of the heat transfer tube, wλ  is the thermal 

conductivity of the heat transfer tube, and hc is the condensation heat transfer coefficient. 

The first term on the right hand side of Eq. (2) can be calculated from the dimensions and 

physical properties of the heat transfer tube. Accordingly, the condensation heat transfer 

coefficient, hc, can be calculated once the heat flux is known. 

From the coolant temperature variation, the mean heat flux "q  between the measured 

sections in Eq. (1) can be calculated. Since the coolant temperature variation is small in the 

downstream region of the heat transfer tube, where both the condensation rate and 

measurement accuracy are low, the mean heat flux between the measured sections is 

calculated from the temperature variation of the steam-air mixture. Temperature 

measurements provide the local saturation pressure, and the steam mass flow rate can be 

calculated from the partial pressure of steam, Psteam (Tg), assuming a Gibbs-Dalton mixture of 

steam and an ideal non-condensable gas. Then the local heat flux can be obtained (for 

details, see Nagae et al., 2005 & 2007a). 
In Eq. (2), the condensation heat transfer coefficient consists of the heat transfer coefficient of 
the liquid film, hf, and the heat transfer coefficient at the gas-liquid interface, hi, which are 
separately evaluated in this study, because they are different heat transfer mechanisms. 
When the effects of the liquid film subcooling and the liquid film thickness on the gas-liquid 
interface area can be neglected, the condensation heat transfer coefficient is expressed by: 

 
1 1 1

c f ih h h
= +  (3) 
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According to the calculations, the subcool enthalpy of the liquid film is about 3% of the 

condensation enthalpy, and the gas-liquid interface area is about 99% of the inner surface 

area of the heat transfer tube under the experimental conditions. In Eq. (3), the heat transfer 

coefficient of the liquid film, hf, can be calculated by Nusselt’s film condensation theory or 

an empirical correlation for a turbulent film such as the correlation modified by McAdams 

(1954), which we use in this study. Then, the interfacial heat transfer coefficient, hi, is 

obtained from the measured condensation heat transfer coefficient, hc. 

2.2 Interfacial heat transfer coefficients 

Important parameters for the interfacial heat transfer coefficients, hi, are properties of a non-

condensable gas and gas velocity. The effects of a non-condensable gas were evaluated by 

Nagae et al. (2005), and mass flow ratio of (Wsteam /Wair) and pressure ratio of (Psteam /Pair) 

gave similar results. In the transient analysis, mass flow rates sometimes fluctuate and 

pressures are more stable than mass flow rates. Therefore the pressure ratio of (Psteam /Pair) is 

adopted in this study. As for gas velocity, steam Reynolds number gave better results than 

steam-air mixture Reynolds number for limited data (Nagae et al., 2005). However, steam 

Reynolds number is not suitable for the additional data (Nagae et al., 2007a). Therefore, the 

empirical correlation for the interfacial heat transfer coefficient was reevaluated using the 

Reynolds number of the steam-air mixture, Reg. The same function of (Psteam /Pair)0.75 for 

laminar flow  (Nagae et al., 2005) is used for turbulent flow, and the constants a and 

exponent b for Reg are determined by the least mean square method. The modified empirical 

correlation by Nagae et al. (2007a) is as follows: 

 

0 75

120 1 0

.

i w ,i bsteam
i g

g air

h d P
Nu max( . ,aRe )

Pλ
⎛ ⎞

= = ⎜ ⎟
⎝ ⎠

 (4) 

with 10 000
g w ,i

g

g

j d
Re ,

υ
= ≤ , a = 0.0035, b = 0.8, 

where gj  is the superficial velocity of the steam-air mixture and gν  is the viscosity of the 

steam-air mixture. In order to apply Eq. (4) to the transient analysis codes, where empirical 

correlations are often used beyond their application limits, the following limits are 

suggested: 

 4 36i w ,i
i

g

h d
Nu .

λ
= ≥ , 0 0054 120steam

air

P
.

P
≤ ≤ , 10 000

g w ,i

g

g

j d
Re ,

υ
= ≤ , (5) 

where the lower limit of the Nusselt number corresponds to the heat transfer of a gas 

laminar flow without steam condensation and gives about hf = 7 W/m2K. Other limits are 

the measured region listed in Table 1. 

Figure 2 compares the interfacial heat transfer coefficients calculated by Eq. (4) with 

measured values (Nagae et al., 2005 & 2007a). The calculated results agreed well with the 

data in a wide range of heat transfer coefficients. In the region of large heat transfer 

coefficients, however, the points were scattered because the measured values scattered near 

the entrance of the experimental section due to a small increase in the cooling water 

temperature. 
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Fig. 2. Comparison of interfacial heat transfer coefficients, hi,cal, calculated by Eq. (4) with 
data, hi,exp 

2.3 Experimental analyses by RELAP5/MOD3.2 with modified correlation 

Figure 3 shows the nodalization scheme of RELAP5/MOD3.2 for calculations of the 
condensation heat transfer experiments shown in Fig. 1. The nodalization scheme contains 
125 control volumes, 7 junctions, and a valve and heat structure. Both the steam-air mixture 
and coolant were injected at constant flow rates upward into the heat transfer tube and 
along the outer surface of the tube, respectively. In the calculation, this behavior is 
simulated using a volume and a junction to specify flow, pressure and temperature 
conditions. Volumes act as infinite sources or sinks and represent boundary conditions. 
Volume 100 is connected to Pipe 110, which represents the lower plenum with a junction. 
Junction 115 connects Pipe 110 with the inlet of Pipe 140, which represents the inlet pipe and 
measurement section. Junction 141 connects the outlet of Pipe 140 with Pipe 142, which 
represents the upper plenum. Valve 175 is used to regulate the venting of the residual 
steam-air mixture to the atmosphere. Junction 159 connects Pipes 156 and 160 that simulate 
a condensate water line and a collection tank. Volumes 200 and 280 are connected to Pipe 
240, which represents the coolant water line, with Junctions 210 and 270, respectively. Heat 
structure 140 with 55 sub-volumes is used to represent the heat transferred from the steam-
air mixture to the coolant through the heat transfer tube. 
Figure 4 shows the axial temperature profiles (Nagae et al., 2007a). Using the default model 
correlation by Nithianandan et al. (1986) gave much higher mixture temperatures especially 
for a high pressure condition. It seemed that the default vapor-diffusion model through the 
non-condensable gas layer underestimated heat transfer coefficients especially for high 
pressures. On the other hand, the temperature distribution of the steam-air mixture 
calculated by RELAP5/MOD3.2 with the modified correlation agreed well with the data. 
The calculations overestimated the outer surface temperatures of the tube near the inlet in 
all cases. The reason might be the high heat transfer coefficient outside the heat transfer tube 
near the inlet due to the entrance effect in the experiments. 
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Fig. 3. Nodalization for calculations using RELAP5/MOD3.2 

 

 

Fig. 4. Comparison of axial temperatures (exp: measured data; calx: RELAP5-default model 
correlation; cal*: RELAP5-modified correlation) 

3. Steady-state calculations of BETHSY tests 7.2c 

In order to evaluate the mechanism of different flow patterns observed in the BETHSY tests 
7.2c (Noel & Deruaz, 1994), steady-state calculations were conducted using a parallel 
channel model (Murase & Nagae, 2005; Nagae et al., 2007b). 

3.1 Reflux tests in BETHSY facility 

The BETHSY facility is a scale-model of a three-loop 900 MWe PWR with the full height and 
1/100 of the volume, flow rate and power level. Each SG has 34 U-tubes with the inner 
diameter of 19.68 mm and the average length of 19.45 m. 

0

20

40

60

80

100

120

0 0.5 1 1.5 2
Axial Location, z  (m)

T
e
m

p
e
ra

tu
re

 (
℃

)

Tc,exp Tw,o,exp Tg,exp
Tc,cal Tw,o,cal Tg,cal
Tg,cal

絝
×

絝絝

 P total =0.106MPa, W steam,in =1.25g/s, W air,in =0.12g/s

0

20

40

60

80

100

120

140

160

0 0.5 1 1.5 2

Axial Location, z  (m)

T
e

m
p

e
ra

tu
re

 (
℃

)

Tc,exp Tw,o,exp Tg,exp

Tc,cal Tw,o,cal Tg,cal

Tg,cal

絝 絝絝

×

P total =0.400MPa, W steam,in =0.76g/s, W air,in =0.60g/s

Cooling water 

Tube wall 

Steam-air mixture 

www.intechopen.com



 Steam Generator Systems: Operational Reliability and Efficiency 

 

234 

The conditions and major results of the reflux tests 7.2c (Noel & Deruaz, 1994) are listed in 
Table 2. In the tests, one loop was used and the other two loops were isolated. The power in 
the core was constant at about 98 kW, which simulated about 0.33 % of the rated power and 
generated the steam flow rate of 47 g/s (1.38 g/s/U-tube). The secondary-side pressure of 
the SG was constant at 0.2 MPa. A test was started with pure steam, and nitrogen was 
injected gradually into the vertical part of the hot leg upstream of the SG inlet plenum. The 
injected nitrogen flowed into the U-tubes and accumulated in the SG outlet plenum and the 
cold leg, which was sealed with coolant water in the crossover leg. The primary pressure 
increased gradually during injection of nitrogen, and reached a constant value after the 
termination of the injection. Table 2 shows the primary pressure and the number of active 
U-tubes at a steady state after the termination of the nitrogen injection. The temperatures in 
the inlet of the 34 U-tubes were measured, and it seemed that U-tubes with a temperature 
close to the inlet plenum temperature and U-tubes with a temperature close to the outlet 
plenum temperature would be evaluated as active U-tubes with steam condensation and 
passive U-tubes with a nitrogen reverse flow, respectively. 
 

 Test conditions Results 

Test No. Qcore (kW) P2 (MPa) Gas MNG (kg) P1 (MPa) Nact 

7.2c-1.1 97.0 0.2 None 0.0 0.23 34 

7.2c-1.2 98.5 0.2 N2 0.32 0.38 24 

7.2c-1.3 98.5 0.2 N2 0.65 0.55 21 

7.2c-1.4 99 0.2 N2 1.08 0.78 19 

Table 2. Test conditions and major results of the BETHSY tests 7.2c (Noel & Deruaz, 1994); 
MNG: mass of injected nitrogen; Nact: number of active U-tubes; P1 and P2: pressure of 
primary and secondary loops, respectively; Qcore: core power 

3.2 Calculation model 

In this study, we did calculations for the steady state after the termination of the nitrogen 
injection in the tests 7.2c, where different flow patterns appeared. Flow patterns in U-tubes 
are illustrated in Fig. 5. We assumed that there were active U-tubes with steam condensation 
and passive U-tubes with a nitrogen reverse flow, and the one-dimensional flow in the axial 
direction was calculated accordingly. In the calculation of thermal-hydraulics in a single U-
tube, the temperature distribution of the steam-nitrogen mixture and the pressure drop 
between the inlet and outlet plenums were calculated while varying the steam flow rate or 
nitrogen flow rate as a parameter. In the calculation of thermal-hydraulics in parallel U-
tubes, the number of active U-tubes was fixed at one value, the temperature distributions 
and the pressure drops in active and passive U-tubes were calculated varying the nitrogen 
recirculation flow rate as a parameter, and the solution with the same pressure drop 
between active and passive U-tubes was obtained. 
The pressure drop between the inlet and outlet plenums could be expressed by the equation: 

 ( ) ( )
02 2 2

L
in out

in out m m m m m m m m min out
i

f
P P j j j j g dz j j

d

ζ ζρ ρ ρ
⎛ ⎞

− = + + +⎜ ⎟
⎝ ⎠

∫  (6) 

where mρ and jm are the density and superficial velocity of the steam-nitrogen mixture, 

respectively. jm and dz are positive in the region of 0 < z < L/2, but negative in the region of 
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L/2 < z < L, where L is the length of the U-tube. Inlet pressure loss coefficient of 0 5in .ζ =  

without curvature at the corner and outlet pressure loss coefficient of 1 0out .ζ =  for sudden 

expansion were used. The friction loss coefficient, f, for an annular flow by Wallis (1969) was 

used. 
 

Cold-side Hot-side 

Active 
U-tube 

Passive 
U-tube 

Inlet 
plenum 

Outlet 
plenum 

Steam 

          Steam flow 
          Nitrogen flow 

Pin Pout 

 

Fig. 5. Calculation model of flow patterns in U-tubes 

The density of the steam-nitrogen mixture, mρ , was a function of the pressure and 

temperature. Steam pressure could be calculated by applying Dalton’s law and ideal gas law 

to nitrogen. The temperature of the steam-nitrogen mixture was calculated from the steam 

partial pressure by assuming a saturated state of steam. The steam flow rate could be 

calculated by the heat transfer equations, where the heat transfer coefficient outside the U-

tube was calculated by the maximum value of the laminar flow heat transfer at low 

superheating and the pool nucleate-boiling heat transfer by Kutateladze at high 

superheating, and the condensation heat transfer coefficient was calculated using Eqs. (3) 

and (4) (for details, see Nagae et al., 2007b).  

3.3 Pressure drop and axial temperature distribution 

Figure 6 (a) shows calculated pressure drop in a single U-tube for the test 7.2c-1.3. Positive 
and negative gas flow rates represent those of steam and nitrogen, respectively. It should be 
noted that Fig. 6 (a) shows an example of pressure drop characteristics; the actual pressure 
drop changed depending on the number of active U-tubes and nitrogen recirculation flow 
rate. Friction loss, dPfriction, in the figure included inlet and outlet pressure losses in Eq. (6) 
and the difference between the total pressure drop, dPtotal, and friction loss was the term of 
density head. Because density head was larger in the cold-side than in the hot-side, the 
pressure drop between inlet and outlet plenums became negative in the region of low flow 
rates with small friction loss. Correlations of the condensation heat transfer coefficient 
affected temperature and density head. The calculated pressure drop using the correlation 
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by Nithianandan et al. (1986) did not change smoothly, which may be due to the rapid 
change of heat transfer coefficients from turbulent flow to laminar flow. However, its effect 
was several Pa and small compared with the differential pressures in the hot-side and cold-
side of about 400 Pa. 
In the test 7.2c-1.3, the average steam flow rate per U-tube was Ws,ave=1.38 g/s and the steam 
flow rate per U-tube in the case of 21 active U-tubes (Nact=21; see Table 2) became 2.24 g/s. 
In the U-tube bundle, the pressure drop of each U-tube became equal, and three patterns 
(three open circles in Fig. 6 (a)), active U-tubes, passive U-tubes and U-tubes with low steam 
flow rate, may appear for a given pressure drop. However, it is well known that the flow 
pattern with a negative pressure drop gradient is unstable and may not appear in parallel 
channels (Ozawa, 1999). Therefore, in this study, we considered active U-tubes and passive 
U-tubes in the following calculations. 
 

 
 (a) Calculated pressure drop (test 7.2c-1.3) (b) Axial temperature distribution (Nact = 21) 

Fig. 6. Results of steady-state calculations (Nact: number of active U-tubes) 

Figure 6 (b) compares measured and calculated temperatures of steam-nitrogen mixture in 
active U-tubes. In the calculations, the measured number of active U-tubes, Nact=21, was 
used. Changing the nitrogen recirculation flow rate as a parameter, we calculated pressure 
drops of active and passive U-tubes, and a solution with the same pressure drops between 
the active and passive U-tubes was obtained. 
In the calculation using the correlation by Nithianandan et al. (1986), as shown in Fig. 6 (a), 
the pressure drop was nearly zero at Nact=21 and the nitrogen reverse flow rate in the 
passive U-tube was quite low. Therefore, almost pure steam entered the active U-tube and 
the temperature of the mixture decreased rapidly due to steam condensation. On the other 
hand, in the calculation using the correlation by Nagae et al. (2007a), the nitrogen reverse 
flow rate in the passive U-tube was large, condensation heat transfer coefficients became 
low due to the non-condensable gas, and the temperature of the mixture decreased 
gradually. The temperatures calculated using the correlation by Nagae et al. (2007a) were 
overestimated, but showed good agreement with the trend of the measured temperatures. 
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3.4 Prediction of number of active U-tubes 

Under the countercurrent gas-liquid flow in vertical parallel channels between upper and 
lower plenums, where gas is supplied to the lower plenum and liquid is supplied to the 
upper plenum, the pressure drop between the upper and lower plenums has a similar 
trend to the pressure drop shown in Fig. 6 (a), and gas up-flow and liquid down-flow 
appear in parallel channels (Wallis et al., 1981; Murase & Suzuki, 1986). In this case, the 
flow pattern with the minimum pressure drop is the most stable among several flow 
patterns and appears most easily (Murase & Suzuki, 1986). In the vertical parallel channels, 
however, the gas flow rate and the pressure drop are positive, which are different from 
those in the U-tubes shown in Fig. 6 (a) where the pressure drop was negative. In the long 
U-tubes, the steam flow rate generated by decay heat was low compared with the large 
heat transfer area. Therefore, we assumed that the flow might be most stable in the case 
with the maximum nitrogen recirculation flow rate, and the predicted number of active U-
tubes using the assumption agreed well with the BETHSY test results (Murase & Nagae, 
2005). 
 

 
 (a) Pressure drop (b) Nitrogen recirculation flow rate 

Fig. 7. Results calculated for 34 U-tubes; Nact: number of active U-tubes observed by Noel & 
Deruaz (1994); *condensation heat transfer correlation by Nithianandan et al. (1986); others: 
condensation heat transfer correlation by Nagae et al. (2007a) 

Figure 7 shows calculated pressure drop and nitrogen recirculation flow rate (Nagae et al., 

2007b). As the injected mass of nitrogen increased, nitrogen recirculation flow rate increased 

and the pressure difference between the inlet and outlet plenums (absolute value of the 

pressure drop of U-tubes) became large. By assuming that the flow might be most stable in 

the case with the maximum nitrogen recirculation flow rate, the predicted numbers of active 

U-tubes agreed well with the measured values except for 7.2c-1.2. In order to predict the 

number of active U-tubes, Nact=24 in 7.2c-1.2, an accurate pressure drop calculation is 

required. In the case of 7.2c-1.4, the predicted number of active U-tubes was 20 for the 

measured value of Nact=19. The differences of calculated temperatures in the cases of Nact=18 

to 20 were small and less than 2 K. Figure 7 (b) also shows that the condensation heat 

transfer correlation was important to predict the number of active U-tubes, because the 

pressure drop between the inlet and outlet plenums was very small as shown in Fig. 7 (a). 
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4. Transient calculations using RELAP5/MOD3.2 

4.1 Calculation model and conditions 

In the transient calculations of the BETHSY tests 7.2c, RELAP5/MOD3.2 was used (Nagae et 
al., 2007b; Minami et al., 2008), where the correlation of condensation heat transfer was 
modified using Eq. (4). In the transient analyses, SG U-tubes are generally modeled by a 
single flow channel, but they must be modeled by multiple flow channels for the calculation 
of the nitrogen reverse flow from the outlet plenum to the inlet plenum, so we modeled SG 
U-tubes by two or three flow channels. 
 

 

Fig. 8. Nodalization for calculations by RELAP5/MOD3.2 

Figure 8 shows the nodalization scheme of the SG of the BETHSY tests with three flow 
channels, Volumes 115, 116 and 117. In the case of two flow channels, Volumes 115 and 116 
were used. The nodalization used for these calculations included control volumes, junctions 
and heat structures. Volume 101 simulated the steam flow rate generated in the core. 
Volume 151 simulated the nitrogen flow injected into the hot leg. Volumes 10 and 15, and 90 
and 95 were connected to the inlet plenum and the outlet plenum, respectively, in order to 
drain the condensate water, since the change in free volume would affect the calculations. 
The water level in the secondary side of the SG was kept constant by feed water from 
Volume 203. The pressure in the secondary side was kept at 0.2 MPa. The inner diameter of 
U-tubes was 19.68 mm, and the length of U-tubes was 17.98, 19.45 or 20.92 m. In Fig. 8, the 
average length of 19.45 m was used for the three flow channels, Volumes 115, 116 and 117, 
because the difference of pressure drops calculated for 17.98, 19.45 and 20.92 m was smaller 
than 1 Pa (Murase & Nagae, 2005). 
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The volume of the inlet and outlet plenums is about 0.035 m3 in the BETHSY facility (Bazin, 
1988), but is about 0.05 m3 in the same scale model of a Japanese typical PWR plant. The 
volume of the inlet and outlet plenums does not directly affect thermal-hydraulic behavior, 
but the important parameter is the gas volume in the outlet plenum and cross-over leg, which 
affects the partial pressure of nitrogen there. According to the calculation by Murase & Nagae 
(2005) using the one-dimensional parallel channel model, the gas volume of the outlet 
plenum was about 0.02 m3, which was obtained from the mass of injected nitrogen and 
measured pressure of the primary loop in the BETHSY tests. Therefore, we used the volume 
of 0.02 m3 for the base case or 0.05 m3 for a parameter calculation to evaluate its effect. 

4.2 Modification of calculation equation 

At first, a transient calculation was conducted using two flow channels with the flow area 
ratio of 21:13. Both flow channels were active in test 7.2c-1.1 without nitrojen injection, and 
the gas flow rate ratio and heat transfer ratio between Volumes 115 and 116 were almost the 
same as their flow area ratio (i.e. number ratio of U-tubes). After nitrogen injection, the 
calculated gas flow rates and heat transfer rates in Volumes 115 and 116 repeated out-of-
phase oscillations and nitrogen reverse flow was not calculated. Moreover, the calculated 
steam velocities in the test 7.2c-1.1 were different by about 0.5 % between Volumes 115 and 
116, which was small as a calculated result but large as a calculation error. We found that 
the gas-liquid interfacial friction forces between Volumes 115 and 116 were different by 
about 5%. Therefore, we checked calculation equations of the interfacial friction force. In 
RELAP5, the node and junction method, where pressure is defined at the center of each 
volume and velocity is defined at each junction, is used. And in the calculation of pressure 
drop between volumes, the following weighting factor is used for calculations of the 
interfacial friction force and the wall friction force. 
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( )
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( ) ( )
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( )

( )
( ) ( )

0 5 0 5

0 5 0 5 0 5 0 5

j jv v

v v v v v v
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A i . L i . L k A k . L i . L k
⋅ + ⋅

+ +
 (7) 

where Aj is flow area of a junction, Av is flow area of a volume, Lv is length of a volume, and 
(i) and (k) show the upstream and downstream volumes of the junction, respectively. It is 
not clear why the flow area ratio (Aj /Av) is used in Eq. (7), but it is clear that Eq. (7) gives 
different forces for the U-tube volumes because flow areas of the junctions Aj (j) for Volumes 
115 and 116 are 21:13. Therefore, Nagae et al. (2007b) modified Eq. (7) to: 
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 (8) 

where Dj is the hydraulic diameter of a junction and Dv is the hydraulic diameter of a 
volume. We used Eq. (8) to minimize the modification of Eq. (7) and to keep (Aj /Av) = 
(Dj/Dv)2 for a circular tube because its effects on the other configurations are not clear. 
In the case of 17:17, for example, the interfacial friction force and the wall friction force of the 
inlet plenum should be about 0.13 % of those of the U-tube inlet section. However, the first 
term of Eq. (7) gave about 13.5 % of the second term of Eq. (7). This meant that Eq. (7) gave 
large interfacial force and wall friction force. The first term of Eq. (8) gave about 0.01 % of the 
second term of Eq. (8), which was smaller than 0.13 % mentioned above. However, its effect 
on the calculated values of the interfacial force and wall friction force was negligibly small. 
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4.3 Transient calculations with two flow channels 

Figure 9 shows the calculated gas flow rate at the inlet of SG U-tubes and pressure at the SG 
inlet plenum (Nagae et al., 2007b), where Eq. (8) was used for calculations of the interfacial 
friction force and wall friction force. In the two flow channels, their number of U-tubes are 
21 and 13 for Volumes 115 and 116, respectively. The volume of inlet and autlet plenums is 
0.02 or 0.05 m3. 
The gas flow rate ratio between Volumes 115 and 116 were the same as their flow area ratio 
(i.e. number ratio of U-tubes) of 21:13. After nitrogen injection, the pressure drop became 
negative, and the gas flow rate of Volume 115 increased. On the other hand, the gas flow 
rate of Volume 116 became negative (reverse flow). Nitrogen flowed from the outlet plenum 
to the inlet plenum in Volume 116 and recirculated into Volume 115. Two flow channels 
separated into active U-tubes (Volume 115) and passive U-tubes (Volume 116) in the 
calculations. Special thermal-hydraulic models and input data were not used for Volumes 
115 and 116, and it seemed that the calculated results approached the more stable solution 
due to some disturbance in the calculation. In tests 7.2c-1.3 and 7.2c-1.4, Volume 115 and 
Volume 116 remained active and passive, respectively. As the injected nitrogen increased, 
the gas flow rate of Volume 115 increased because nitrogen reverse flow increased in 
Volume 116 and recirculated into Volume 115. The heat transfer rate in passive U-tubes was 
only about 0.3% of the whole heat transfer rate.  
 

 
 (a) Plenum volume of 0.02 m3 (b) Plenum volume of 0.05 m3 

Fig. 9. Results calculated by RELAP5/MOD3.2 using two flow channels with 21 and 13 U-
tubes; *Data: Noel & Deruaz (1994) 
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The calculated results were similar between the plenum volumes of 0.02 and 0.05 m3, except 

for the behavior during the nitrogen injection and the pressure at the SG inlet plenum. The 

nitrogen reverse flow continued in the case with the plenum volume of 0.02 m3, but 

terminated during the nitrogen injection in the case with the plenum volume of 0.05 m3. 

Pressures calculated with the two flow channels were a little lower than those calculated 

with the single flow channel, but the differences were small because the steam condensation 

zone was much shorter than the U-tube length and the inlet and outlet plenum volume was 

small, and the calculated pressures of both cases agreed well with the measured values. 

Figure 9 results indicated that the volume of the SG inlet and outlet plenums with non-

condensable gas affected the pressure at the SG inlet plenum and stability of the 

calculations. 

Figure 10 shows the nitrogen recirculation flow rate and the SG inlet plenum pressure 

versus the number of active U-tubes as the calculation parameter (Nagae et al., 2007b). 

In the steady state calculations, assuming that the flow might be most stable in the case with 

the maximum nitrogen flow rate, a unique solution for the number of active U-tubes could 

be obtained, and the estimated number of active U-tubes agreed well with observed results 

except 7.2c-1.2, as shown in Fig. 7 (b). Therefore, similar calculations were performed using 

RELAP5/MOD3.2. Figure 10 (a) shows nitrogen recirculation flow rates calculated changing 

the flow area ratio of U-tube Volumes 115 and 116. In the calculations, the flow area ratio of 

U-tubes changed from 17:17 to 33:1. In the calculations, active U-tubes with condensation 

and passive U-tubes with the nitrogen reverse flow appeared even in the calculations for 

7.2c-1.2, and the horizontal axis in Fig. 10 shows the number of active U-tubes as calculated 

results. In the case of the plenum volume of 0.02 m3, active U-tubes appeared in the flow 

channel with large flow area in all calculations and the nitrogen reverse flow was calculated 

in the region of 17actN ≥ . The results underestimated the number of active U-tubes with the 

maximum nitrogen recirculation flow rate, but they agreed well with the measured value 

within a difference of two U-tubes. In the case of the plenum volume of 0.05 m3, the nitrogen 

reverse flow was not calculated in the region of 20actN ≤  for 7.2c-1.2, but it was calculated 

in the region of 17actN ≥  for 7.2c-1.3. For 7.2c-1.4, the flow channel with the larger flow area 

became the nitrogen reverse flow in cases of 19:15 and 18:16. The results overestimated the 

number of active U-tubes with the maximum nitrogen recirculation flow rate, but they 

agreed rather well with the measured value within a difference of 4 U-tubes. Compared 

with the steady-state analyses shown in Fig. 7 (b), solutions were obtained over a wide 

range of flow conditions. 
Figure 10 (b) shows the calculated pressure at the SG inlet plenum. The number of active U-

tubes, 34, shows the calculated pressure with a single flow channel, which was 

overestimated. As discussed in Fig. 9, the calculations with two flow channels and the inlet 

and outlet plenum volume of 0.05 m3 underestimated the primary loop pressure, especially 

for 7.2c-1.4. Figure 10 (b) results indicated that the flow area ratios of U-tubes in the two 

flow channels model and the number of active U-tubes did not greatly affect the calculated 

primary loop pressure. On the other hand, the gas volume in the outlet plenum, which had 

an uncertainty in this study, affected the calculated primary loop pressure, and the 

calculations with two flow channels and the inlet and outlet plenum volume of 0.02 m3 

agreed well with the data. 
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 (a)  Nitrogen recirculation flow rate  (b) Pressure at SG inlet plenum 

Fig. 10. Effects of number of active U-tubes as calculation parameter; open: plenum volume of 
0.02 m3; closed: plenum volume of 0.05 m3; Nact: observed number of active U-tubes*; *Data: 
Noel & Deruaz (1994) 

5. Transient calculations with three flow channels 

In the calculations with two flow channels, we needed to perform many calculations and to 

assume that flow may be most stable in the case with maximum nitrogen flow rate in order 

to predict the number of active U-tubes. However, the assumption has not been well 

validated. Therefore, we did calculations using three flow channels of U-tubes in order to 

change the flow areas of active and passive U-tubes rather smoothly (Minami at al., 2008). 

We expected that the number of active U-tubes could be predicted without the assumption. 

5.1 Calculation conditions 

The nodalization scheme of the SG of the BETHSY tests is shown in Fig. 8. U-tubes were 

modeled by three flow channels, Volumes 115, 116 and 117. The calculation parameters 

were the plenum volume and the flow area ratio of the three flow channels. The volume of 

inlet and autlet plenums was 0.02 or 0.05 m3. The flow area ratio of the three flow channels 

was 55, 30 and 15%, 45, 35 and 20%, 45, 30 and 25% or 40, 35 and 25%. In the case of 55, 30 

and 15% for example, the possible number ratios of active U-tubes were 100, 85, 70, 55, 45, 30 

and 15%. 

5.2 Transient behavior 

Figure 11 shows gas flow rate at the U-tube inlet in three flow channels with the flow area 

ratios of 55, 30 and 15% (Minami et al., 2008). In the case of the plenum volume of 0.02 m3, 

after nitrogen injection, Volume 116 with the 30% flow area changed to nitrogen reverse 

flow in test 7.2c-1.2 and Volume 117 with the 15% flow area changed to nitrogen reverse 

flow in test 7.2c-1.3. On the other hand, in the case of the plenum volume of 0.05 m3, Volume 

117 with the 15% flow area changed to nitrogen reverse flow after nitrogen injection and 

continued the same flow pattern. As shown in Fig. 11, the gas volume in the SG outlet 

plenum affected the transient behavior because nitrogen accumulated in the volume. 
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 (a) Plenum volume of 0.02 m3 (b) Plenum volume of 0.05 m3 

Fig. 11. Gas flow rate at U-tube inlet calculated by RELAP5/MOD3.2 using three flow 
channels with flow area ratios of 55, 30 and 15% 

5.3 Number ratio of active U-tubes 

 

 
 (a) Plenum volume of 0.02 m3 (b) Plenum volume of 0.05 m3 

Fig. 12. Ratio of active U-tubes calculated with three flow channels 

Figure 12 shows the ratio of the calculated active U-tubes (Minami et al., 2008). The 
calculation parameter was the flow area ratio set of U-tubes, which were  55, 30 and 15%, 45, 
35 and 20%, 45, 30 and 25% or 40, 35 and 25%. In the case of the plenum volume of 0.02 m3, 
only Volume 116 with the medium flow area changed to nitrogen reverse flow, except for 
the flow area ratio set of 55, 30 and 15% shown in Fig. 11 (a), and the ratio of active U-tubes 
agreed with each other and with the data. Against our expectation, however, once the flow 
pattern changed from active flow to nitrogen reverse flow, the nitrogen reverse flow rarely 
returned to active flow and other channels rarely changed to nitrogen reverse flow. In the 
case of the plenum volume of 0.05 m3, all Volumes 115, 116 and 117 became nitrogen reverse 
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flow depending on the flow area ratio, and the calculated ratios of active U-tubes were 
scattered. The average ratios of active U-tubes were overstimated, which was similar to 
calculations with two flow channels shown in Fig. 10 (a), but agreed rather well with the 
data.  
In the calculations with three flow channels, the assumption to decide the most stable state 
was not needed. 

5.4 Discussion 
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Fig. 13. Comparison of predicted ratio of active U-tubes; 2F & 3F: two and three flow 
channels, respectively; 0.02 & 0.05: plenum volume (m3); PCM: parallel channel model (c.f. 
Fig. 7 (b)); *Data: Noel & Deruaz (1994) 

Figure 13 compares the ratio of active U-tubes predicted using three flow channels with that 
using two flow channels. The predicted ratios of active U-tubes agreed well with the data in 
the case with the plenum volume of 0.02 m3, but were overestimated in the case with the 
plenum volume of 0.05 m3. However, both cases of 0.02 and 0.05 m3 agreed well between 
two and three flow channels.  
In the three flow channel calculations, the assumption that flow was most stable in the case 
with maximum nitrogen flow rate was not used. Three flow channel calculations without 
the assumption gave similar results to two flow channel calculations using the assumption 
as shown in Fig. 13. This meant that the assumption that flow was most stable in the case 
with the maximum nitrogen flow rate was valid. 

6. Concluding remarks 

In this study, condensation heat transfer of a steam-air mixture was measured using a 
vertical tube with the inner diameter of 19.3 mm, and an empirical correlation of 
condensation heat transfer coefficients for reflux condensation was derived. The correlation 
was incorporated into the transient analysis code RELAP5/MOD3.2 and the temperature 
distributions of the steam-air mixture calculated by the code for reflux condensation tests 
were shown to agree well with the measured results. 
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Different flow patterns in U-tubes observed in the reflux condensation tests 7.2c with 
nitrogen injection, done using the BETHSY facility with 34 U-tubes, were calculated with 
two flow channels of active and passive U-tubes using a parallel channel model for steady-
states and RELAP5/MOD3.2 for transient calculations. In the region of low steam flow rates, 
the pressure in the outlet plenum became higher than the pressure in the inlet plenum due 
to density head of gases, and a nitrogen reverse flow occurred, which was successfully 
calculated by RELAP5/MOD3.2. There were many solutions with different numbers of 
active U-tubes with steam condensation and the predicted number of active U-tubes agreed 
well with the measured values based on the assumption that the flow might be most stable 
in the case with the maximum nitrogen recirculation flow rate. Without the assumption of 
the most stable state, the calculations with three flow channels gave good prediction of the 
ratio of active U-tubes. 
By using the proposed method (one-dimensional parallel-channel calculations), the ratio of 
active and passive U-tubes can be predicted even for an actual steam generator with about 
3,000 U-tubes. However, it should be noted that the method can not identify the location of 
active U-tubes. In order to do that, three-dimensional calculations are required to evaluate 
the inertia effect of a steam flow into the SG inlet plenum. 
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