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a b s t r a c t

The once-through steam generator designed by Babcock & Wilcox is used as the prototype. The two-fluid
three-flow-field mathematical model is introduced and the wall heat transfer conditions are re-
partitioned in present work. The model is used to calculate the flow and heat transfer involving the
single-phase subcooled water region, nucleate boiling region, dryout phenomenon, post-dryout region,
and single-phase superheated steam region, i.e., the ‘‘full range” of the process. The results show that
the proposed model could accurately predict full-range thermal-hydraulic characteristics and post-
dryout deviation from thermodynamic equilibrium. The heat transfer type in the nucleate boiling region
was mainly evaporation heat transfer, accompanied with liquid heat convection and quenching heat
transfer. Furthermore, the heat transfer coefficient decreased and the wall temperature rose sharply at
the dryout position with the heat transfer type turning into steam heat convection in the post-dryout
region. Investigation of the level of deviation from thermodynamic equilibrium in the post-dryout region
was conducted by defining a new parameter post-dl, with the results showing that the level of deviation
decreased gradually with the development of flow and heat transfer in the post-dryout region, and the
average deviation was about 42% when the once-through steam generator ran at full load.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Researches have shown that the higher standards for the steam
generator, which undertakes the heat transfer between the pri-
mary and secondary sides in a nuclear power system, are proposed
because of the space and volume limit in actual occasions [1–3].
Once-through steam generators (OTSG), which produce super-
heated steam, have been paid widespread attention in recent years
because of their good economy, compact form, modular construc-
tion, and high efficiency [4]. The complex flow and heat transfer
process in the secondary side of a OTSG involves single-phase liq-
uid heat convection, two-phase flow boiling heat transfer, dryout
deterioration, post-dryout heat transfer, and single-phase steam
heat convection during the operation of a OTSG. This entire flow
and heat transfer set is referred to as the ‘‘full-range”. The safety
and reliability of OTSGs will be threatened if the full-range
thermal-hydraulic characteristics cannot be accurately predicted.

The continuous liquid film attached to the tube wall is depleted
and gradually thins under the actions of entrainment and evapora-
tion when the flow pattern in the boiling process transforms into
an annular flow. The liquid film eventually disappears in a phe-
nomenon called dryout. The wall directly contacts the steam in
the post-dryout region, creating heat convection between the wall
and the steam. Steam has a relatively poor heat transfer perfor-
mance compared with the liquid phase, so the occurrence of dryout
is accompanied by a sharp rise in the wall temperature. Mean-
while, the liquid droplets entrained in the core steam also have
an opportunity to participate in the flow and heat transfer, which
leads to deviation from thermodynamic equilibrium in the post-
dryout region. The wall temperature changes nonlinearly in a large
gradient under the multiple actions of this dryout deterioration
phenomenon, the post-dryout deviation from thermodynamic
equilibrium and the single-phase superheated steam heat convec-
tion after the droplets being completely evaporated, which may
damage or even endanger the security and stable operation of
OTSGs in nuclear power systems [5–7].

A lot of useful works have been conducted on these issues. The
Royal Institute of Technology (KTH) at Sweden early conducted
flow and heat transfer experiments within an electrically heated
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vertical pipe where the outlet fluid condition was wet saturated
steam, and mainly studied the influences of different experimental
operating parameters on heat transfer deterioration by providing
more than 15,000 experimental data points [8–10]. Taking into
account the experimental costs and the prolonged design and opti-
mization period of the heating equipment, the COBRA/TRAC calcu-
lation code was developed by combining the COBRA-TF with TRAC-
PD2 and considering the three-flow-fields (continuous steam, con-
tinuous liquid, discrete droplets) which may exist in the flow pro-
cess, and then the thermal-hydraulic characteristics of nuclear
reactor core and thermal equipment were predicted by solving
the corresponding conservation equations [11]. Based on the
method proposed by [11], the influences of diameter, pressure,
mass flux, and heat flux on post-dryout heat transfer within a ver-
tical tube were determined by successfully considering the
entrainment and deposition phenomena in the annular flow and
mist flow regions, with model validation conducted by comparing
the results with experimental data provided by KTH [12]. The
closed correlations of [11] were improved and the application
range of the method was extended to 3–20 MPa of pressure in
[13], then the heat transfer process from single-phase subcooled
water heat convection to the post-dryout region within a vertical
pipe was simulated, and KTH experimental data was predicted
by using the improved method in order to determine the errors
introduced by the numerical method and optimize it in the future
work. A phenomenological model used to predict dryout quality
was proposed, and validated by multiple sets of experimental data
and empirical correlations, and the model was then used to predict
the dryout quality within a vertical tube and within a horizontal
tube where gravity was negligible [14]. The dryout and post-
dryout flow and heat transfer within a vertical tube was simplified

by ignoring the momentum conservation equations for each flow-
field, and an annular flow film thickness model was then proposed
to calculate the dryout position and post-dryout wall temperature
distribution, where the fluid condition on the inlet was subcooled
water and on the outlet was saturated wet steam [15]. The thermo-
dynamic equilibrium or thermodynamic non-equilibrium in the
post-dryout mist flow region within a uniformly heated vertical
pipe was investigated based on the discrete phase model (DPM)
and the Euler-Lagrange method by changing the entrainment rate
and droplet diameter in the mist flow region [16]. The work
showed that heat transfer could be enhanced by increasing the
mass flux for thermodynamic equilibrium region and decreasing
the droplet diameter for thermodynamic non-equilibrium region,
respectively. A two-phase computational fluid dynamics (CFD)
model was used to predict development in the dryout transition
region from annular flow to mist flow at higher stream quality con-
ditions, where the critical film thickness was used to determine the
occurrence of dryout [17]. The model was then validated by exper-
imental data from KTH and could capture the dryout position and
post-dryout wall temperature with fair accuracy, but accuracy
could be improved because many relatively minor factors were
ignored in the calculation process.

The flow and heat transfer processes in the above studies
occurred within a tube, and the fluid condition on the outlet of
the tubes was always saturated wet steam, which meant that the
flow and heat transfer process was only from single-phase sub-
cooled water heat convection to post-dryout heat transfer. The
studies mainly focused on one of the three areas in the flow boiling
process: the specific nucleate boiling region, the pre-dryout annu-
lar flow region, or the post-dryout mist flow region [18–21]. How-
ever, the flow and heat transfer in the secondary side of actual

Nomenclature

English symbols
A flow area, m2

Ab area of influence, m2

cp specific heat capacity, J/(kg�K)
Fvd drag force between steam and droplets, N/m2

Fvl drag force between steam and liquid film, N/m2

F
!
lift buoyancy lift, N/m2

g gravity, m/s2

h enthalpy, J/kg
hwl heat transfer coefficient between wall and liquid, W/

(m2�K)
hlv latent heat of vaporization, J/kg
h0 enthalpy of the saturated liquid, J/kg
kl liquid thermal conductivity, W/(m�K)
M0 mass flow rate of the liquid, kg/s
M00 mass flow rate of the vapor, kg/s
p pressure, MPa
q heat flux, W/m2

qv l heat flux per unit volume between the steam and its
interface with the liquid film, W/m3

qvd heat flux per unit volume between the steam and its
interface with the droplets, W/m3

qwv heat flux between wall and steam, W/m2

qlv heat flux per unit volume between the liquid film and
its interface with the steam, W/m3

qwl heat flux between wall and liquid film, W/m2

qdv heat flux per unit volume between the droplets and
their interface with the steam, W/m3

qwd heat flux between wall and droplets, W/m2

qw wall heat flux, W/m2

SE droplet entrainment rate, kg/(m3�s)

SD droplet deposition rate, kg/(m3�s)
t time, s
U
!

velocity vector, m/s
x steam quality
z axial height of the heat transfer tube, m

Greek symbols
a volume fraction
vc heating perimeter, m
cl liquid diffusion coefficient, m2/s
q density, kg/m3

r surface tension, kg/s2

s shear stress, N/m2

sRe Reynolds stress, N/m2

r gradient
Cl mass transfer rate between liquid film and steam,

kg/(m3�s)
Cd mass transfer rate between droplets and steam,

kg/(m3�s)

Subscripts
a actual
d droplet
di dryout incipience
dc dryout completion
e equilibrium
i i ¼ v ; l;d
l liquid film
v steam
w wall
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