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The vertically inverted U-tube steam generator (UTSG) is widely used in the pressurized water reactor
(PWR). The reverse flow behavior generally exists in some U-tubes of a steam generator (SG) under both
single- and two-phase natural circulations (NCs). The behavior increases the flow resistance in the
primary loop and reduces the heat transfer in the SG. As a consequence, the NC ability as well as the
inherent safety of nuclear reactors is faced with severe challenges. The theoretical models for calculating
single- and two-phase flow pressure drops in U-tubes are developed and validated in this paper. The
two-phase reverse flow characteristics in two types of SGs are investigated base on the theoretical
models, and the effects of the U-tube height, bending radius, inlet steam quality and primary side
pressure on the behavior are analyzed. The conclusions may provide some promising references for SG
optimization to reduce the disadvantageous behavior. It is also of significance to improve the NC ability
and ensure the PWR safety during some accidents.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The passive safety technology is widely considered in the third
generation of nuclear power plant (NPP). Using the technology, the
reactor can carry out the corresponding safety functions without
the human intervention and external power supply during an ac-
cident [1].

After the Three Mile Island accident in 1979, the physical phe-
nomena and thermal hydraulic behaviors in the reactor coolant
system during the small break loss of coolant accident (SBLOCA)
have gradually become the focus of reactor safety research in
various countries [2]. During the SBLOCA in a pressurized water
reactor (PWR), the reactor will shut down and the main pumps may
stop running. Due to the decreases of pressure and coolant in-
ventory in the primary loop, the steam may generate in the reactor
hot leg or core, and the single- and two-phase natural circulations
(NCs) as well as the reflux condensation flow modes successively
become the effective ways to transport the decay heat from the core
to the secondary side of steam generator (SG) [3]. The changes of
these flow modes and the related system parameters were
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experimentally investigated in many thermal hydraulic test facil-
ities, such as the SEMISCALE Mod-2A [4], LOBI [5,6], LSTF [7], PKL
[8], BETHSY [9], PACTEL [3] and IIST [10]. The studies showed that
the reverse flow behavior generally existed in some U-tubes of SG
under both single-phase and two-phase NCs. The reverse flow will
increase the flow resistance in the primary loop and reduce the
heat transfer in the SG. As a consequence, the NC ability as well as
the inherent safety of nuclear reactor is faced with severe
challenges.

Sanders [11] developed a theoretical analysis model for single-
phase NC flow in the U-tube, and the unstable solutions of all
parallel U-tubes were obtained. The mechanism of single-phase
reverse flow was interpreted by the small perturbation
theory. Hao et al. [12,13] studied the influence of U-tube length on
the single-phase reverse flow. And the critical points of this
behavior in the SG were measured by the experiment. Based on the
homogeneous flow model, Jeong et al. [14] formulated a mathe-
matical model to study the two-phase flow and heat transfer
characteristics in parallel U-tubes. A judgment criterion of reverse
flow in U-tubes under the two-phase NC was obtained, and its
physical explanation was also given. Chu et al. [15] used RELAP5/
MOD 3.3 program to study the influence factors of the two-phase
reverse flow in U-tubes under the low steam quality condition.

The characteristics and influence factors of single-phase reverse
flow in SGs have been well studied. However, the special and in-
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depth studies on the two-phase reverse flow are still insufficient.
The existing researches mainly use simple homogeneous flow
model, and its conclusions can only be applied to the bubble flow
with a low steam quality in U-tubes. To this end, this paper de-
velops the theoretical models to calculate the single- and two-
phase flow pressure drops in U-tubes. Base on the models, the
two-phase reverse flow characteristics are investigated. Besides,
the effects of the U-tube height, bending radius, inlet steam quality
and primary side pressure on the behavior are analyzed.

2. Theoretical models

The single- or two-phase reverse flow in U-tubes, also known as
the flow excursion, belongs to the category of static flow instability.
The primary work to study this behavior is to accurately calculate
the pressure drop between the U-tube inlet and outlet [14]. When
the steam-water two-phase fluid enters the U-tubes, the steam
phase may be totally condensed as liquid water. Alternatively, the
U-tubes outlet may still be the two-phase flow with a certain steam
quality due to the insufficient condensation. As shown in Fig. 1, it is
assumed that the lengths of single- and two-phase segments are L,
and Ly, respectively, the U-tube height is H, the one-dimensional
coordinate position in the flow direction is s, and the bending
radius of the U-tube is R,. The U-tube length L can be written as
follows:

L=Lyp + Lsp = 2H + 7Ry (1)
The total pressure drop can be expressed as follows [16]:
dp=Aps + Apg + Apr + 4pa (2)

where 4pg, 4pg, 4py, and Ap, denote the pressure drops due to
friction, gravitation, local resistance and acceleration, respectively.
The calculating methods of them are described below.

2.1. Friction pressure drop

The friction pressure gradient of single-phase flow can be
expressed as follows [16]:
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Fig. 1. Schematic of U-tube.
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where fsp is the friction coefficient of single-phase flow; G is the
mass velocity, kg/(m?-s); psp is the single-phase flow density, kg/
m?; d; is the U-tube inner diameter, m.

The friction pressure gradient of two-phase flow can be
expressed as that of single-phase flow multiplying a two-phase
friction multiplier [17]:
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where —(dp¢/ds),, and <p120 are the friction pressure gradient and the
multiplier if the liquid water flows in the same U-tube with the
mass flux equal to that of the total steam-water mixture, respec-
tively. Similarly, —(dp¢/ds)g, and <p§0 are those if the steam flows in
the same U-tube with the mass flux equal to that of the total steam-
water mixture, respectively. —(dp¢/ds); and <p12 denote the friction
pressure gradient and the multiplier if the liquid water of the
mixture flows alone in the same U-tube. Similarly, —(dp¢/ds), and
<p§ denote those if the steam of the mixture flows alone in the same
U-tube.

Friedel [18] proposed an experimental correlation to calculate
‘/’120 for the bubble or slug flow, which can be expressed as follows:
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where p; and p, are the water and steam densities, respectively, kg/
m>; y; and ug are the dynamic viscosities of the water and steam,
respectively, kg/(m-s); fgo and fj, are the friction coefficients if the
steam and the liquid water flow in the same U-tube with the mass
flux equal to that of the total mixture, respectively; Fr and We are

the Froude number and Weber number of the two-phase flow,
respectively, which can be written as follows:

(6)
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where ¢ is the surface tension coefficient, N/m>.
For the annular flow, <p§ can be expressed as follows [17]:
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where « is the void fraction; E is the entrainment rate, it represents
how much liquid water is carried in the steam core.

The transition boundary between bubble/slug flow and annular
flow was given by Ref. [19] as:
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where jg is the steam superficial velocity, m/s; g is the gravitational
acceleration, m/s>.

The void fraction in the U-tube can be calculated by the
following correlations proposed by Ref. [20]:
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where ¢, is the slip factor.

2.2. Gravitation pressure drop

The gravitation pressure gradient of single- or two-phase flow in
the U-tube can be expressed as follows [16]:

—d—S:pgsinﬂ (13)

where p is the fluid density, kg/m>; @ is the horizontal angle, rad.
From Eq. (13) it can be found that the crucial work of calculating
4pg is to obtain the fluid density.

The two-phase density in the U-tube can be written as follows:

Prp=apg + (1 —a)p (14)

Based on the thermal equilibrium assumption, the steam quality
along the U-tube can be written as follows [15]:

h(S) — h]

(15)

where h is the two-phase specific enthalpy, J/kg; subscripts 1 and g
denote the saturated water and saturated steam, respectively; hyg is
the latent heat of vaporization, hig = hg — h.

The two-phase energy conservation equation in the U-tube is:

—GA%: Poyp AT (16)
where A is the flow area, m?; Pis the wetted perimeter, m; AT is the
fluid temperature difference between the U-tube primary side and
secondary side, K; AT = Ts; — Tsy, Ts1 is the saturated temperature
of the primary side, T, is the secondary side temperature; ayp is the
total heat transfer coefficient between the primary side and sec-
ondary side when the fluid in the U-tube is two-phase, W/(m?-K).

Integrating Eq. (16) from the U-tube inlet (s = 0, h = hjy) to s
(s < Lyp), the two-phase specific enthalpy can be obtained as
follows:

Pap AT
Otp s

h(s) :hin - AG

(17)

where hj, is the inlet specific enthalpy, ]J/kg. Substituting Eq. (17)
into Eq. (15) results in:

fzﬁTs

X(S) =Xin el (18)

where &, = Z‘;’IZ, Xin is the inlet steam quality. Substituting Eq. (18)

into Eq. (11), the void fraction along the U-tube can be obtained,
then the two-phase density pg, can be given according to Eq. (14).
Substituting x(s) = 0 into Eq. (18), the two-phase segment length
Lip also can be obtained as follows:

xinG

“EaT (19)

Lip
The single-phase density can be expressed as a function of
temperature based on the Boussinesq assumption [12]:

psp=pol[1—B(T —Ts)] (20)

where pg is the reference density, which can be assigned as the
density corresponding to the SG secondary side temperature; § is
the thermal expansion coefficient, K~!; T is the single-phase tem-
perature, K.

The single-phase energy conservation equation in the U-tube is:

oT Pasp(T — TSZ)
s AGep (21)
where ¢p is the specific heat, J/(kg-K); asp is the total heat transfer
coefficient between the primary side and secondary side when the
fluid in the U-tube is single-phase, W/(m?-K).

Integrating Eq. (21) from the initial point of single-phase
segment (s = Lyp, T = Ts1) to s (s > Lyp) results in:

T(s)=Tey + (Tyy — Tyg)e~¢ (~Lw) (22)
where £, = l;\a;f’.

Substitutin?g Eq. (22) into Eq. (20), the single-phase density p,
can be obtained.

2.3. Local resistance and acceleration pressure drops

The local resistance pressure drop of single-phase flow in the U-
tube bending part can be calculated by the following correlation
[16]:

GZ
Aprsp =K% (23)

where K is the local resistance coefficient, which can be expressed
as follow:

a3 o
K—[O.262+0.326(R—1‘1) }; (24)

where ¢ is the bending angle, rad.
The local resistance pressure drop of two-phase flow in the U-
tube bending part can be written as follows:

Apesp :Ap”o{l + (/’:—‘— ) [%xa —x)4 (%) +x} } (25)

g

where 4p., is the local resistance pressure drop if the, total
mixture flows as liquid water in the same U-tube, Pa; AG is
known as the velocity ratio increment of steam to water, which

be expressed as follows [21]:

1 11
Al ) =5——+ 2
(5)=zra (26)
If the U-tube outlet steam quality is greater than 0 (xou>0), the
acceleration pressure drop can be expressed as:

can
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If Xoue = O, the acceleration pressure drop can be expressed as:
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3. Model validation

In section 2, the theoretical models for calculating single- and
two-phase flow pressure drops in U-tubes are developed. They will
be validated in this section using two groups of experiments. One is
the SG single-phase flow instability experiment performed by us
[13], and the other is the two-phase boiling experiment in a NC loop
conducted by Ref. [22].

As shown in Fig. 2, the SG single-phase flow instability test fa-
cility consists of coolant pump, electrical heater, SG simulator,
pressurizer, several valves, pipes, and measuring devices such as
flow meter, thermocouple and pressure difference transmitter. The
working fluid is the deionized water. There are 18 U-tubes with
different lengths in the SG simulator. A target flow meter is
installed in the entrance of SG simulator. Some K-type thermo-
couples are fixed at the inlet and outlet of the U-tubes and SG
simulator to measure the fluid temperatures. A pressure difference
transmitter is fixed around one U-tube to measure the pressure
difference between its entrance and exit.

The pressure and mass flow rate in the primary loop were
maintained at 3Mpa and 0.9 t/h, respectively. The primary fluid was
gradually heated by increasing the heating rate. The heating pro-
cess was terminated when the reverse flow behavior in the SG
simulator was judged by the temperature signals.

A medium length U-tube is taken as the research object, its
outlet temperature and pressure drop are calculated by the theo-
retical models developed in this paper, and the comparisons of the
calculating values with the experiment data are shown in Figs. 3
and 4. From Figs. 3 and 4, it can be seen that the models can pre-
cisely calculate the U-tube outlet temperatures and pressure drops
with a reasonable error range.

X. Chu et al. / Nuclear Engineering and Technology 52 (2020) 889—896
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of single-phase flow pressure drop between calculation and

In different experiments, the single-phase reverse flow critical
points were measured, which were critical inlet temperature
ATy and mass flow rate Mc. Using the theoretical models, they
are also calculated. The calculating values and experiment data are
compared in Fig. 5. It can be found that the models can well
predict the single-phase reverse flow critical points of the SG
simulator.
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Fig. 2. SG single-phase flow instability test facility.
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Fig. 5. Comparison of reverse flow critical point of SG between calculation and
experiment.

Fig. 6. Comparison of two-phase flow pressure drop between calculation and
experiment.

Jain [22] designed a two-phase NC test loop to study the effects
of the inner diameter, inlet subcooling degree and pressure on the
two-phase flow instability in a vertical boiling tube. The pressure
drops between the tube inlet and outlet were measured in the
experiments. Based on the experimental conditions, the pressure
drops are also calculated using the theoretical models developed in
this paper. The comparison of the calculating results 4pc ¢p with
the measuring data 4pm_ tp is shown in Fig. 6. It can be found that
the models also can be used to calculate the two-phase flow
pressure drop in a tube.

4. Two-phase reverse flow analyses

Two types of SGs are chosen as the research object. The pa-
rameters of the U-tubes are shown in Table 1. Type A is a typical

Table 1
Parameters of SG U-tubes.
Parameter Value
Type A Type B
U-tube height, m Hy 9.44—10.644
Bending radius, mm Ruo~12.6 Ry 51-311
Inner diameter, mm dio 19.6
Outer diameter, mm doo 254
Normal operation pressure in primary side, MPa 14 15.6
Normal operation pressure in secondary side, MPa psg 6.5

small marine SG used in ship NPP, and type B is a big commercial SG
used in LSTF test facility [7].

The equations introduced in Section 2 are numerically calcu-
lated using MATLAB software. The U-tube is divided into a number
of segments. In a fluid differential unit 4s, all of the pressure drops
are calculated. After the sensitivity analysis, the most appropriate
segment quantity is confirmed on the premise of acceptable
computation speed and enough accuracy (4p < 0.001 Pa). Fig. 7
shows the variations of 4p, 4pf, 4pg, Apr and Ap, with mass ve-
locity in U-tubes under a general two-phase NC. It can be seen that
the local resistance pressure drop 4p; and the acceleration pressure
drop 4p, are respectively positive and negative, both of them have
almost no effect on the total pressure drop 4p. 4p is mainly
determined by 4pf and 4pg. Due to a non-monotonic change of the
gravitation pressure drop with the mass velocity, 4p curve has a
remarkable negative slope region (AO segment in Fig. 7). Once the
mass velocity decreases from point B to point O (the inflection
point), reverse flow may occur in the U-tube. The AO segment is the
flow instability region and it usually does not exist in the stable
flow state. The mass velocity and pressure drop corresponding to
the point O were called as the critical mass velocity G. and the
critical pressure drop 4p. [14]. If the practical G and 4p are lower
than their critical values, normal flow will be difficult to continue.

Considering that the parallel U-tubes in a SG work in the same
practical pressure drop before the reverse flow occurrence, from
Fig. 7 it can be seen that flow in the U-tube with greater 4p. will be
reversed firstly when the mass velocity drops from point B to point
0. Thus 4p. determines the reverse flow distribution in the SG. Due
to the different practical mass velocities in different U-tubes, G
cannot be used to judge the reverse flow distribution, but it is the
crucial parameter of the flow instability boundary of the SG. If G, is
too great, the reverse flow will be most likely to occur in the SG
even if the total inlet mass velocity is relatively great.

The effects of the U-tube height, bending radius, inlet steam
quality and primary side pressure on 4dp. and G are discussed as
follows.

4.1. Effects of U-tube height and bending radius

The effect of U-tube length on the reverse flow under single-
phase NC was studied by Refs. [12]. [14,15] investigated its effects
under two-phase NC with low steam quality (xj;<0.1). As a further
study, the theoretical model developed in this paper extends the
inlet mass quality to a greater range (xj,; = 0—1) to respectively
study the effects of the U-tube height and bending radius.

For the different inlet mass qualities, Figs. 8 and 9 show the
variations of critical pressure drop and mass velocity with the U-

5x10°+
4x10* 4
3x10*
2x10* 4

4

1x10"

4p (Pa)

................-..................---Apg

100 200 300 400 500 600
G (kg'm™s’)

Fig. 7. Variation of pressure drop with mass velocity.
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Fig. 8. Variation of critical pressure drop with U-tube height.

tube height, respectively. It can be found that the minimum 4p.
and maximum G, will appear when H is about 3—4 m. Since the U-
tube heights of SG A are usually lower than 3 m, and the U-tube
heights of SG B are higher than 9 m, with the increase of H, 4p. of
SG A will decrease and G, of SG A will increase no matter what the
inlet mass quality is. However, the variations of 4p. and G. with H
for the SG B are totally contrary compared with the SG A.

Figs. 10 and 11 show the variations of 4p. with the bending
radius under single- and two-phase NCs, respectively. It can be seen
that the change rules of 4p. with Ry are different for various U-tube
heights. For the SG A, the U-tube with smaller Ry has a greater 4p.
because of the low U-tube height. On the contrary, for the SG B, the
U-tube with greater Ry, has a greater 4p. because of the high U-tube
height. The variations of 4p. with R, in the U-tube are the same for
both single- and two-phase NCs. Because G is the crucial param-
eter of the flow instability boundary for different SGs, and Ry, is not
the main distinction among them, the variation of G. with Ry is not
discussed here.

4.2. Effect of inlet steam quality

Figs. 12—15 give the variations of critical pressure drop and mass
velocity with the inlet steam quality for the U-tubes in SGs A and B,
respectively. Figs. 12 and 13 show that 4p. approximately linearly
decreases with the increase of x;;, no matter what the SG is. From
Figs. 14 and 15, it can be seen that G. linearly increases firstly and
then exponentially decreases with the increase of x;,. The change
rule of G, with x;; under the low steam quality is totally different
with that under the high steam quality.

It can be concluded that because of the higher 4pc, the reverse

210
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Fig. 9. Variation of critical mass velocity with U-tube height.
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Fig. 10. Variation of critical pressure drop with bending radius under single-phase NC.

flow is more likely to occur in the U-tube with smaller inlet steam
quality for the parallel U-tubes in the same SG. But for different SGs,
the risk of reverse flow occurrence will increase firstly and then
decrease with the increase of x;,,, which is similar to the change of
Ge.

4.3. Effect of primary side pressure

During the SBLOCA, the primary side pressure p will dramati-
cally decrease with the development of the accident. Thus it is
significant to analyze its effects on the reverse flow in the SG.
Figs. 16—19 give the variations of critical pressure drop and mass
velocity with p for the U-tubes in SGs A and B, respectively. pg is the
normal operation pressure in the primary side (see Table 1).

Figs. 16—19 show that under the low inlet steam quality con-
dition (x;, = 0.05), 4p. increases firstly and then decreases with p
and G, decreases firstly and then increases. However, under the
high inlet steam quality condition (x;, = 0.5), the change rules of
4p. and G. with p are completely opposite to that under the low
inlet steam quality condition.

5. Conclusions

The theoretical models for calculating single- and two-phase
flow pressure drops in U-tubes are developed. Using SG single-
phase flow and two-phase NC experiment data, the models are
validated. The two-phase reverse flow characteristics in two types
of SGs are investigated by the theoretical models, and the effects of

40 M

—— H=2 m

0.0 0.2 0

.4 0.6 0.8 1.0
Ru (m)

Fig. 11. Variation of critical pressure drop with bending radius under two-phase NC.
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Fig. 14. Variation of critical mass velocity with inlet steam quality for U-tubes in SG A.

U-tube height, bending radius, inlet steam quality and primary side
pressure on the critical pressure drop 4p. and critical mass velocity
Gc are analyzed. The main conclusions can be summarized as

follows:

Fig. 15.
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B.

(1) Due to a non-monotonic change of the gravitation pressure

drop with the mass velocity in the U-tube, 4p curve has a
remarkable negative slope region and the reverse flow may
occur. The flow in the U-tube with greater Ap. will be
reversed firstly when the mass velocity drops. Thus 4p. de-
termines the reverse flow distribution in the SG. And G, is the
crucial parameter of the SG flow instability boundary. The
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Fig. 19. Variation of critical mass velocity with primary side pressure for U-tubes in SG

reverse flow will be most likely to occur in the SG with the
great Ge.

(2) The minimum 4p. and maximum G, will appear when the U-
tube height H is about 3—4 m. With the increase of H, 4p. of
the small marine SG (SG A) decreases and its G¢ increases no
matter what the inlet mass quality is. However, the varia-
tions of 4p. and G with H for the big commercial SG (SG B)
are totally contrary.

(3) For the small marine SG, the U-tube with smaller Ry has a
greater Ap. because of the low U-tube height. On the con-
trary, for the big commercial SG, the U-tube with greater Ry
has a greater 4p. because of the high U-tube height. The
change rules of 4p. with R, in the U-tube are the same for
both single- and two-phase NCs.

(4) The two-phase reverse flow is more likely to occur in the U-
tube with smaller inlet steam quality for parallel U-tubes in
the same SG. But for different SGs, with the increase of x;,,
the risk of reverse flow occurrence will increase firstly and
then decrease.

(5) Under the low inlet steam quality condition, with the
decrease of the primary side pressure, 4p. increases firstly

X. Chu et al. / Nuclear Engineering and Technology 52 (2020) 889—896

and then decreases, and G. decreases firstly and then in-
creases. However, the change rules of 4p. and G, with the
primary side pressure under the high inlet steam quality
condition are completely opposite.
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