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a b s t r a c t

In a sudden shutdown of primary pump or coolant loss accident in a marine nuclear power plant, the
primary flow decreases rapidly in a transition process from forced circulation (FC) to natural circulation
(NC), and the lower flow enters the steam generator (SG) causing reverse flow in the U-tube. This can
significantly compromise the safety of nuclear power plants. Based on the marine natural circulation
steam generator (NCSG), an experimental loop is constructed to study the characteristics of reverse flow
under middle-temperature and middle-pressure conditions. The transition from FC to NC is simulated
experimentally, and the characteristics of SG reverse flow are studied. On this basis, the experimental
loop is numerically modeled using RELAP5/MOD3.3 code for system analysis, and the accuracy of the
model is verified according to the experimental data. The influence of the flow variation rate on the
reverse flow phenomenon and flow distribution is investigated. The experimental and numerical results
show that in comparison with the case of adjusting the mass flow discontinuously, the number of reverse
flow tubes increases significantly during the transition from FC to NC, and the reverse flow has a more
severe impact on the operating characteristics of the SG. With the increase of flow variation rate, the
reverse flow is less likely to occur. The mass flow in the reverse flow U-tubes increases at first and then
decreases. When the system is approximately stable, the reverse flow is slightly lower than obverse flow
in the same U-tube, while the flow in the obverse flow U-tube increases.
© 2020 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

Under FC conditions, the power provided by the primary pump
can maintain normal operation of the marine nuclear power plant.
However, when the pump is shut down, the primary coolant level
rapidly drops and the operational circuit is switched from FC to NC.
With the downward flow of coolant through SG reduced, a typical
hydrodynamic flow instability problem occurs, leading to the fluid
flow reversely from the SG outlet plenum to the inlet plenum
through a portion of the heat transfer U-tube. Thereby the physical
properties of the coolant and the operational safety of marine nu-
clear power plants under NC condition are significantly compro-
mised [1].

Many theoretical, experimental and numerical methods have
been employed to study the occurrence, development and influ-
ence of the reverse flow in U-tube SG (UTSG) systems. Natural
lear Science and Technology,
China.

by Elsevier Korea LLC. This is an
circulation experiments were conducted in the large-scale test fa-
cility (LSTF) which has two SGs each containing 141 full-size U-
tubes of 9 different heights [2]. In the transition experiments
including single-phase natural circulation, two-phase liquid natural
circulation, and reflux condensation, the mass flow of primary side
decreased. And the reverse flow phenomenon in U-tubes was
found in the experiments, which had important impacts on the NC
of the experimental loop. Moreover, it was found that the system
reached an approximately stable state after the occurrence of
reverse flow in the tube based on one-dimensional Oberbeck-
Boussinesq equations. The results were consistent with the mea-
surements from the natural circulation test in the LOBI-MOD2 in-
tegral system test facility [3]. [4] established the single-phase and
two-phase analysis models on the primary side of U-tubes. It was
found that the curve of inlet-outlet pressure drops andmass flow in
U-tubes has a negative slope region, which indicates the occurrence
of reverse flow. In order to systematically investigate reverse flow
[5], proposed dimensionless and small disturbance analysis
methods. Further, a universal flow instability criterion was pro-
posed and the influence of SG inlet temperature, U-tube length, U-
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tube bend radius, and secondary side operating conditions on
reverse flow were analyzed by both theoretical and numerical
methods. Based on previous research of reverse flow, a medium-
temperature and medium-pressure experimental bench was built.
An experimental study on the reverse flow occurrence and disap-
pearance in the parallel U-tubes of SG under quasi-static conditions
was conducted. It was found that the critical point of reverse flow
was linearly related to inlet flow [6]. The reverse flow characteris-
tics of marine and commercial SG were calculated and analyzed
respectively using a one-dimensional thermal hydraulic model of
parallel U-tubes under NC conditions. It was concluded that the
inlet temperature has a greater impact on marine pressurized
water reactor (PWR), and a small impact on commercial PWR [7].

The majority of studies of the flow instability in UTSG have
focused on steady state or on small changes in operating condi-
tions. However, in actual operation of marine nuclear power plants,
particularly after the primary pump has been stopped, the primary
circuit transitions from the FC to NC. The flow characteristics in SG
are more complex, and the reverse flow phenomenon is more se-
vere during the transition. Hirano et al. [8]assumed an external
power and coolant loss accident of nuclear power plant, and used
the THYDE-P1method to study the transient thermal and hydraulic
characteristics of JRR-3 open research reactor during transition
from FC to NC. These results provide a foundation for the safety
design and evaluation of reactors. Hoffmann et al. [9] studied the
instantaneous thermal hydrodynamics of FC to NC transition using
a 1:20 scale RAMONA three-dimensional reactor model. After a
scram from 40% load operation of a pool-type fast reactor, the mass
flow, temperature and the initial operating point of natural con-
vection were obtained experimentally. The experimental results
shown that the longer the intermediate heat exchanger coolability
is ensured and the later the immersion coolers start to operate. Xia
et al. [10] used the RELAP5 code to establish a thermal hydraulic
model of an integrated pressurized water reactor (IPWR). The
smooth conversion process from FC to NC was achieved with the
ideal steady-state and traditional control schemes. Subsequently,
the stable operating boundary of the IPWR system under natural
circulation conditions was determined and IPWR could realize
natural circulazion operation under 40% FP with selecting 563.15K
as the primary coolant average temperature. Braz Filho et al. [11]
studied the influence of varying the time step in RELAP5/3D code
for the transience calculation of the NC loop using the temperature
extracted from the experiment as the baseline data. Additionally,
the fast Fourier transform (FFT) and root-mean-square deviation
(RMSD) method were employed to study the two-phase flow
instability in order to investigate the agreement between the
simulated and experimental data. Younas Ali et al. [12] applied the
CFD code to perform a three-dimensional steady-state analysis of
flow in the CLEAR-S experimental device under FC and NC condi-
tions. It was found that coupled wall conduction can enhance the
natural circulation capability of the circuit but disturbed the tem-
perature uniformity. Liu et al. [13] developed a calculation model of
a 10 MW lead-based reactor by employing the RELAP5 code. Five
factors including the power control system, the initial steady-state
power level, the human intervention, shutting down each main
pump one by one and the bypass of the main pump affecting the
transient characteristics of primary circuit during the trans-
formation process from the FC to NC were calculated.

In an actual transformation process of FC to NC in a marine
nuclear power plant, varying power, coupled heat transfer of pri-
mary and secondary circuits, pump and flow resistance have an
impact on the inlet flow and temperature of the SG. It is challenging
to estimate the effect of various parameters on the reverse flow.
Therefore, in this article, both experimental and numerical
modeling approaches are adopted to study the reverse flow
characteristics in UTSG during the transition from FC to NC. During
the experiment, the inlet temperature of the SG is held constant,
and the adjustable valve is controlled to reduce the mass flow of SG
simulator inlet plenum to 18% in a short time period. The RELAP5
code is used to calculate the effect of the flow variation rate and
flow distribution on the reverse flow in the experimental simulator
under transient conditions.
2. Experiment and numerical model

2.1. Experimental loop and method

The experimental SG loop is established to study reverse flow
characteristic in U-tubes under low flow condition, as shown in
Fig. 1. It consists of a SG simulator, a pressurizer, an electric heater,
pumps, valves and measuring devices. The operating pressure of
the primary circuit is 3.0-5.0 MPa, maintained by feeding water
through the plunger pump and nitrogen, while the pressure of
secondary circuit is kept at atmospheric pressure. And the oper-
ating temperature of the primary circuit is below 550K. Moreover,
the fluids of primary and secondary circuits are kept single-phase.
The 18 U-tubes inner and outer diameters are d0 and 1.2d0,
respectively. The U-tubes with tube length of 2.3-2.7 m and bend
radii of 5.0d0-11.0d0 are divided into 5 groups according to bend
radius and numbered in the SG simulator. The inlet and outlet
plenum radii of SG simulator are 16.5d0 [5]. The inlet and outlet
temperatures of U-tubes are measured with thermocouples
installed in the SG plenumholder, and the pressure drop of No.17 U-
tube is measured with a pressure differential transmitter, as shown
in Fig. 2 [14].

The temperature, pressure and mass flow of the SG simulator
inlet plenum are kept at the initial conditions by filling water and
nitrogen in the primary circuit, and adjusting electric heater power
and electric control valve opening during the preparation process
before the experiment. After starting the experiment and 10 min of
stable operation, we reduce the mass flow at the simulator inlet
plenum in order to reach target operating conditions. After further
10 min of stable operation, we increase the mass flow initial
operating conditions using the same method. The experiment is
repeated until identical results are obtained, with the data acqui-
sition system employed to observe and record the experimental
phenomena. During the experiment, the primary circuit pressure
and the SG inlet temperature are maintained at a constant value.
The experimental parameters are shown in Table 1.

The experimental uncertainty includes mass flow, temperature
and pressure measurement uncertainty, which can be calculated by
equation as follows [5]:

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2m þ s2I=V þ s2s

q
(1)

where s is the experimental uncertainty; sm is the meter uncer-
tainty including target flow meter, thermometer and pressure
meter uncertainty; sI=V is the I/V transmitter uncertainty; ss is the
system uncertainty.
2.2. Numerical model

One-dimensional thermal hydraulic model is constructed in
order to study the flow characteristics in U-tubes, with the axial
heat transfer considered negligible. Therefore, the continuity, mo-
mentum and energy conservation equations can be expressed as
[15,16]:



Fig. 1. Experimental loop.

Fig. 2. Serial numbers of U-tubes.

Table 1
Operating parameters.

Conditions\Parameters Primary circuit Values Secondary circuit Values

Pressure 4.0 MPa Pressure 0.1 MPa
Initial condition Inlet temperature Tin Temperature �303 K

Mass flow Min Mass flow 7.2 t/h
Objective condition Inlet temperature Tin Temperature �333 K

Mass flow 0.18Min Mass flow 7.2 t/h
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By simplifying Eq. (3), the momentum conservation equation of
fluid in the U-tube can be expressed as follows [17]:
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where t is the time term, s; s is the coordinate along the U-tube, m;
r is the density of fluid, kg/m3; M is the mass flow of fluid, kg/s; A is
fluid flow area, m2; F is the friction, local and acceleration re-
sistances, N; P is the fluid pressure, Pa; g is the acceleration of
gravity, m/s2; H is the specific enthalpy, J/kg; T is the fluid tem-
perature in U-tubes, �C; cp is the specific heat at constant pressure,
J/(kg.K); q is linear heat flux density, W/m.

Eqs. (5) and (6) indicate that the variation in U-tubes pressure is
related to operating time and position. The equation of state
r ¼ rðP; TÞ shows that the change of pressure is only related to the
temperature and mass flow of the fluid.

During the experiment, the flow characteristics in the U-tubes
are complex due to the variation of the mass flow through inlet
plenum. Therefore, based on the SG experimental loop, a numerical
model using the system analysis code RELAP5/MOD3.3 is estab-
lished to study the temperature and flow changes of the fluid, as
shown in Fig. 3. The average temperature in the SG secondary side
is taken as the temperature boundary. In order to calculate and
analyze the thermal hydraulics of U-tubes, the pipe components
are constructed for each U-tube, so that there are 18 U-tube com-
ponents in the SG simulator. Each U-tube component is divided into
N (N > 20) control volumes, as shown in Fig. 4. The temperature of
the first volume represents the U-tube inlet temperature, and the
temperature of the N-th volume represents the U-tube outlet
temperature. The bend of the U-tube's ascending and descending
sections are divided into 45� volumes. Therefore, it is possible to
determine the occurrence of reverse flow by observing the change
of the U-tube inlet and outlet temperatures. The temperature and
mass flow of the SG inlet plenum component are given in the



Fig. 3. The experiment loop nodalization for RELAP5 code.

Fig. 4. The control volumes of U-tubes for RELAP5 code.
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steady-state operation. The flow area, flow resistance, and heat
transfer coefficient of the pipe components are adjusted to match
the validation benchmark data of the experimental temperature
and flow. A single-junction component is arranged in the inlet and
outlet of U-tube component in order to calculate the mass flow of
the U-tubes. With these provisions, the SG flow distribution can be
calculated for various flow adjustments. At the same time, the
RELAP5 model can be used to calculate the thermal hydraulic
characteristics of fluid in the inlet-outlet plenums and the U-tubes,
during steady-state and transient operation of the test simulator.

3. Experimental results

The temperature of the SG simulator inlet plenum is set to a
constant value. After the system is operated stably for 10 min, the
electric valve is adjusted to reduce mass flow of the inlet plenum
until target conditions are reached. The inlet and outlet tempera-
ture of the U-tubes is observed to determine the occurrence of
reverse flow. The experimental results show that the mass flow of
primary circuit is reduced to 18% of the initial mass flow in the time
about 15s. The mass flow in U-tubes of 1, 2, 3, 5, 6, and 7 are always
reversed in all repeated experiments. Fig. 5 shows that the exper-
imental inlet and outlet temperatures in selected U-tubes. As the
experiment progresses to 610s, the flow in all U-tubes reverses, and
the flow in No.1 short tube reverses first. The flow in other tubes
reverses almost simultaneously due to the quick decrease of the
mass flow to target value. According to flow distribution in the U-
tubes, the short tube is found to be more susceptible to reverse
flow. However, in repeated experiments, the flow in No.4 short tube
doesn't reverse, while No.5, No.6, and No.7 medium length tubes
reverses. Therefore, it can be drawn a conclusion that the occur-
rence of reverse flow is related to the arrangement of U-tubes and
flow distribution.

After the reverse flow occurred in U-tubes, the fluid flows from
the outlet back to the inlet, causing the inlet temperature to drop
sharply below the outlet temperature. The outlet temperature is
continuously reduced affected by the reverse flow. The occurrence
of reverse flow affects the temperature in other U-tubes, with
obverse flow, causing their inlet and outlet temperatures to
decrease. However, the inlet temperature always remains higher
than outlet for a given U-tube. Moreover, it is found that the effect is
more pronounced in a U-tubewith obverse flow in the vicinity of U-
tubes with reverse flow. The oscillation of the temperature is more
pronounced, while both inlet and outlet temperature decrease is
greater. In comparison with the experimental results of adjusting
the mass flow discontinuously [18], it can be seen that during the
transient process from FC to NC of the experimental primary circuit,
the number of reverse flow U-tubes increases, while the reverse
flow has a more severe influence on the inlet and outlet tempera-
tures. Therefore, in the actual operation of nuclear power plants,
particularly in variable working conditions, the reverse flow phe-
nomenon severely diminishes the natural circulation capacity.

Through the pressure difference measuring point arranged at
the inlet and outlet of No.17 tube, the variations of the total pres-
sure difference with the operating time and the mass flow are
obtained, during the FC to the NC in simulated experiment, as
shown in Figs. 6 and 7. It can be concluded from the experimental
results that the inlet plenum mass flow gradually decreases with
the operating time, and both inlet and outlet pressure drop of No.17
tube gradually decrease. When it runs to 610s, the mass flow of the
SG simulator inlet plenum drops to 0.2Min, and an inflection point
appears on the inlet and outlet pressure drop curve. At this time,
the reverse flow occurs in U-tubes. Affected by the reverse flow
phenomenon, the inlet and outlet pressure drop increases sharply.
As the mass flow increased, the reversed flow U-tube switches to
flow positively at the experiment operating to 1500s.

4. Numerical calculation

4.1. RELAP5 model verification

The inlet and outlet temperatures of U-tubes are calculated by
the numerical model using RELAP5 code on the steady-state con-
dition, as shown in Fig. 8. It can be seen that the calculation is in
good agreement with the experimental value with the error below
5.8%. Since the temperature of the first volume divided by the pipe
component in RELAP5 code represents the inlet temperature of U-
tubes, and the temperature difference between the primary and
secondary sides on the ascending section of U-tubes is high, so the
calculated value is lower than the experimental value. The



Fig. 5. Inlet and outlet temperatures of U-tubes.

Fig. 6. Inlet and outlet pressure drop changing with operating time. Fig. 7. Inlet and outlet pressure drop changing with mass flow.
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temperature difference on the descending section is small, result-
ing in a negligible discrepancy between calculated and experi-
mental values.
According to the experimental operating conditions in Table 1,
the transformation process from FC to NC is simulated by RELAP5
code and the calculation results are shown in Table 2. It can be



Fig. 8. Inlet and outlet temperatures of U-tubes under steady-state condition.

Table 2
Comparison of experimental data and RELAP5 calculation.

Parameters Numerical value

Experiment RELAP5

Outlet plenum temperature 0.3815Tin-0.5865Tin 0.3839Tin-0.5873Tin
U-tube numbers Nos. 1, 2, 3, 5, 6, 7 Nos. 1, 2, 3, 5, 6, 7
Reverse flow time 608s 609s
Reverse flow critical mass flow 0.21Min 0.23Min

Obverse flow time 1498s 1513s
Obverse flow critical mass flow 0.304Min 0.297Min
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concluded from Table 2 that under the same operating conditions,
the numerical results are good agreement with that in experiment.
The error of outlet plenum temperature calculated by RELAP5 code
compared to experiment is within 6.3%, and the distribution of
reverse flow U-tubes is identical. The occurrence time of reverse
flow and obverse flow are in agreement as well. Since the interval
time of the experimental data acquisition system is 5s, and the rate
of mass flow reduction is relatively high, the relative error between
the numerical calculation of the reversal flow and the experimental
value is about 8.7%. The relative error of the obverse flow obtained
by these two methods is 2.3%. It can be seen from the experimental
and numerical results that the critical mass flow of the reverse flow
in SG is lower than the critical mass flow when the obverse flow is
reestablished.
Fig. 9. Experimental and RELAP5 calcula
Fig. 9 shows the flow characteristics in No.2 and No.12 U-tubes
calculated by RELAP5 code and experiment. It can be seen that the
calculated temperature distributions of the reverse flowU-tube and
the obverse flow U-tube agree well with experimental results. Both
inlet and outlet temperatures of the obverse flow U-tube are
affected by the reverse flow phenomenon and the temperature
curve is fluctuant. Before the mass flow is reduced, the temperature
distributions of the U-tubes obtained by the two methods are
basically identified. However, due to the influence of reverse flow,
the calculated temperature difference between the inlet and outlet
of No.2 U-tube by RELAP5 code exceeds the experimental value. At
first, the experimental facility has a response process with the
sudden decrease of the mass flow, so the outlet temperature in
experiment drops slowly. Secondly, the influence of reverse flow on
the experimental device is more ambiguous, and the mixing of the
hot and cold fluids is relatively slow after the occurrence of reverse
flow. However, the hot and cold fluids mix faster leading to the
temperature difference decreases in the numerical simulation.

4.2. Influence of operating conditions on reverse flow

In accordance with the initial experimental conditions, the mass
flow of the inlet plenum of SG is adjusted at different rates such as
dM¼0.0114kg/s2, dM¼0.0057kg/s2 and dM¼0.00285kg/s2, and the
mass flow and total pressure drops are calculated as shown in
Figs. 10e13. It can be seen from Figs. 10 and 11 that the mass flow
begins to decrease at different rateswhen t¼ 600s, then the pressure
drop of the SG inlet and outlet plenum begins to decrease. When the
operating time reaches 616s, 631s, and 660s, the inflection points of
inlet and outlet pressure drop curves appear, and the fluid in U-tubes
flow reversely. At this time, the corresponding critical mass flows are
0.563Min, 0.576Min, and0.590Min.During the reductionofmassflow,
multiple inflection points appear in the pressure drop curve. The
second reverse flow point occurs with a large delay after the first.
However, the subsequent reverse flow points appear at a relatively
short interval. As the adjustment rate of mass flow increases, the in-
terval of the reverse flow occurred between the first and second U-
tubes decreases, and the number of reverse flowU-tubes increases. It
can be concluded that with the adjustment rate of mass flow in-
creases, the inflection point of the total pressure drop curve shifts to
the left, the critical mass flow decreases, and the reverse flow be-
comes less likely to occur, which is more beneficial to the natural
circulation capacity of the nuclear power plant.

It can be seen from Figs. 12 and 13 that the flow distributions of
No.1 and No.18 U-tubes are different, and the inlet flow in No.1 U-
tube is lower than that in No.18 U-tube during stable operation of
SG. As the flow of the inlet plenum decreases, the reduction rate of
ted temperature of U-tubes vs. time.



Fig. 10. The flow in inlet plenum variation with the flow reduction rate and time.

Fig. 11. The variation of inlet and outlet pressure drop.

Fig. 13. The variation of mass flow in No.18 U-tube.
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flow in No.1 and No.18 U-tubes remains the same as in the inlet
plenum before the occurrence of reverse flow. However, after its
occurrence, the reverse flow varies at the same rate in No.1 U-tube
although the flow variation in the SG inlet plenum is different.
Moreover, the reversed flow in No.1 U-tube is slightly higher than
the corresponding obverse flow at the start, and then slowly de-
creases. For certain operating conditions, the reverse flow is lower
than the corresponding obverse flow. When the SG operates in a
relatively stable condition, the reverse flow in No.1 U-tube
Fig. 12. The variation of mass flow in No.1 U-tube.
decreases with the flow reduction rate increased. The variation of
flow in No.18 U-tube is relatively complicated, and the reduction
rate of the flow in No.18 U-tube decreases after the reverse flow
occurred. When the flow in inlet plenum decreases to the target
operating condition, the flow in No.18 U-tube increases at the same
rate affected by the reverse flow phenomenon. Subsequently, the
flow slowly decrease, however, it is almost higher than that on the
target operating conditions. In a word, as the reduction rate of flow
increases, the obverse flow in the U-tube is more severely affected
by the reverse flow and the flow increases at the relatively stable of
the system.
5. Conclusions

Based on the marine natural circulation SG, an experimental
loop is constructed in this article. The transition from FC to NC of
the nuclear power plant is simulated experimentally, and the
reverse flow characteristics of SG are investigated. On this basis, the
influence of the flow variation rate of SG simulator inlet plenum on
the reverse flow characteristics and flow distribution are studied
using a simulation model based on the RELAP5 code. The most
important conclusions are summarized as follows:

(1) In comparison with the experiment of adjusting the mass
flow discontinuously, the number of reversed flowU-tubes is
manifestly increased during the transition from FC to NC, and
the reverse flow has a more severe influence on the oper-
ating characteristics of the SG.

(2) The flow variation rate has an effect on the reverse flow
characteristics, and as the rate increases, the reverse flow
becomes less likely to occur.

(3) As the flow variation rate increases, the mass flow in reverse
flow U-tube increases at first and then decreases. The mass
flow in the obverse flow U-tube is more severely affected by
the reverse flow phenomenon and the flow of system is more
stable.

(4) In order to improve the natural circulation ability of marine
nuclear power plant, the flow variation rate can be increased
during the low mass flow operation.
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