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ABSTRACT: A steady thermo-hydraulic model of the helical tube steam generator was first constructed to study the
coupled heat transfer process between the primary and secondary sides based on a discrete modeling method, and
obtain the heat flux density distribution along the steam generator. Then, taking the obtained coupled heat flux density
distribution as the thermal boundary condition input, considering the dynamic variation of physical properties on the
secondary side, a dynamic model based on the time-domain method suitable for two-phase flow instability among
parallel multiple channels of the steam generator was constructed. Finally, taking the lead-bismuth fast reactor as an
example, flow instability of the steam generator was analyzed under an inlet lead-bismuth temperature of 320°C~480°C
and an inlet water temperature of 160°C~240°C. It was found that flow instability is less likely to occur under coupled
heat conditions, compared with that under uniform or linear distribution. Flow excursion is prone to occur under low
inlet temperature of the primary or secondary side. As the inlet lead bismuth temperature increases from 320°C to
480°C, average heat flux significantly increases by 2.5 times, and the non-uniformity of heat flux distribution increases
of 49%. Meanwhile, the density wave oscillation amplitude gradually increases, and system stability weakens.

KEYWORDS: Liquid metal fast reactor; helical coiled tube steam generator; two-phase flow instability; discrete
method; coupled heat transfer between primary side and second side

1 Introduction

As a typical representative of Generation IV reactors, liquid metal fast reactors have a relatively high
outlet temperature of core coolant, and can achieve high thermoelectric conversion efficiency [1]. Helical
coiled tube steam generator is widely used in various nuclear reactors, due to its advantages of compact
structure, anti-expansion, and strong heat transfer performance [2]. Two-phase flow instability often occurs
during the operation of steam generators, which includes static flow instability and dynamic flow instability.
Static flow instability is known as flow excursion or Ledinegg instability. Dynamic flow instability includes
pressure drop oscillation, thermal oscillation, and density wave oscillation. Among them, density wave
oscillation is the most common and harmful. Flow instability phenomena always cause obvious oscillations
of fluid pressure and flow rate, leading to mechanical oscillations and control problems [3]. Therefore,
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studying and avoiding various types of flow instability has significant implications for the safe operation of
steam generators.

Previous scholars have conducted relevant research on the flow instability of steam generators. Among
them, most mathematicians conduct their research based on the assumed condition of uniform wall heating.
For example, Peng et al. [4] used experiments and numerical simulations to study the flow excursion
instability in parallel channels, pointing out that the decrease of gravity pressure drop in the hot channel
caused by the increase of void fraction is the reason for the occurrence of flow excursion instability. Shen
etal. [5] conducted experimental research about the influence of inlet subcooling on the flow instability in a
parallel helical tube system under uniform heating conditions. Su et al. [6] established linear and nonlinear
models and conducted numerical studies on three types of flow instabilities in the helical tube steam
generator of High Temperature Gas-cooled Reactors (HTGR). Dong et al. [7] adopted RELAP5 program to
study the flow instability in a two-channel parallel system with different tube types (helical tube and straight
tube) under uniform heating conditions. Fu et al. [8] also used RELAP5 program to study the density wave
flow instability in parallel vertical tubes under uniform heating conditions. Colombo et al. [9] conducted a
numerical study on the density wave oscillation of two-phase flow in a single helical tube and parallel double
helical tubes under uniform heating conditions by using RELAP5 program, and investigated the influence
of structural parameters on the density wave oscillation. In addition, Liang et al. [10], Niu et al. [11], and
Tang et al. [12] adopted the frequency domain method to study the flow instability in steam generators under
uniform heating conditions.

Some scholars have also studied the flow instability phenomenon under non-uniform heating condi-
tions by approximating and simplifying the heat transfer process. For example, Hou et al. [13] studied the
density wave oscillation in parallel channels of a supercritical water-cooled reactor under different heat flux
distribution patterns based on frequency domain modeling. They found that systems with a uniformly heat
flux distribution are less stable than those with cosine-shaped or stair-shaped heat flux distributions. Liu
et al. [14] approximately simulated the axial heat flux distribution under different powers in supercritical
water-cooled reactors, calculated the stability boundary of parallel channel systems, and compared the results
with those under uniform heating conditions. They found that the influence of axial heat flux distribution on
system stability was not significant. Zhang et al. [15] used RELAP5 program to simulate the flow instability of
atwo parallel channel system under non-uniform heating conditions, assuming that the heat flux distribution
follows a linear piecewise function. Liu et al. [16] studied the flow instability in parallel helical tubes under
convective heating conditions by a one-dimensional program, and found that the system is more stable
under convective heating conditions than under uniform heating conditions. Lu et al. [17] established a time-
domain calculation model for density wave oscillation in a parallel channel system, assuming that the heat
flux distribution approximately follows a cosine function, and studied the effect of non-uniform heat load
distribution on flow instability. Wang et al. [18] built a 3 x 3 sub-channel model and simplified the heat flux
distribution as a power curve consisting of two discontinuous linear segments. They studied the effects of
the curve shape of the heat power distribution along the tube on the flow instability.

In the actual operation of the steam generator, heat exchange occurs between the working fluid in the
secondary side and the working fluid in the primary side. During the flow and heat transfer process, the
temperature and flow velocity of the working fluid on both sides constantly change, and the working fluid of
the secondary side undergoes the phase transition process. This leads to an uneven distribution of heat load
along the steam generator. Moreover, liquid metal fast reactors have a larger temperature difference along
the primary side than that of pressurized water reactors [19,20], and the uneven distribution of heat load is
significantly intensified. The existing research results based on the assumption of uniform or approximately
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linear distribution of heat flux density are bound to be far from the actual operating conditions of steam
generators in liquid metal fast reactors, resulting in limited guidance significance.

Therefore, the following two parts of the work were successively carried out in this paper. First, a
steady thermo-hydraulic model of the helical tube steam generator is constructed to study the coupled heat
transfer process between the primary and secondary sides based on a discrete modeling method, and obtain
the heat flux density distribution along the steam generator. Second, taking the above coupled heat flux
density distribution obtained by the steady thermo-hydraulic model as the thermal boundary condition
input, considering the dynamic variation of physical properties on the secondary side, a dynamic model
based on the time-domain method suitable for two-phase flow instability among parallel multiple channels
of the steam generator was constructed. Finally, the two-phase flow instability in the helical coiled tube
steam generator was calculated and analyzed under the coupled heat transfer conditions in the lead bismuth
fast reactor.

2 Steady Thermal-Hydraulic Model

First, a steady thermal-hydraulic model was established to study the coupled heat transfer between two
sides for the steam generator of a liquid metal fast reactor based on the discrete method. During the operation
of the steam generator, the liquid metal of the primary side and water of the secondary side are arranged in
countercurrent flow, and heat transfer occurs through the tube wall surface. Fig. 1 shows the basic structural
schematic of the steady thermal hydraulic model.
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Figure 1: Structural schematic of the steady thermal-hydraulic model.
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indicates that the flow and heat transfer process of the entire steam generator can be divided into
three regions, including the primary-side flow region, secondary-side flow region, and tube wall heat transfer
region between two sides. The present model further divides the primary-side flow region and secondary-
side flow region into grids along the flow direction, and also divides the tube wall into grids along the heat
transfer direction. Then, the steady-state one-dimensional homogeneous N-S equations and the steady-state
heat conduction equation are discretized for each grid of three regions by the finite difference method.
Based on the steady thermal-hydraulic model, the distribution of parameters such as the temperature of the
primary and secondary fluids, the wall temperature of the helical tube, and the heat flux can be calculated and
obtained. More detailed introduction to the establishment and verification of the steady thermal-hydraulic
model can be found in reference [21], which will not be repeated here.

3 Dynamic Two-Phase Instability Model

In this section, the time domain method was used to build a dynamic model to study the two-phase
flow instability occur in the helical tube of the steam generator. shows the schematic diagram of the
parallel double helical tube system studied in this model.

(O

Up header

Head load from —, Head load from
primary side primary side

Down header

bt

Figure 2: Schematic diagram of a parallel double helical tube system.

As shown in , two parallel helical tubes are connected between the upper and lower headers. The
fluid flows into each tube from the lower header. During the upward flow along the tube, the fluid exchanges
heat with the working fluid of the primary side outside the tube, undergoes phase changes, and finally flows
out from the upper header.

The following one-dimensional homogeneous N-S partial differential equations are used to build the
present models.

Conservation of mass equation:

%, M _

- 1
ot "oz 7O M
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where M denotes fluid mass flow rate, A denotes cross-sectional area, and p denotes fluid density.

Momentum conservation equation

oM o (M? oP dP;

)+ AT+ = 1 pgAsin(8) =0 2
ot az(pA) 5z " az T rsasin(®) @
where P represents pressure; % is the frictional pressure drop gradient of fluid flowing along the channel;

g is the gravity acceleration; 6 is the helical rising angle.
Energy conservation equation:

Aa(ph) . o (Mh) _
ot 0z

Q (3)

where h denotes fluid enthalpy, and Q denotes heat load per unit length.
Besides, the following equations are also needed.

State equation:
p=f(Ph) (4)

3.1 Discrete Equations

The working fluid inside the tube experiences a phase change caused by heating. In order to accurately
consider the physical properties along the tube and the corresponding changes in resistance and heat transfer
characteristics, the present model divides the flow region into a series of grids based on the discrete method
and uses the finite difference method to solve the equations. Fig. 3 shows a schematic diagram of the mesh
division along the flow region in any helical tube.

XG,j+1, k) XGj. k)
Az Az Az

J+1 J J-1

X, j-1,k)
|

Figure 3: Mesh result of the flow region in the tube.

In Fig. 3, for any grid J along the tube i at time layer k, the inlet parameters are denoted by X(i, j, k).
Based on the above grid mesh method, the N-S partial differential Eqs. (1)-(3) are numerically discretized.
For grid J, the discretized equations are expressed as Eqs. (5)-(7).
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(1) Discretized mass conservation equation

i(p(i,j,k+1>+p<zzj—1,k+1>_ p(z',j,k>+p<z',j—1,k>)

At 2 2
+M(1,],k+1)—M(z,]—1,k+1):O 5)
Az
(2) Discretized momentum conservation equation:
1 (Mg k+1) + M (i, j-Lk+1)  M(i,jk) + M (i,j - 1,k)
At 2 2
L] M (i, jk+1)*) (M, j-1,k+1)* ,  PGik+D) -P(ij-1k+1) dP
ANz [\ p(i,j,k+1) p(i,j—Lk+1) Az dz
p(l’]+1’k+1;+p(l’1’k+1)gAsin9=O ©)
(3) Discretized energy conservation equation:
A (lp-hlGjk+D) +[p-h](j-Lk+1) [p-h](jk) +[p-h](ij- LK)
At 2 2
. [M-h](i,j,k+1)—[M-h](i,j-1k+1) QUi jk+1) )

Az
3.2 Resistance Correlations

The fluid inside the helical tube undergoes three stages: subcooled water region, two-phase mixture
region, and superheated steam region. The present model determines the state of the fluid in each grid by
comparing the inlet fluid enthalpy with the corresponding enthalpy values of saturated water and steam.

For single-phase region, the frictional pressure drop gradient is calculated using the Ito formula [22].

ar _ . G* )
dz ~ 2pd

where G denotes mass flow rate, d denotes hydraulic diameter, and f is coefficient of frictional resistance.
Under laminar flow conditions, the formula for calculating f is below [22].

)5.73

f = f:-21.5-De/ (1.56 + log,, De )

where f; is the corresponding straight tube resistance coefficient, De is the Dean number, which is calculated
by the following equation.

d
De = R — 10
e e\/DC (10)

where Re denotes Reynolds number, and D, denotes helical diameter.

Under turbulent conditions, the formula for calculating f is below [22]:

f=0.304Re™"% +0.029 (d/D.)"’ (11)
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For two-phase flow, frictional pressure drop gradient is calculated by the formula proposed by Santini
et al. [23].
P Gl

3 2
o - (—0.0373x* + 0.0387x” — 0.00479x + 0.0108) I (12)

where x is the steam quality.

3.3 Boundary Conditions

Boundary conditions are set as below:

(1)  The total inlet mass flow rate of the system is known.
(2) The inlet fluid enthalpy of the system is known.

(3) The inlet fluid pressure of the system is known.

(4) The outlet pressure of each tube is equal.

(5) The heat load along the tube wall is known.

In the above boundary condition (5), the heat flux density distribution is obtained from the coupled
heat transfer process between two sides of the steam generator, and it can be calculated by the steady thermal
hydraulic model in Section 2 of this paper.

3.4 Model Verification
(1) Verification for density wave instability

Wang et al. [24] conducted an experiment to study two-phase flow instability in two parallel helical
tubes, and obtained the threshold heat power values for density wave instabilities that occurred under
different inlet fluid quality (xi,). The related structural parameters and operation parameters are shown
in Table 1.

Table 1: Parameters set in verification examples.

Parameters Values
Tube length 479 m
Tube diameter 9 mm
Helical diameter 0.35m
Helical angle 10°
Local resistance coefficient 45
Inlet water pressure 2.0 MPa

Fig. 4 shows the calculated results of the model in this work, as well as the corresponding experimen-
tal values.

Fig. 4 shows that the calculated values show good agreement with the experimental values, and the
relative deviation of the predicted results from the experimental data shall not exceed 4% within the operating
range of the examples.
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Figure 4: The verification for density wave instability.

(2) Verification for flow excursion instability

Papini et al. [25] conducted an experimental study on two-phase instabilities in the parallel helically
coiled channels of a steam generator, and the experimental data were used to verify the reliability of the
prediction for flow excursion by the present model. In their experiment system, the test section consists of
two channels, each with a length of 32 m. The first 24 m of the channel is heated, while the remaining 8 m
is unheated. The flow rates in the two channels were recorded in the presence of a flow excursion instability
(system parameters: P = 24 bar, Tin = 134°C, Q = 46.5 kW). Fig. 5 shows the comparison of the predicted
results by the present model with the experimental data.

0.14 | ® Channel 1 (Experimental data)

©  Channel 2 (Experimental data)

o Channel 1 (Pred%cted results) +10%
Channel 2 (Predicted results)

0.10 -
= -
:\% 0.08 ;“ ;n i B
s Lf? L
0.06
004 L +10%
0.02 1 1 1 1 1 1 1 1
0 50 100 150 200 250

Figure 5: The verification for flow excursion instability.

In Fig. 5, it can be found that the predicted results show a good agreement with the experimental data,
and the flow rates of the two channels gradually diverge from each other, exhibiting an obvious flow excursion
phenomenon under the current operating conditions.
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4 Results and Discussions

In this section, the flow instability in two parallel helical tubes is investigated under coupled heat transfer
conditions. Based on the actual conditions of a lead bismuth fast reactor, multiple sets of examples are
designed to calculate the heat flux distribution, thermodynamic equilibrium quality distribution, and flow
rate oscillation curves in the steam generator at different inlet lead bismuth temperatures of 320-480°C and
different inlet water temperatures of 160-240°C. In the calculation, the length and diameter of the tube are
20 m and 500 mm, respectively; the inner diameter of the tube is 9 mm, and the helical angle is 6°. The inlet
fluid pressure and inlet fluid mass flow rate of the secondary side are 5.0 MPa and 1000 kg/(m?-s), respectively,
while the lead bismuth velocity is 0.5 m/s. To focus on investigating the occurrence characteristics of flow
instability phenomena, this study specifically designs a series of low-load operating conditions where the
secondary side outlet is saturated steam.

Before conducting computational analysis, it is necessary to verify the independence of the time step
and spatial step set in the model. Fig. 6 shows the calculation results of the threshold heat load (Q.) of the
parallel helical tube system at different time steps and spatial steps, respectively.

60

s8 |
60 |

s6 |-
s4 |
52 F

s0 b L

0. /(kW/m?)
|}
0, [(kW/m?)

50 - e
Frys

46
44 F

4|

40 L L
0.02 0.05 0.1 1 2 40 L ! L L L
0.0 0.2 0.4 0.6 0.8

At/s Az /m

(a) (b)

Figure 6: Grid independence verification results: (a) Time step independence verification; (b) Spatial step indepen-
dence verification.

Fig. 6a indicates that when the time step is less than 0.05 s, the threshold heat load value almost
no longer changes with the decrease of time step. Therefore, the time step is set as 0.05 s in this model.
Meanwhile, Fig. 6b indicates that when the spatial step size is less than 0.05 m, the threshold heat load value
almost no longer changes with the decrease of spatial step. Therefore, the spatial step is set as 0.05 m in
this model.

4.1 Influence of Heat Load Distribution

In this section, the heat load distribution along the tube under the coupled heat transfer conditions
is first calculated by the steady thermal-hydraulic model, as shown in Fig. 7. In the calculation, the inlet
temperature of lead bismuth on primary side (Tip,in) is 400°C, and inlet temperature of water on secondary
side (T¥;,) is 200°C. In addition, existing related research often simplifies the heat load distribution into a
uniform distribution or a linear distribution. In order to study the influence of heat load distribution, Fig. 7
also presents four different linear heat flux distributions with different slopes (K = 0, 0.5, 1.0, 2.0), and the
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uniform heat flux distribution can be considered as a linear distribution with slope K = 0. The average heat
flux (Qavg) remains constant under all heat flux distribution patterns.

Coupled heat transfer conditions, Q,,,=154.52 kW/m?, RSD=1.47
1000 |- — — Assumped uniformity heat conditions , 04g=154.52 kW/m’, RSD=0

- Assumped linear heat conditions(K=0.5), 0,,,=154.52 KW/m?, RSD=0.14
— - — Assumped linear heat conditions(K=1.0), Q,,,~154.52 kW/m?, RSD=0.29
800 | — - - - Assumped linear heat conditions(K=2.0), Qaw;=]54'52 kW/mz, RSD=0.58

600 -

0 /(kW/m?)

400

200

Figure 7: Heat load distribution results under different heat boundary conditions.

In Fig. 7, it can be seen that under the coupled heat transfer conditions, the heat load distribution is
extremely non-uniform along the tube. Firstly, the fluid at the front of the tube section is in a single-phase
subcooled water state, and heat transfer coefficients on the inner wall surface are generally low, resulting in a
relatively low heat flux density. As the fluid continues to be heated along the flow direction, the temperature
difference between water and lead bismuth gradually decreases, resulting in a gradual decrease in heat flux
density. At the position of z = 10.9 m, the fluid inside the tube reaches saturation temperature and begins
to enter the nucleate boiling region. The inner wall heat transfer coefficient sharply increases, resulting in a
sudden increase in heat flux density between two sides. At the outlet of the tube section, the heat flux density
reaches its peak. The maximum and minimum values of heat flux density are about 1087.4 and 25.1 kW/m?,
and there exists a difference of 43 times between them. The relative standard deviation (RSD) is adopted to
characterize the uniformity of heat flux density distribution along the tube, and the calculation method is as
follows.

¥ (Q()-Q)°
RSD= Y+ N1 (13)
Q

where Q is the average value of the heat flux corresponding to all grids along the tube.

According to the calculation, the RSD of the heat flux distribution under coupled heat transfer
conditions is 1.47, which is much higher than the corresponding values under uniform heat flux distribution
and linear heat flux distribution conditions.

Fig. 8 indicates the oscillation curve of inlet mass flow rate in parallel helical tubes calculated under
different heat flux boundary conditions, as defined in Fig. 7, calculated by the dynamic instability model.
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Figure 8: Calculation results of inlet mass flow oscillation curves under different heat boundary conditions.

Fig. 8 declares that the oscillation curve of mass flow rate tends to converge, and the system quickly
returns to stability under the coupled heat transfer conditions. Under the condition of linear heat flux
distribution, the oscillation curve of mass flow rate in the tube shows a significant divergence trend. As the
distribution slope K increases, the divergence trend of the oscillation curve slows down significantly, and the
system stability is enhanced. Under the condition of uniform heat flux distribution (K = 0), the divergence
trend of the oscillation curve is the most severe, the oscillation amplitude rapidly expands, and the system
is the most unstable. The main reason can be explained below. The heat flux density in a long tube section
from the tube inlet (0 m < z < 15 m) under the coupled heat transfer conditions is further lower than that
under the condition of linear heat flux distribution. This directly leads to a significantly longer length of the
single-phase subcooled water section and a relatively shorter length of the two-phase evaporation section
inside the tube. Fig. 9 shows the fluid quality distribution (x) along the helical tube under different heat
boundary conditions. The length of subcooled water section (L) and the length of two-phase evaporation
section (L;) inside the tube under different heat boundary conditions are also shown in Fig. 9.
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0.6 F—-—- Assumped linear heat conditions(K=1.0), L =4.9 m, L=15.1 m P /,’/

DGy
===~ Assumped linear heat conditions(K=2.0), L =79 m, L=12.1m 7, // v
.

Subcooled region

0 5 10 15 20

Figure 9: Fluid quality distribution results under different heat boundary conditions.
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It can be clearly seen from Fig. 9 that under the coupled heat transfer conditions, the length of subcooled
water region (L) is 10.9 m, and the length of the two-phase evaporation section (L;) is only 9.1 m. Under the
condition of uniform heat flux distribution, the corresponding length of the single-phase subcooled water
region is 3.1 m, which is only one-third of L; under the coupled heat transfer conditions. Meanwhile, as the
slope K of the linear distribution increases, L also increases and L, gradually decreases. The main reason for
this is that as the slope K increases, the wall heat flux density of the front section of the tube near the inlet
gradually decreases, which means the inlet working fluid needs to flow through a longer distance to be heated
to saturation temperature. In general, the compressibility of the liquid in the subcooled water region is very
weak, which can hinder the oscillation of the flow rate inside the tube. In the two-phase region, the working
fluid undergoes a phase transition, resulting in significant density changes and promoting the occurrence of
density wave oscillation. The larger the ratio of L; to L;, the more stable the system becomes [26]. Therefore,
as the slope K of the linear distribution increases, the density wave oscillation trend weakens and the system
stability enhances.

4.2 Influence of Inlet Lead Bismuth Temperature in Primary Side

Fig. 10 declares the heat load distribution of the inner tube wall at different inlet lead bismuth
temperatures (Tipin = 320°C~480°C) calculated by the steady thermal-hydraulic model. Among them, the
inlet water temperature in secondary side is 160°C.

1600

F—— 7, ,=320°C, 0, =105.85 kW/m’, RSD=0.85
MO - -1, =360°C, 0, =145.03 KW/m’, RSD=1.04 !}
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1200 | T, ,=400°C, 0  =183.41 kW/m’,RSD=1.19

L _ o . 2 . Jw
o [T TeaHM0°C, 0, 22098 KW/, RSD=1.30 [ .

| ---=- T, ,=480°C, Q, =257.38 kW/m’,RSD=1.27 | |}

Ib, in

800 |-

0 /(kW/m®)

600
400

200 |

0

Figure 10: Heat load distribution results under different inlet lead bismuth temperatures of 320°C~480°C.

Fig. 10 shows that the heat load between two sides gradually increases with the increase of Tipip,
especially in the section near the outlet of the helical tube, where the heat flux density increases significantly.
As Tip,in gradually increases from 320°C to 480°C, the average heat flux density (Q.yg) along the steam
generator gradually increased from 105.85 to 25738 kW/m?, with an increase of approximately 2.5 times.
The peak heat flux density increased from 427.82 to 1515.86 kW/m?, increasing by nearly 3.5 times. The main
reason for this can be explained below. As the inlet lead bismuth temperature increases, the temperature
difference between the two fluids gradually increases. Moreover, the increase in heat transfer temperature
difference is more significant in the section near the outlet of the helical tube, due to the counter flow
arrangement of the steam generator. This leads to an increase in heat transfer between the two sides. Fig. 10
also indicates that as Tjp iy gradually increases from 320°C to 480°C, the relative standard deviation (RSD)
of the heat flux distribution along the steam generator shows a gradually increasing trend from 0.85 to 1.27,
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increasing by 49%. This indicates that the heat flux density distribution gradually becomes more uneven. At
Tib,in = 480°C, the maximum value and minimum value of heat flux density are 1515.86 and 39.07 kW/m?,
and the difference between them is approximately 40 times. Fig. 11 represents the fluid quality distribution
results along the helical tube under different inlet lead bismuth temperatures ranging from 320°C to 480°C.

1.2
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Figure 11: Fluid quality distribution result under different inlet lead bismuth temperatures of 320°C~480°C.

In Fig. 11, it can be seen that as Ty, ;, increases, the heat load between two sides gradually increases, and
the fluid quality at the outlet of the secondary side gradually increases. Especially in the two-phase region, the
variation in fluid quality along the tube becomes more pronounced as Tfy, i, increases. When Tip, i, increases
to 480°C, the fluid at the outlet has reached a superheated steam state, with a thermal equilibrium quality of
nearly 1.1. Fig. 12 further shows the oscillation curves of the inlet mass flow rate in two parallel helical tubes
under different inlet lead bismuth temperatures of 320°C~480°C calculated by the dynamic instability model.
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Figure 12: Calculation results of inlet mass flow oscillation curves under different inlet lead bismuth temperatures of
320°C~480°C.

Fig. 12 indicates that the inlet mass flow rate in parallel helical tubes exhibits two typical flow instability
phenomena at different inlet lead bismuth temperatures. Firstly, under the condition of relatively low inlet
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lead bismuth temperature (Tip,in = 320°C~400°C), the flow excursion instability occurs in the inlet mass flow
rate of two tubes. The flow rate of the working fluid in the tube gradually deviates from the initial steady-
state value, accompanied by the appearance of out-of-phase density wave oscillation. As Ty, ;, increases, the
phenomenon of flow excursion intensifies, and the mass flow rate of the two tubes rapidly deviates from the
steady-state value, indicating that the system becomes more unstable. When Tj, ;, increases to 440°C, the
flow excursion phenomenon disappears, and the inlet mass flow rate of the two tubes shows single out-phase
density wave oscillation and tends to diverge. As Tjy, i, continues to increase, the oscillation amplitude of mass
flow rate also increases, the divergence trend becomes more obvious, and the system stability is significantly
weakened. The above law of two typical flow instability phenomena is related to the variation curve of
pressure drop with flow rate of the parallel helical tube system in the secondary side (“AP-G curve”). The
flow excursion instability generally occurs in the negative slope region of AP-G curve [27]. Fig. 13 shows the
corresponding AP-G curve under different inlet lead bismuth temperatures (T, = 320°C~480°C). In
the calculation of the above examples in Fig. 12, the mass flow rate of the parallel helical tube system is
1000 kg/(m?-s).
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Figure 13: Calculation results of AP-G curve under different inlet lead bismuth temperatures of 320°C~480°C.

Fig. 13 indicates that the working conditions in the tube are all located in the negative slope region of
AP-G curve under the conditions of low inlet lead bismuth temperature (T, i, = 320°C~400°C), resulting
in the occurrence of the flow excursion phenomenon. Under these conditions of Ty, i, = 320°C~400°C, the
heat load values along the tube are relatively small, and the steam quality at the outlet is low. Therefore, the
fluid density variation along the helical tube is relatively weak, the amplitude of density wave oscillation is
also relatively weak. As Tiy, i, increases (Tip,in = 440°C~480°C), the wall heat flux density gradually increases,
and the steam quality at the outlet of the secondary side gradually increases, even reaching the superheated
steam state. At this time, the working condition in the tube is located in the positive slope region of AP-G
curve, and the flow excursion phenomenon disappears. However, the density changes experienced by the
fluid are significantly intensified under higher Ty, i, of 440°C~480°C, so stronger density wave oscillation
between the tubes is induced.

4.3 Effects of Inlet Water Temperature in Secondary Side

Fig. 14 indicates the heat load distribution at different inlet water temperatures in the secondary side
(Ttin = 160°C~240°C) calculated by the steady thermal-hydraulic model. Among them, Ty, is 400°C.
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Figure 14: Heat load distribution result under different inlet water temperatures of 160°C~240°C.

Fig. 14 indicates that as Tf;, increases, the temperature difference between water and lead bismuth is
bound to decrease, resulting in a weakened heat exchange between two sides. The average heat flux density
(Qavg) gradually decreases from 183.41 to 140.04 kW/m?, decreasing by about 24%. Fig. 14 also declares that
as Tfin gradually increases from 160°C to 240°C, the relative standard deviation of heat load distribution
along the steam generator (RSD) increases from 1.19 to 1.60, increasing by 34%. This indicates that heat load
distribution gradually becomes more uneven. Besides, it should be noted that there is almost no difference
in the outlet fluid temperature under different inlet water temperatures of 160°C~240°C. Fig. 15 further
illustrates the fluid quality distribution (x) of the secondary side along the helical tube under different inlet
water temperatures (T, = 160°C~240°C).
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Figure 15: Fluid quality distribution result under different inlet water temperatures of 160°C~240°C.

Fig. 15 indicates that there is almost no obvious change in the fluid quality at the outlet, due to the
constant Tip, ;. When the inlet water temperature is low, the wall heat flux density near the inlet of the tube
is also high, caused by a higher heat transfer temperature difference, and the fluid quality also changes more
dramatically. Fig. 16 further shows the oscillation curves of the inlet mass flow rate in two parallel helical
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tubes under different inlet water temperatures of the secondary side (Tf;, = 160°C~240°C) calculated by the
dynamic instability model.
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Figure 16: Calculation results of inlet mass flow oscillation curves under different inlet water temperatures of
160°C~240°C.

Fig. 16 declares that when T, is 160°C, there is a significant flow excursion phenomenon, accompanied
by divergent density wave oscillation characteristics, resulting in a rapid deviation of the mass flow rate
from the steady-state value. When the inlet water temperature increases to 180°C, the phenomenon of flow
excursion disappears, and the flow rate between two tubes exhibits divergent out-of-phase density wave
oscillation. As the inlet water temperature continues to increase, the oscillation trend of the mass flow rate
between two tubes tends to converge, the amplitude gradually weakens, and the system stability is enhanced.
When the inlet water temperature increases to 240°C, the oscillation trend of the flow rate is already very
weak, and quickly recovers to the initial steady-state value.

5 Conclusions

In this paper, a steady thermal-hydraulic model was first established to study the coupled heat transfer
between two sides of the helical tube steam generator in liquid metal fast reactors, and then a dynamic model
was established to study the two-phase flow instability among parallel multiple channels under coupled heat
transfer conditions. According to the lead bismuth fast reactor, the flow instability between two parallel
helical tubes was calculated and analyzed within the operating conditions of inlet lead bismuth temperature
of 320°C~480°C and inlet water temperature of 160°C~240°C. The following conclusions are obtained.

(1)  The heat flux distribution between two sides of steam generator is extremely uneven, showing a trend
of slowly decreasing from the inlet and then sharply increasing near the outlet. Under the coupled
heat transfer condition, the flow instability is less likely to occur, and the system stability is stronger,
compared to uniform heat flux distribution or linear heat flux distribution.

(2) Flow excursion instability is prone to occur under the conditions of low inlet lead bismuth tempera-
ture, and density wave instability also occurs simultaneously. As the inlet lead bismuth temperature
increases, the phenomenon of flow excursion gradually disappears, the amplitude of density wave
oscillation gradually increases, and the system stability weakens.

(3) Similarly, flow excursion instability is prone to occur under the conditions of low inlet water tempera-
ture, and density wave instability also occurs simultaneously. As the inlet water temperature increases,
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the phenomenon of flow excursion gradually disappears, the amplitude of density wave oscillation
gradually decreases, and the system stability enhances.
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