NUCL SCI TECH (2017) 28:39
DOI 10.1007/s41365-017-0187-x

CrossMark

@

Flow characteristics of natural circulation in a lead-bismuth

eutectic loop

Chen-Chong Yue'” - Liu-Li Chen? - Ke-Feng Lyu'? - Yang Li* - Sheng Gao®

Yue-Jing Liu? - Qun-Ying Huang’

Received: 11 August 2015/Revised: 23 October 2015/ Accepted: 17 November 2015/ Published online: 11 February 2017
© Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Chinese Nuclear Society, Science Press China and Springer

Science+Business Media Singapore 2017

Abstract Lead and lead-alloys are proposed in future
advanced nuclear system as coolant and spallation target.
To test the natural circulation and gas-lift and obtain
thermal-hydraulics data for computational fluid dynamics
(CFD) and system code validation, a lead—bismuth eutectic
rectangular loop, the KYLIN-II Thermal Hydraulic natural
circulation test loop, has been designed and constructed by
the FDS team. In this paper, theoretical analysis on natural
circulation thermal-hydraulic performance is described and
the steady-state natural circulation experiment is per-
formed. The results indicated that the natural circulation
capability depends on the loop resistance and the temper-
ature and center height differences between the hot and
cold legs. The theoretical analysis results agree well with,
while the CFD deviate from, the experimental results.
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1 Introduction

Due to their chemical inertness and good thermal-
physical properties, which are in favor of the reactors’
reliability and safety, liquid lead or lead—bismuth eutectic
(LBE) were proposed as a potential candidate coolant
material for future advanced nuclear systems such as
accelerator-driven systems (ADS) and lead-cooled fast
reactors (LFR) [1]. The high atomic number of LBE makes
it also suitable as a spallation target of ADS which has been
proposed for the transmutation of nuclear waste [2, 3].

Owing to the property of large thermal expansion
coefficient, a significant natural circulation capability
emerges in HLM (heavy liquid metal)-cooled reactor
designs [4]. Natural circulation is driven by the hydrostatic
head due to the density difference of LBE between the hot
and cold legs. It takes away the heat generated in the
reactor core via natural circulation of the coolant under
accident conditions. Natural circulation even has been
adopted as the normal operation mode for primary cooling
in some advanced HLM-cooled reactor designs, e.g., the
small secure transportable autonomous reactor (SSTAR)
[5, 6], one of the generation-IV designs proposed in the
USA. As the passive safety and reliability is likely being
employed for generation-IV nuclear reactors, attentions
have been increasingly given to natural circulation per-
formance in the advanced reactor designs.

Both theoretical and experimental efforts were made to
study natural circulation of LBE in various nuclear reactor
systems. Davis analyzed thermal-hydraulics of HLM-
cooled reactors [7]. Ma et al. [8, 9] did experiments on
forced flow and natural circulation of LBE, and its stability,
for ADS in TALL facility. Tarantino et al. [10] carried out
steady-state pretest analysis of an LBE test loop, NACIE,
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through steady-state 1D analysis and 3D CFD studies.
Borgohain et al. [11] investigated natural circulation in
HANS test loop and indicated that natural circulation
capability depended on loop structure parameters.

An engineering project to develop ADS and lead-based
fast reactors technology was launched in China in 2011,
with the CLEAR (China lead-based reactor) being the
reference reactor for ADS and fast reactor. It is performed
by a number of institutions led by Institute of Nuclear
Energy Safety Technology, Chinese Academy of Sciences
(INEST). To support the design and construction of
CLEAR-I, an LBE rectangular loop named KYLIN-II
Thermal Hydraulic (KYLIN-II TH) natural circulation test
loop was constructed on the basis of available experience
on lead-lithium technology [12], including the fusion
reactor design [13—15], R&D on blanket [16, 17], R&D on
fusion materials and technologies [18-20]. To verify the
capability of natural circulation in KYLIN-II TH natural
circulation test loop, it is necessary to analyze flow char-
acteristics of natural circulation. One of the goals of
KYLIN-II facility is to carry out natural circulation
experiments under different conditions, aiming at, among
others, supporting the verification and validation of
numerical codes.

In this paper, steady-state experiments on natural cir-
culation with different heating powers are performed in the
loop. The results are compared with theoretical analysis
and CFD simulation results.

2 KYLIN-II TH natural circulation loop

The KYLIN-II TH natural circulation loop is an LBE
rectangular loop as depicted in Fig. 1. The loop basically
consists of two vertical pipes working as riser and
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Fig. 1 Layout of the KYLIN-II TH natural circulation loop
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downcomer, respectively, connected by two horizontal
branches. In the bottom part of the riser, a heat source (HS)
of 24.0 kW is installed, while the upper part of the
downcomer is connected to a heat exchanger (HX). An
expansion vessel is installed on the loop top, coaxially to
the riser. By a valve installed in the cold part of the loop,
the singular pressure losses of the system are modified in
the tests. Table 1 shows the main parameters of the loop.

The HS is arranged at the bottom of the riser containing
an electrical rod simulator, which is concentrically inserted
in a 54-mm-ID tube made of 316L stainless steel. The inner
diameter of HS is larger than the main pipe of the loop, for
the average velocity in the main pipe, it is estimated
0.12-0.25 m s~ ', while, and it is about 0.03-0.06 m s~' for
the velocity inside the HS. Connected coaxially to the top
of the riser, the expansion vessel provides a suitable vol-
ume to allow the LBE expansion when it is heated to
hundreds of degrees in the test. To avoid the LBE being
oxidized, the free level of LBE is covered by argon gas
with a slight overpressure of tens of kPa. Considering the
heat exchange capability without introducing extra pres-
sure loss, a ‘tube-in-tube,” counter-flow-type heat exchan-
ger is adopted. High-temperature heat-conducting oil is
used as the secondary fluid. Four immersion K-type ther-
mocouples are installed at the both ends of the HS and HX
to measure the loop temperature.

3 Theoretical analysis

3.1 Theoretical analysis model for natural
circulation

A one-dimensional theoretical model is adopted for
analyzing natural circulation in the KYLIN-II TH natural
circulation loop. For calculating the LBE flow rate through

Table 1 Main parameters of the KYLIN-II TH natural circulation
loop

Parameters Values
Total height (m) 5
Length of HS (mm) 1800
Pipe inner diameter (mm) 26

HS inner diameter (mm) 54
Electrical rod diameter (mm) 22
Active heating length (mm) 800
Operating temperature (°C) 150-500
Operating pressure (atm) 1-1.5
Input power (kW) 0-24
Maximum wall heat flux (W cm™?) 434
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the loop, the momentum equation under steady-state con-
dition, integrated along the whole loop, can be written as:

APy = APy, (1)

where APp is the driving force for the natural circulation
and APy, the total friction along the loop.

The driving force is caused by density difference of LBE
between the hot and cold legs and is related to the temperature
difference (thermal buoyancy). According to the energy con-
servation law, the temperature difference can be calculated
with the input power of the electrical rod simulator (Pg,), the
specific heat capacity of the fluid (c;,) and the mass flow rate of
LBE (m). Thus, the driving force term can be written as:

APp = pyfgHPy / (1iicy), (2)

where pg is the fluid density corresponding to the average
temperature in the loop, f is the fluid isobaric thermal
expansion coefficient, g is gravitational acceleration, and
H is the effective elevation change between heating and
cooling centers.

To evaluate the total pressure drop along the flow path, a
total singular pressure drop coefficient is defined as:

L Agipe
K = Z (k+fD_H>i A,-2

where k is the singular pressure drop coefficient in the ith
branch of the loop; f is the Darcy—Weisbach friction factor
in the ith branch of the loop; L, Dy and A; are the length,
hydraulic diameter and flow area of the ith branch of the
loop, respectively; and Ap;pe is the main cross section along
the flow path. The total singular pressure drop coefficient is
discussed again in Sect. 3.2.
The friction term in Eq. (1) can be expressed as:

; (3)

1 1 ?
APy =K~ pp? = K ———, (4)
2 0 2 pOAgipe

where v is the velocity in main pipe.

Assuming that K does not depend on the velocity, and
using Egs. (1), (2) and (4), the mass flow rate in the natural
circulation flow regime can be calculated by Eq. (5).

1

. zﬁpggHAgipePth ’

m=|————— (3)

K

The m and K can be optimized as a function of the Reynolds
number. Finally, the results can be optimized by iteration.

3.2 Resistance coefficients of parts and components

The resistance coefficient of the loop in Eq. (3) can be
obtained by a thermal-hydraulic modeling for different
parts of the primary loop. The total singular pressure drop
coefficient K can be expressed by:

K = Kus + Kgv + Kpipe (6)

where Kys is the pressure drop coefficient in HS; Kgy is the
pressure drop coefficient in expansion vessel; and Kpip is
the pressure drop coefficient along the pipe. Since the cross
section of the tube in HX is coincident with the cross
section of the pipe, Kpipe contains the pressure drop in HX,
and the pressure drop in two 90° elbows is included in
Kpipe, too.

As the flow area in the HS differs from the pipe cross
section, and the flow direction changes, the pressure drop
coefficient in HS can be written as:

Kus = Kin + Koy + Kl,eff; (7)

where K, is the pressure drop coefficient of the HS inlet,
consisting of the effects of changes in flow direction (a T-
shaped elbow with one end blocked, K = 1.29) [21] and
the flow area (K ~ 0.64); K, is the pressure drop coef-
ficient of the HS outlet, mainly influenced by the change in
flow area; and K, ¢ is the pressure drop coefficient along
the HS, defined as:

fLHS Apipe 2
Kier =28 8
Leff DH AHS ) ( )

where f is the Darcy—Weisbach friction factor; Lyg is the
HS length; Dy is hydraulic diameter of the HS; and
Apys = A — A, is flow area of the HS, with A being the
cross section of HS and A,, cross section of the heater.

The pressure drop in expansion vessel is caused by the
inlet (K =~ 1), the outlet (K ~ 0.5) and the change in flow
direction, and some chemical control instrumentation
(K = 1) as well. According to previous experience on
other loops of KYLIN-II facility, the resistance coefficient
of the expansion vessel is Kgy = 2.5.

It is assumed conservatively that the total length of the
pipe (LD. = 26 mm) is Ly, ~ 11 m with 2°-90° elbows
(K = 0.5 x 2 = 1, the other two elbows for the expansion
vessel and the HS, respectively) [21]. The resistance
coefficient, for the pressure drop along the pipe and 2 (90°)
elbows, can therefore be expressed as:

ﬂ}ﬁ”e +1. 9)

Kpipe =

3.3 The preliminary results of theoretical analysis

The thermal-hydraulic performance in natural circula-
tion can be calculated with geometrical configuration of the
loop known. According to the approaches in Sect. 3.2, the
hydraulic parameters of Reynolds numbers, resistance
coefficients and overall pressure loss can be calculated as a
function of the LBE mass flow rate. The main results are
listed in Table 2. The total singular pressure drop
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coefficient declines with the mass flow rate, mainly
because the K,i,. declines with increasing Reynolds
number.

By solving Eq. (5), one can estimate the equilibrium
mass flow rate of natural circulation in the loop at different
input powers. The main thermal-hydraulic parameters at
different power levels are summarized in Table 3.

4 The CFD simulation
4.1 Description of CFD modeling

CFD simulations were carried to evaluate the KYLIN-II
natural circulation loop, together with the expansion tank.
The geometry model of expansion tank, heating rod and
HX was adopted as shown in Fig. 2. The valve at the
bottom was replaced by a tube. The 3D geometry was
modeled in ICEM CFD (the Integrated Computer Engi-
neering and Manufacturing code for Computational Fluid
Dynamics) with dimensions of the pipes and other key
component described in Sect. 2. The heating volume did
not consist of solid volume; only a surface source on the
pin wall was adopted. A commercial code FLUNET was
employed to simulate the steady state of natural circulation
at different heating powers.

The simulation model is RNG «k-¢ model with standard
wall treatment [11]. The heating powers of 4.3, 7.6, 11.2,
15.3 and 17.9 kW were decided on experimental basis.
Correspondingly, the heat fluxes of 5.15, 9.20, 13.47, 18.40
and 21.52 W cm™? were imposed on the rod bundle sur-
face. Regarding the HX, a heat transfer coefficient of
4.89 W cm ™2 K~! and a free stream temperature of 200 °C
were utilized on the oil side. After a sensitivity analysis on
the unstructured mesh, the grid numbers were defined as
1.3 x 10° °C.

4.2 CFD simulation results of the steady-state
experiments

The CFD results at different input powers were obtained
using FLUENT. The temperature and velocity contours at
heating power of 17.9 kW are shown in Fig. 3. The

C.-C. Yue et al.
Table 3 Thermal-hydraulic  performance matrix in natural
circulation
P (KW) nm (kg s™) AT (°C) v(ms )
4 0.657 41.4 0.119
8 0.834 65.3 0.151
12 0.957 85.3 0.174
16 1.058 102.9 0.192
20 1.143 119.1 0.208
24 1.215 134.4 0.221

Fig. 2 3D geometry model and unstructured grid mesh of the loop

maximum temperature appeared on upper end of the
heating rod (Fig. 3a). The loop was assumed adiabatic,
without heat losses, so the outlet temperature of HX mat-
ches with the inlet temperature of HS. The HS outlet
temperature was 334.4 °C, and the temperature difference
through the HS was 101.5 °C. From Fig. 3b, the velocity
through all pipes was almost constant, hence a steady state.

Table 2 Reynolds numbers, . 1 3 3 ] s
resistance coefficients and m (kg S ) Re!ube (>< 10 ) ReHS (X 10 ) KHS KEV Kplpe Ktoml APtr (Pd)
overall pressure loss as a 0.25 5.56 1.90 29 25 19.1 24.5 261.9
function of the LBE mass flow
rate 0.5 11.10 3.81 2.8 2.5 18.9 24.2 1034.8
0.75 16.70 5.71 2.8 2.5 18.5 23.8 2289.9
1 22.30 7.62 2.7 2.5 18.1 233 3985.4
1.25 27.80 9.52 2.6 2.5 17.7 22.8 6093.6
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Fig. 3 CFD results at input power of 17.9 kW
5 Results and discussion
5.1 Experimental results and discussion

To understand the LBE flow characteristics in natural
circulation loop and evaluate the CFD results, steady-state
experiments at different heating powers were performed in
the KYLIN-II TH natural circulation loop. At the first
stage, flow rate of the loop was obtained by energy balance
method. The power and temperatures at the inlet and outlet
of the HS and HX were recorded. According to the con-
servation equation of energy, the mass flow rate was esti-
mated from the input power and the temperature difference
between the outlet and inlet of the HS.

(b)
Vclocit)S 1(513%1/3)

3.98e-01
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3.56e-01
3.35¢-01
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1.05¢-01 TR
8.38¢-02
6.29¢-02 1 e
4.20e-02 i1
2.11e-02 i
1.52e-04

Figure 4a shows the inlet and outlet temperature of the HS
and the temperature difference at 17.9 kW input power, while
Fig. 4b, c shows the temperature differences and LBE mass
flow rate at different input powers, respectively. To investigate
how the power impacts on natural circulation, the oil flow rate
in the secondary loop was kept at the same conditions. Tem-
perature in the primary loop increased continuously. Due to the
LBE flow rate onset, the temperature differences increased to
their maximum and then, as the flow started, decreased toward a
stable value. After a transient of about 4 min, the temperature
differences and mass flow rates stabilized, indicating the
establishment of natural circulation. Also, it can be seen that the
greater is the power, the higher is the temperature peak and the
shorter is the transient time.

120

-3
S

Temperature (°C)
o)
S

Temperature difference (°C)
IS
S

~
o

Temperature difference (°C)

150 L L L L

o

17.9 kw 7

Flow rate(kg/s)

0
0 2 4 6 8 10 0 2 4
Time (min)

Time (min)

Time (min)

Fig. 4 Temperatures of the heater inlet and outlet at input power 17.9 kW (a) and the temperature differences and flow rates at different powers
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Fig. 5 Comparison of theoretical, experimental and CFD results
5.2 Comparison of the results

The comparison of experimental and CFD results is
shown in Fig. 5, where the temperature difference between
the HS outlet and inlet, the mass flow rate and the average
velocity vary with the input power. Owing to the property
of large thermal expansion coefficient, the temperature
difference could cause a difference in density between the
hot leg and the cold leg. The density difference could
introduce buoyancy force, which drives the LBE circula-
tion in the loop. As a result, the temperature difference,
mass flow rate and average velocity increase with the input
power. At 17.9 kW, by the theoretical analysis, measure-
ment and CFD simulation, the temperature differences
between the outlet and inlet of HS are 110.3, 108.6 and
101.5 °C, respectively; the mass flow rates are 1.10, 1.12
and 1.20 kg s™', respectively; and the average velocities
are 0.200, 0.203 and 0.222 m s~ ', respectively.

After optimization of the resistance coefficients, the
theoretical analysis results agree well with the experi-
mental results. However, the CFD simulation results
deviate greatly from the experimental results. This may
have two reasons:

1) Adiabatic condition is assumed in CFD. The inlet
temperature of HS is experimentally lower than the
outlet temperature of HX because of the heat losses,
and the evaluated temperature difference is smaller
than the experimental results.

2) The valve on the horizontal branch is not simulated
in CFD model, hence an underestimation of the
pressure drop and thus a larger mass flow rate.

6 Summary

Theoretical analysis was performed for the natural cir-
culation and thermal-hydraulic performance in the KYLIN-
IT TH natural circulation loop to investigate the LBE flow
characteristics. Steady-state experiments were performed at
heating powers from 4.3 to 24.0 kW. A CFD simulation

@ Springer

with FLUENT code was carried out to predict the tem-
perature and flow distribution in the loop. The natural
circulation was easily established and stabilized in a few
minutes. The theoretical analysis results of temperature
differences, mass flow rate and velocity results agreed well
with the experimental results, but the CFD prediction
results had a maximum difference of 10% from the
experimental data.

For further analysis of thermal-hydraulic performance in
natural circulation of the LBE, experiments on transient
state and heat transfer of natural circulation will be carried
out. Gas enhanced circulation study is to be carried out,
too.
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