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HIGHLIGHTS

e We present three PSVCMs for laminar conditions and two for turbulent conditions.

® Six PSVCMs are formed and implemented into RELAP5/MOD3.2 code.

e We simulate a test facility of SGSPRHRS using modified RELAP5/MOD3.2 codes.
® APSVCM is favored by comparisons of simulation results with experimental data.
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The steam generator secondary passive residual heat removal system (SGSPRHRS) is designed with three
natural circulation loops. Its thermal-hydraulic characteristics are often simulated using the RELAP5 code.
A test facility is simulated with the same size as one type of SGSPRHRS using RELAP5/MOD3.2 code and it
is found that in some conditions, due to the limitation of the default pure steam vertical in-tube conden-
sation model (PSVCM) in RELAP5/MOD3.2 code, the simulation results signify cantly under-estimate the
experimental data of heat exchanger (HX) water level while over-estimate the experimental data of HX
outlet condensed water temperature and ascending pipe (AP) steam volumetric flow rate. To find out the

PSVCM simulating condensation heat transfer for this type of SGSPRHRS more accurately, the solutions
of three PSVCMs (modified UCB, Oh and Lee models) for laminar conditions and two PSVCMs (Shah and
Kim models) for turbulent conditions are presented in detail and six different PSVCMs are formed from
the combinations of selected PSVCMs for laminar and turbulent conditions. The six different PSVCMs are
implemented into the RELAP5/MOD3.2 code and simulations of the test facility are performed using the
modified RELAP5/MOD3.2 codes. By the comparisons of simulation results with the experimental data,
a PSVCM (Oh model for laminar conditions and Kim model for turbulent conditions) is favored due to its
most accuracy of simulating condensation heat transfer for the test facility of this type of SGSPRHRS in

the six different PSVCMs.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The passive residual heat removal system (PRHRS) is designed
to remove the reactor decay heat and primary loop stored heat
by natural circulation for the goal of improving inherent safety in
the presence of emergency conditions (Wang et al., 2013). Due to
the capabilities of high heat transfer rate and large natural circula-
tion flow rate, a steam generator secondary passive residual heat
removal system (SGSPRHRS) is often adopted by some advanced
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reactor types such as WWER-640 (V-407) and AC600 (Juhn et al.,
2000).

One type of SGSPRHRS (Fig. 1) consists of three natural cir-
culation loops: (1) reactor coolant loop by which the decay heat
is transferred to the secondary side of steam generator (SG), (2)
steam-water loop including a SG and a heat exchanger (HX), and
(3) cooling water loop which provides an ultimate heat sink. When
blackout or other accident happens, the valve V1 (Fig. 1) is closed by
areactor shutdown signal and simultaneously the valves V2 and V3
(Fig. 1) are opened. Then the steam produced by the SG condenses
into water in the HX and simultaneously the heat is transferred to
the cooling water loop. After that, the condensed water returns
to the secondary side of SG and absorbs the heat during its
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Nomenclature

by momentum blowing parameter

Cp specific heat capacity at constant pressure (J/kg K)

d tube inner diameter (m)

e, e constants, Eq. (30)

f friction factor

fa diameter factor

Fi degradation factor

g gravitational acceleration (9.8 m/s?)

h heat transfer coefficient (W/m?2 K)

heg phase change enthalpy (J/kg)

hpte phase change enthalpy including subcooling term
(/kg)

k thermal conductivity (W/mK)

L characteristic length scale (m)

m mass flow rate (kg/s)

my condensation mass flux (kg/m? s)

P pressure (Pa)

Periticai  critical pressure (Pa)

Pr Prandtl number

Re Reynolds number
temperature (K)

u fluid velocity (m/s)

X static quality

Xt Martinelli parameter

Greek symbols

o volume fraction

B McAdams modifier

1) liquid film thickness (m)

" dynamic viscosity (Pas)

o density (kg/m?3)

T interfacial shear stress (N/m?2)

Subscripts

d hydraulic diameter given by tube inner diameter

dittus  Dittus—Boelter’s solution

lam laminar

L liquid

m vapor/liquid mixture

Nusselt Nusselt’s solution

shear interfacial shear effect
S saturation

tur turbulent

%4 vapor

w wall

0 without suction effect
Superscripts

*

dimensionless form

transformation into steam, thereby establishing a continuous nat-
ural circulation flow.

Many researchers have performed a thermal-hydraulic calcula-
tion of SGSPRHRS by RELAP5 code (Bai and Zang, 2004; Wang et al.,
2013; Zhangetal., 2011, 2013), so in the work the RELAP5/MOD3.2
code is used to simulate the thermal-hydraulic characteristics of
a test facility which has the same size as this type of SGSPRHRS.
However, it is found that in some conditions the simulation results
significantly under-estimate the experimental data of HX water
level while over-estimate the experimental data of HX outlet
condensed water temperature and ascending pipe (AP) steam vol-
umetric flow rate. It is well known that if the condensation heat
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Fig. 1. Schematic of one type of SGSPRHRS.

transfer coefficient is under-estimated, more steam in HX will not
be condensed into water, which results in larger AP steam vol-
umetric flow rate and lower HX water level. Because of shorter
single-phase heat transfer length HX outlet condensed water
temperature value will be over-estimated. Thus to reduce the dis-
crepancy between the simulation and test results, the pure steam
vertical in-tube condensation model (PSVCM) in RELAP5/MOD3.2
code needs to be improved.

The default PSVCM of RELAP5/MOD3.2 code applies the Nusselt
correlation to calculate the heat transfer coefficient in laminar con-
ditions and the Shah correlation in turbulent conditions (Ransom
et al., 1995). The maximum of calculation results from the lam-
inar and turbulent correlations is used as the condensation film
heat transfer coefficient. For laminar conditions, the Nusselt corre-
lation has some limitations for predicting accurately the real heat
transfer phenomena on the vertically steam condensation due to
its several assumptions: (1) constant fluid properties, (2) no lig-
uid film subcooling effect, (3) zero interfacial shear stress between
the liquid and vapor, and (4) constant momentum in the liquid
film (Ransom et al., 1995). Thus, many researches have been per-
formed to remove the assumptions of Nusselt model (Vierow and
Schrock, 1991; Mufoz-Cobo et al., 1996; Oh, 2004; Lee and Kim,
2008). Vierow and Schrock (1991) developed a correlation with a
degradation factor, F;, which considers the effect of the interfacial
shear. The degradation factor, Fy, is the ratio of the experimen-
tal heat transfer coefficient to the Nusselt solution and a function
of local vapor Reynolds number. The correlation was called UCB
(University of California at Berkeley) model by Oh (2004) and its
modification was implemented into the RELAP5/MOD3.2 code as
an alternate PSVCM. Muiioz-Cobo et al. (1996) developed a theo-
retical model for turbulent vapor condensation in a vertical tube
instead of over a flat vertical plate and an approximate method
to calculate the condensation film thickness was also developed,
which does not need any iteration to solve the transcendental equa-
tion for the film thickness. The calculation results showed a good
agreement with the experimental data, but it comes with the cost
of introducing this PSVCM a parameter z, the axial distance from
the top of the tube. Thus this PSVCM is difficult to be implemented
into the RELAP5/MOD3.2 code. Oh (2004) also established a PSVCM
theoretically by incorporating the interfacial shear term into the
mass balance equation in liquid film. In his PSVCM, the McAdams
modifier, 8, was used to account for the effects of film waviness
and rippling and the suction boundary layer effect was also consid-
ered. The comparison of calculation results with the experimental
data showed a good agreement. Although the film thickness needs
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