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HPR1000 pressurizer degassing
system design and analysis

Huaiming Cui and Zhiyun Cai*

Science and Technology on Reactor System Design Technology Laboratory, Nuclear Power Institute of
China, Chengdu, Sichuan, China

In the Hualong-1 Unit (HPR1000), the hydrogen (H,) concentration should be
reduced to 15 mL (STP)/kg 24 h before reactor shutdown when the reactor vessel
is scheduled to be opened. The traditional degassing method, i.e., letting down
the reactor coolant through a chemical and volume control system, will take
longer, and its operation is more complicated. To shorten the degassing time and
simplify the operation, this paper proposes a pressurizer degassing system design
for HPR1000 by applying the pressurizer as thermal degassing equipment. Then,
the degassing system optimization analysis is carried out under a full range of
steady operating conditions during shutdown, and the optimal size of the flow-
limiting orifice plate is obtained. Meanwhile, in order to verify the transient
characteristic during the degassing process to ensure operating safety, a
dedicated transient degassing program based on an improved non-
equilibrium multi-region pressurizer model and a transient degassing model is
used to carry out a transient simulation analysis of this process. The transient
simulation results show that, under bounding conditions of hot—zero-power
operation, during the degassing process, the pressure of the pressurizer
decreases by a maximum of 0.038 MPa and the water level increases by
0.016 m above the normal level. As can be seen, both the pressure and water
level are within the normal operation band and shall not initiate any safety signal.
Meanwhile, the entire transient process lasts approximately 24 min and then
enters a stable degassing period. It takes approximately 5.2 h to remove the gas
dissolved in the reactor coolant from 35mL (STP)/kg to 15 mL (STP)/kg. The
analysis shows that the pressurizer degassing system designed for HPR1000 is
safe, effective, and reliable.
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pressurizer degassing, Hualong-1 Unit, non-equilibrium multi-region model, degassing
transient, degassing optimizer, system design

1 Introduction

The Hualong-1 Unit (HPR1000) is a third-generation nuclear power plant that is
completely self-developed and designed by China using the highest international safety
standards. It innovatively puts forward the safety concept of “active and passive safety,”
provides comprehensive measures for serious accident prevention and mitigation, and fully
absorbs the experience feedback from the Fukushima accident. It has a core damage
frequency (CDF) <10 %/reactor-year and a large release frequency (LRF) <10 "/reactorsyear.

The HPR1000 reactor cooling system (RCS) consists of three parallel heat transfer
loops, each with a reactor coolant pump, a steam generator, and associated pipes and valves.
In addition, the RCS includes a pressurizer, a corresponding pressurizer spray subsystem,
and an electric heating subsystem to control the pressure of the pressurizer. A 3D diagram of
the HPR1000 RCS is shown in Figure 1.
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FIGURE 1
Three-dimensional (3D) diagram of the HPR1000 RCS.
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FIGURE 2

Schematic diagram of the HPR1000 regulator degassing system.

The traditional degassing method is used to let down the reactor
coolant through the chemical and volume control system under
water—solid conditions. Engineering experience has shown that this
traditional method is very complex and time-consuming.

To shorten the degassing time and simplify the operation, this
paper proposes a pressurizer degassing system design for
HPR1000 by applying the pressurizer as thermal degassing
equipment. The pressurizer degassing system flow diagram is
shown in Figure 2. The degassing pipeline of the pressurizer
degassing system is connected to the pressurizer safety valve
impulse pipeline, and a flow-limiting orifice plate is installed at
the entrance of the degassing pipeline to limit the degassing flow.
The degassing valve is selected as a remotely controlled, air-operated
valve. During shutdown operation, when RCS degassing is required,
the operator can manually open the degassing valve and modulate
the spray-valve opening to adjust the charge/let-down flow rate
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FIGURE 3
Degassing flow diagram.

according to the specific degassing procedure to degas the RCS
continuously. The radioactive waste gas discharged from the RCS is
then led into the radioactive gas treating system.

The principle for the degassing process is as follows.

First, the reactor coolant is pumped into the pressurizer vapor
space through a pressurizer spray system by the reactor coolant
pump (RCP). Since the concentration of non-condensing gas in the
spray liquid is much higher than the equilibrium concentration of
steam in the pressurizer vapor space, the non-condensing gas will
then migrate from the spray liquid into the pressurizer vapor space.
Therefore, the gas partial pressure of the pressurizer vapor space will
increase. At the same time, mass exchange and gas migration occur
continuously between the pressurizer vapor space and liquid space
until the two-phase system achieves a new equilibrium. Then, the
degassing valve is opened to discharge the pressurizer steam, whose
gas partial pressure is increased, and the electric heater is put on to
supplement the discharged gas and the lost heat, by which the
pressure of the pressurizer and the corresponding saturation
temperature are maintained within the allowed range. Repeating
the above process can achieve the purpose of reducing the
concentration of non-condensing gas in the primary coolant.

The pressurizer degassing system design can maximize the use of
the pressurizer and is consistent with the principles of simplicity and
economy for a small module reactor. At the same time, a reasonable
system design can make degassing more efficient, the degassing time
shorter, and operation safer. In this paper, the optimal system design
of HPR1000 is first obtained by using the verified steady-state
pressurizer degassing model and optimization algorithm. Then,
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to verify the safety of the optimized system design, a transient
analysis of the process when opening the degassing valve is
simulated based on the verified transient pressurizer model to
ensure that the pressure and water level in the pressurizer do not
fluctuate significantly to activate the safety protection device. The
paper is structured as follows: Section 1 is the introduction; Section
2 provides the mathematical models for the steady-state and
transient analysis of HPR1000; Section 3 describes the degassing
system of HPR1000; and Section 4 provides the results and
discussion.

2 Preliminaries
2.1 Steady degassing model

The degassing process is based on solution and mitigation
theory, which can be described by Henry’s Law (Henry, 1803). A
typical pressurizer degassing model is shown in Figure 3.

In the figure, C;, Cy, Cs, C', and C" are the concentrations of
non-condensable gas in the spray flow, discharging flow, coolant
return from the surge line to the reactor loop, and evaporative gas in
the pressurizer, respectively; G;, Gz, Gs3, G, and G,,, are the
corresponding mass flows.

Caldwell (1956) proposes a calculation model for steady-state
hydrogen (H,) removal efficiency for the pressurizer. Zhong et al.
(2018) proposed a more accurate steady-state degassing model for
the pressurizer, which can be used as the basis for theoretical
research on degassing.

Based on the study by Zhong et al. (2018), the equation for the
concentration of non-condensable gas in the pressurizer vs time is

G1€+G2(1 —S)t)

W (1)

Ci(t) =Ci(0) eXP<—

where ¢ is the degassing efficiency.

Using this formula, the degassing time to reach a certain degassing
concentration and the degassing concentration change curve in the
coolant can be calculated under a given degassing efficiency.

2.2 Degassing optimization algorithm

The degassing efficiency can be influenced by different inherent
characteristics of the pressurizer, degassing operating conditions,
degassing flow rate, and degassing type. To obtain the optimal
system design, a verified steady-state degassing optimization
algorithm (Zhong et al., 2018) is adopted in this paper, and its
main ideas are as follows.

2.2.1 Objective function
The degassing period T, (Zhong et al., 2018) is defined as

Ci(t)
Ta==mr (2)

dr

where T, represents the time taken for the concentration of the
non-condensable gas in the reactor coolant to decrease to I/e of the
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FIGURE 4
Optimization algorithm diagram (Zhong et al., 2018)

initial concentration, reflecting the length of degassing time, and,
therefore, serves as an objective function.

2.2.2 Constraints
To ensure the smooth operation of the degassing process, there
are two constraints (Zhong et al., 2018):

1) The discharging flow rate must be less than the spray flow.
2) The electric heater cannot be overloaded and has a maximum
limit value.

2.2.3 Optimization algorithm

Based on the constraints, the feasible region of the optimization
objective is a linear constraint set, as shown in Figure 4 (Zhong et al.,
2018). Since T4 (G;, G,) is a nonlinear function of G; and G, the
optimization problem is a convex optimization problem.

The feasible region boundary in the figure above consists of four
constraint lines, namely, L;: GI = GI0, representing the maximum
spray flow constraint line; L,: G2 = G20, indicating the maximum
discharging flow constraint line; L;: G2 = S0G,, which is the spray
flow constraint line; and Ly GI (hsf-hin)+G2 (hsg-hsf) = PO,
representing the electric heating power constraint line. Here, hy
is the enthalpy of saturated water, hg, is the enthalpy of saturated
steam, and h;, is the enthalpy of spray flow.

2.3 Improved non-equilibrium multi-region
pressurizer model

Typical pressure-level response models for pressurizer
simulation include the non-equilibrium two-region model, the
non-equilibrium tri-region model, and the non-equilibrium
multi-region model. The two-region model was first proposed by
Redfield and Margolis (Gunther and Kreith, 1950; Redfield et al,
1968; Nahavandi and Makkenchery, 1970; Baron, 1973; Kim et al,,
2006). In this model, thermal stratification will be induced when
cold water enters the pressurizer, which will affect its accuracy. The
tri-region model was proposed first by Baggoura, Martin, and Baek
(Abdallah et al., 1982), which divides the entire pressurizer into
three regions, namely, vapor region, water region, and surge region.

Since this model does not clearly define the surge region, the initial
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FIGURE 5
Multi-region non-equilibrium model.

volume is uncertain, and the dividing coefficient is also hard to
determine, which is critical to the simulation accuracy.

The non-equilibrium multi-region model divides the entire
pressurizer into three main regions (vapor region, liquid region,
and saturated region), and each region is further subdivided into a
number of control volumes, as shown in Figure 5. The mass and
energy-exchanging processes can be more precisely simulated
through this model, and it can overcome the problems that exist
in two-region and tri-region models. Based on the multi-region
model, an improved non-equilibrium multi-region model was
proposed by Zhong et al. (2019), which is more applicable to the
pressurizer degassing transient simulation analysis.

2.3.1 Control equations
From mass conservation and energy conservation, for liquid
region i (i = 1,2, ... ,m-1),

d (Pl,i%)

R Wi = Wi = Wi, (3)
t
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_p) YL
M = Wby - Wihyy — Woepihsg + Pri + Quelis
t
(4)

where p is the RCS pressure, Pa; V is the pressurizer volume, m?;
W, i(x = 1,v) represents the mass flow rate between control volume i
and i+1, kg/s; ﬁx,i is the enthalpy between i and i+1, J/kg; Wy, ;; is the
flashing flow rate of volume i, kg/s; P;; represents the heat power of
liquid region volume i, W; and Q. ; is the thermal conductivity of
volume i, W.

For vapor region i (i = 1,2, ...

d(pv,iVT;VL)
d;

d((pyihs - p) 5
d;

n-1),

= Wv,ifl - Wv,i - th,v,i - Wsc,v,i) (5)

) = Wv,i—lljlv,i—l - Wv,i]:lv,i - Wbc,v,ihsf - Wsc,v,ihsg

+ th,v,i >
(6)
where Vi is the pressurizer volume, m? Wy, ; is the condensate

flow rate of volume i, kg/s; and W, ; is the spray flow rate of volume
i, kg/s. For the saturated region,

Vi, Vivi
w = Wbe,sum + Wbc,sum + Wl,m—l + Wv,n—l + Wsp
t
+ Wsc,sum)
7)
d((pogher = p) Sk + (pghes = £) *57)
d
= Wbe,sumhsg + Wbc,sum hsf> (8)

+ Wl,m—lhl,m—l + Wv,n—lhv,n—l)
+ (Wsp + Wsc,sum)hsf + th,l,m + th,v,m

where Wy, .., represents the total flashing flow rate entering the
vapor region from the liquid region, kg/s. Wy, s, represents the
total condensate flow rate entering the saturated region from the
vapor region, kg/s, volume i and i+1, kg/s; Wsp is the pressurizer
spray flow rate; and Wsc,sum is the total spray droplet flow rate, kg/s.

2.3.2 Physical models

During the pressurizer degassing process, two physical
phenomena occur. One is flashing and steam condensation, while
the other is spray condensation.

The flashing process occurring in the liquid region can be
described as the process in which bubbles form and rise from the
liquid region; the steam condensation process occurs when the
droplets in the vapor region fall into the liquid region. Then, the
flashing flow rate for volume i (i = 1, 2, ..., m-1) in the liquid
region is

Weesi = pog01iAV bris %)

where V,, is the bubble rising speed, m/s, which can be
obtained by the Gunther-Kreith correlation (Gunther and
Kreith, 1950).

Furthermore, the steam condensation flow rate for volume i (i =

1,2, ..., n-1) in the vapor region is
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Degassing transient model diagram.

Wbc,v,i = Psf (1 - av,i)Ach,v,ia (10)
where Vs an experienced constant.
The homogeneous flow model is applied to both vapor and
liquid regions; then,

1
. (an

Psf

The spray condensation process occurs when the spray droplets
condense the surrounding steam as they fall, and then the

condensates enter the saturated region. From energy
conservation, the total condensation flow rate is
hye —h
Wsc,xum = Wspu, (12)
hsg — hgy

where hg, is the enthalpy of the entrance spray liquid, J/kg.

2.4 Transient degassing model

During the degassing process, the pressure and water level in the
pressurizer will fluctuate as the degassing valve opens, which can, in
turn, affect the degassing efficiency. Thus, a pressurizer degassing
transient model is required to simulate this process.

A lumped parameter method is applied in establishing the
transient degassing model (Zhong et al., 2021), as shown in Figure 6.

From mass conservation,

d(mgCg) B
T - Glcl - GZCZ - Gdrcdr + Gvapcvap) (13)
t
d Mfo
% = GgCyr — Gvapcvap -GG, (14)
t
d (myC,
dmiCa) _ e, -Gic, (15)
d;
d
(md) = Gsup + GS - Gl, (16)
d,
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where m,; is the total mass of the RCS coolant, kg; C, is the gas
concentration dissolved in the RCS coolant, kg/kg (H,O); and Gy, is
the makeup flow rate, kg/s.

For the gas concentration of the interface between the vapor and
liquid regions,

M 2!
Cdr:<Ki ]\ZiOszO)Cg) (17)

M;
Cup=|————1Cy, 18
P (KiMHZOszO> ! (18)

where K; is the Henry coefficient, which is the function of the
saturated pressure p.

Before this model can be used to calculate the transient of the gas
concentration of the pressurizer and the primary coolant, it is
necessary to obtain the values of the thermal-hydraulic physical
quantities of the pressurizer, such as pressure, mass, and mass flow
rate. In this paper, the thermal-hydrodynamic calculations are given
to the model proposed in Section 2.3, and then the calculated values
are passed to this model to calculate the gas concentration. Zhong
et al. (2021) provides the specific computational framework.

3 Degassing system analysis

3.1 Optimal size of the flow-
restricting orifice

The optimal size of the flow-restricting office is calculated using
the degassing optimization algorithm presented in Section 2.2. Seven
pressure plateaus during plant shutdown operation are selected for
the optimization calculation of pressurizer  degassing
(15.5 MPa-2.6 MPa [pressure of the steam bubble collapsed]),
and the corresponding spray inlet temperature is the highest
temperature allowed for each operating condition to maximize
the degassing efficiency (Zhong et al., 2018). The available power
of pressurizer electric heaters is 0-100%, and the maximum ratio of
gas discharging flow to spray flow is set to be 1.0.

Based on the boundaries and conditions described above, the
calculated results are shown in Table I:

As shown in the optimization calculation results, the size of the
flow-limiting orifice plate is in the range of 1.701 mm-2.343 mm.
The larger the size of the flow-limiting orifice plate, the greater the
system pressure fluctuations when the degassing valve is opened,
especially under the high-pressure plateau. At the same time, for the
low-pressure plateau, a larger flow-limiting orifice plate means more
heat loss and a lower ratio of discharging and spray flow.

After comparative analysis, the size of the flow-limiting orifice
plate is selected to be 1.7 mm. This selection not only ensures the
stability of the system pressure fluctuations but also takes into
account the degassing efficiency of the low-pressure plateau.

After using the 1.7-mm flow-limiting orifice plate. the hydrogen
concentration vs. time curves when degassing at different pressure
and temperature plateaus can be calculated using Equation 1, and
the results are shown in Figure 7.

As shown in the figure, the lower the degassing pressure, the
higher the degassing efficiency, and the shorter the degassing time
required. The degassing time is shortest at the 2.6-MPa plateau, and

05 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1407170

Cui and Cai

TABLE 1 Optimization calculation results.

10.3389/fenrg.2024.1407170

Pressure/ Spray inlet Electric Ratio of discharging Degassing Degassing Size of the
MPa (abs) temperature/°C heater flow to spray flow period/h efficiency(%) orifice/mm
power/%
155 291.7 100 0.035 8.5 91.596 2.343
12 274.68 100 0.026 7.8 94.248 2.192
10 261.00 100 0.022 74 95.370 2.079
8 245.01 100 0.019 6.9 96.561 1.988
6 225.59 100 0.015 6.5 97.705 1.831
4 200.36 100 0.013 6.1 98.687 1718
26 176.05 100 0.011 52 99.271 1.701
40 Savp SPRAY VALVE OPENING
. — B a
35 H, concentration,cc/kg 120.00%
—— [2MPa
30 ——10MPa 100.00% / -
——— 8MPa
2 80.00%
20 ——6MPa /
—— 4MPa 60.00%
15 /
10 ~26MPa 40.00% /
5 20.00%
0 Time, s /
0.00% <+ : : s
0 10000 20000 30000 40000 50000
1.7 52 AP(bar)
FIGURE 7
Hydrogen concentration vs. time curves. FIGURE 8
Opening of the spray valve vs. pressure difference.
TABLE 2 Degassing transient initial condition.
n degassing valve. Therefore, the initial condition parameters can be
Item Value Unit g J ’ P
easily calculated through heat balance (see Table 2).
RCS pressure 15.5 MPa
RCS temperature 2017 “c 3.2.2 Boundary conditions
Boundary conditions are as follows:
Spray flow 3.582 kg/s
Water level 3.591 m i. Spray valve
H, concentration 35 cc/kg . . .
The spray valve is placed into automatic control mode, whose

it takes approximately 5.2h to remove the gas dissolved in the
reactor coolant from 35 mL (STP)/kg to 15 mL (STP)/kg.

3.2 Degassing transient simulation analysis

3.2.1 Initial condition

Although the RCS can be degassed at any shutdown plateau, the
bounding condition is the hot-zero-power operation. Prior to
opening the degassing valve, the operator energizes all the
pressurizer heaters and places the spray valve in automatic control
mode, according to the operating procedure. When the plant enters a
stable condition approximately 200 s later, the operator opens the

Frontiers in Energy Research
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opening is a function of the pressure difference between the measured
pressure and the set pressure (see Figure 8).

ii. Surge line
The in-surge or out-surge flow rate in the surge line will vary
with the spray flow and the thermal expansion of the RCS
automatically.

iii. Electrical heaters

All the electrical heaters are energized according to the operating
procedure and the optimized calculation result.

iv. Degassing valve
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Spray flow-rate transient curve.

The degassing valve will be fully open at 200 s, and the flow will
be limited by the downstream orifice plate with a size of 1.7 mm.

3.2.3 Transient simulation analysis

Transient simulation analysis is conducted using the improved
non-equilibrium multi-region pressurizer model described in
Section 2.3. The total simulation time is set at 3,000s, and the
time step is set to 0.1 s. By repeated trial calculation, when the grid
number of the liquid region and vapor region reaches 300, a grid-
independent solution can be obtained.

The degassing valve is opened 200 s later, and then the RCS
begins to degas the hydrogen. In the degassing transient, the
pressure and the spray flow versus time curves are given in
Figure 9 and Figure 10, respectively.

Frontiers in Energy Research 07

From these two transient curves, at the moment of the degassing
valve being opened, the pressure decreases rapidly, which will cause
the control system to reduce the spray valve opening automatically;
thus, the spray flow rate decreases quickly. However, at 263 s, since
the spray flow, heater power, and degassing flow reach a heat-
balance state gradually, the pressure and spray flow begin to decrease
more slowly and eventually arrive at the lowest point at 691 s, with a
pressure of 15.462 MPa and a spray flow rate of 3.269 kg/s. Then, the
pressure begins to increase, and the spray flow starts to increase.
After 1,230 s, the pressure reaches a stable value, which means that
the degassing process enters the steady degassing condition.

The water level in the pressurizer is shown in Figure 11. In order
to show more details, the section from 100 s to 300 s of the curve is
partially enlarged (see Figure 12). As shown in Figure 11, the water
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Water-level transient curve.
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FIGURE 12
Partially enlarged water-level transient curve.

level does not change a lot due to opening the degassing valve. The
eventual stable level is 3.421 m. From Figure 12, the partially
enlarged water-level curve shows that, at the moment of opening
the degassing valve, the water level increases to 3.607 m, which is
because the condensation droplets in the vapor region
increase quickly due to the pressure decreasing rapidly at
this moment.

It can be seen that the HPR1000 regulator degassing system
designed in this paper is stable and controllable in the transient
process of degassing when opening the exhaust valve, and degassing

is safe and effective and meets the safety design requirements.

Frontiers in Energy Research
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4 Conclusion

To reduce the time taken to reduce the H, concentration from
35 mL (STP)/kg to 15 mL (STP)/kg, this paper designs a pressurizer
degassing system by applying the pressurizer as thermal degassing
equipment. Then, an optimization analysis is carried out under a full
range of shutdown conditions, and the optimal size of the flow-
limiting orifice plate is obtained.

Based on the optimal system design, the degassing steady
analysis is performed for different degassing pressure plateaus.
The analysis results show that the entire degassing process can be
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completed in as quickly as approximately 5.2 h, which shows a big
advantage over the traditional degassing method, which removes
non-condensable gas by letting down the reactor coolant to the
chemical and volume control system.

To verify the safety features of the pressurizer degassing system
designed for HPR1000, this paper performs an analysis of the transient
when the degassing valve is opened with a dedicated computer
application, which is developed based on the non-equilibrium multi-
region model and pressurizer degassing transient model. Simulation
results show that the pressure and water level in the pressurizer are
within the normal operation band and will not initiate any safeguard
signal and also have no effect on the degassing efficiency.

In conclusion, the pressurizer degassing system designed in
HPR1000 is reasonable, feasible, safe, effective, and reliable.
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