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After a postulated design basis accident leads high temperature gas cooled reactor to emergency shutdown, steam generator
still remains with high temperature level and needs to be cooled down by a precooling before reactor restarts with clearing
of fault. For the large difference of coolant temperature between inlet and outlet of steam generator in normal operation, the
temperature distribution on the components of steam generator is very complicated. Therefore, the temperature descending rate
of the components in steam generator needs to be limited to avoid the potential damage during the precooling stage. In this paper,
a pebble-bed high temperature gas cooled reactor is modeled by thermal-hydraulic system analysis code and several postulated
precooling injection transients are simulated and compared to evaluate their effects, which will provide support for the precooling
design. The analysis results show that enough precooling injection is necessary to satisfy the precooling requirements, and larger
mass flow rate of precooling water injection will accelerate the precooling process. The temperature decrease of steam generator is
related to the precooling injection scenarios, and the maximal mass flow rate of the precooling injection should be limited to avoid
the excessively quick temperature change of the structures in steam generator.

1. Introduction

Emergency shutdown system will be tripped to start up
after a postulated accident is detected, and the decay heat
will be removed by the residual heat removal system. Steam
generator (SG) still remains with high temperature level
after emergency shutdown, and it needs to be cooled down
to a certain temperature level before the reactor restarts
with faults clearing. In high temperature gas cooled reactor
(HTGR), due to the larger temperature difference of coolant
between inlet and outlet of SG in normal operation, the
temperature distribution on SG is very complicated. There-
fore, the temperature descending rate of the SG components
during the cooling transient should be controlled to avoid
potential damage on the mechanical structure resulting from
an excessively quick temperature change.

A precooling design where the SG will be cooled down
by a precooling water injection into SG is presented in this
paper. Because the mixture of water and steam with high

pressure remains in SG after emergency shutdown, it needs
to be drained out of SG to decrease the SG pressure for
the following cooling water injection into SG. Therefore,
the precooling design is composed of two main stages: the
first stage defined as pressure relief is the prearrangements
including draining the water in SG and decreasing the SG
pressure, which will be achieved by the actions of draining-
emptier system and pressure relief system. The second stage
defined as the precooling water injection is aimed at cooling
the SG down with a cooling water injected into the SG. Not
only does the SG temperature change obviously during the
precoolingwater injection stage, but also the temperature dis-
tribution of the SG structures will also be affected due to heat
convection during the pressure relief stage to certain extent.
Some relevant discussion on the pressure relief transient
could be found in the early study [1], where the effects on the
SG temperature under different pressure relief design were
compared and the analysis result could provide some support
for the pressure relief setting of the current precooling design.
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Table 1: Design parameters of HTR-PM.

Parameters Designed
value

Reactor power (MWth) 2 × 250
Power density (MW/m3) 3.22
Helium pressure of primary loop (MPa) 7
Helium mass flow rate (kg/s) 96
Inlet helium temperature (∘C) 250
Outlet helium temperature (∘C) 750
Main steam pressure (MPa) 13.9
Main feedwater temperature (∘C) 205
Main steam temperature (∘C) 571
Feedwater flow rate for one reactor steam generator
(kg/s) 98

In this paper, a further study focuses on the precooling water
injection stage to evaluate the precooling design. Several
postulated precooling water injections are simulated and
compared to evaluate if the precoolingwater injection designs
could cool down the SG to the expected temperature level
within the stipulated time and the temperature decrease of
SG during the precooling water injection could satisfy the
accepted limitation.The high temperature gas cooled reactor
pebble-bedmodule (HTR-PM) is selected for the study on the
precooling transient of SG. For better understanding, brief
descriptions on the HTR-PM are given in the next section.

2. The HTR-PM Reactor

The HTGR as one candidate for the Generation IV nuclear
energy system technology [2] is well known with its inherent
safety features which has the capability to realize the safety
target where the consequences of all conceivable assumed
severe accidents should not result in notable offsite radiation
impacts [3].The study on the modular HTGR is developed in
China, including the HTR-10 [4] and HTR-PM [5, 6], which
consists of 2 × 250MWth module pebble-bed reactor with
standardization and modularization technology. The general
design parameters on HTR-PM are shown in Table 1.

The single reactor module is illustrated as in Figure 1,
which consists of the reactor pressure vessel (RPV), the steam
generator pressure vessel (SGPV), and the connecting hori-
zontal coaxial hot-gas duct pressure vessel. The reactor core
in the RPV is a one-zone cylindrical loose packed bedwith an
average height of 11m and a diameter of 3m, which consists
of about 420,000 spherical fuel elements in the equilibrium
state. The cold helium with an average temperature of 250∘C
is circulated into the RPV through the outer annular channel
of the hot-gas duct by the helium blower installed on the top
space of the SGPV.Themain part of the heliumflows upwards
to the top of the core through 30 coolant boreholes in the side
reflector and is collected in the cold helium plenum located
in the upper part of the top reflector, and then it flows down
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Figure 1: Illustration of the HTR-PM.

through the pebble bed and is heated up to an average tem-
perature of 750∘C.The 750∘Chot helium out of the RPV is fed
into the SGPV through the central channel of the hot-gas duct
and flows around the outside of the steam generator heat-
exchange tubes (SGHT) from the upside to the downside to
have a heat transfer with the secondary side of the SG. Then,
the cooled helium turns reversely at the bottom of the SGPV,
flowing upwards between the steam generator shroud and the
SGPV and back to the top space of the SGPV.

A simplified schematic diagram of the SG secondary
loop of the HTR-PM is illustrated as in Figure 2. The SG
is designed as a once-through assembly type of helical tube
steam generator placed below the core in elevation.The 205∘C
subcooled feedwater in the secondary side of the SG flows
in the helical tubes from the bottom to the top. The 750∘C
hot helium from reactor fed into the SG flows around the
SGHT and transfers its heat to the subcooled feedwater in
the SGHT to produce a 571∘C superheated steam at the
SG outlet, whereby its temperature decreases from 750∘C to
250∘C. Then all the superheated steam is collected at the
upper plenum and passes through the live-steam pipeline
(LP) to the turbine hall. The secondary loop isolation system
including the isolation valves on the feedwater pipeline (FP)
and the LP is designed to isolate the secondary loop timely
after emergency shutdown. To ensure credible isolation, two
different feedwater isolation valves (FIV), as well as two
main steam isolation valves (SIV), are installed.The draining-
emptier system is designed to drain the residual water in the
SG after emergency shutdown. An airtight draining storage
tank installed inside the reactor building below the SGPV
is connected to the FP via two parallel and independent
draining pipelines with two draining valves (DV) on each
draining pipeline.

3. Description on the Precooling Injection

When some postulated accident of HTGR occurs, the reac-
tor safety protection system is tripped to start emergency
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Figure 2: Illustration of the HTR-PM secondary loop.

shutdown. A sequence of protective actions is carried out,
including dropping of all reflector rods, shutdown of blower
and close of blower flaps, and isolation of the SG secondary
side. SG which remains with high temperature level after
emergency shutdown will be cooled down by the precooling.
In this paper, a postulated precooling solution is proposed to
study. A series of actions will be carried out as the following:
the water in SG will be discharged by the draining-emptier
system, and the pressure relief valve (PRV) installed on the LP
will be opened to decrease the secondary side pressure of the
SG for the precooling injection.Then, the precooling water in
the form of superheated steam is pumped into the secondary
side of the SG to cool down the SG.

The SGHT has a very complicated temperature distri-
bution, whose minimal temperature is less than 250∘C and
maximal temperature exceeds 570∘C in the normal steady-
state operation. During the water-discharge and the pressure
relief, themixture of water and steam in the secondary side of
the SG will flow through the SGHT and the LP and transfer
heat with them; thus, the temperature distribution of the
structures will be affected, whose effect had been analyzed
in the early study [1, 7]. With the following precooling water
injection, the SGHT and the LP will be cooled down and the
temperature decrease during the transient will have a stress
effect on the structures. The excessive change of temperature
which may result in the potential damage should be avoided.
Therefore, the study on the precooling injection is significant
for HTGR and it will be focused in the following sections.

4. Analysis of the Precooling
Injection Transient

4.1. Analysis Model. A system code PCNHR developed by
TsinghuaUniversity and used for transient thermal-hydraulic
analysis of flow systems is used to simulate the precooling
transient. The PCNHR [8] code had been benchmarked by
the comparison with the famous general analysis code of
RETRAN-02 [9], which is widely used in the plant design for
pressurized water reactor (PWR).
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Figure 3: Secondary loop model of the HTR-PM.

The analysis model for the secondary loop of the HTR-
PM is shown as in Figure 3.

The secondary loop of HTR-PM consists mainly of the
FP, the SGHT, and the LP. The SGHT bundles are simplified
as one pipe with equivalent thermal-hydraulic diameter in
the model. It includes the inlet part, the outlet part, and the
effective heat transfer part which transfers heat between the
primary side and the secondary side, and the total SGHT
is divided into 72 meshes in its length direction. The FP
is divided into 2 meshes in length direction and the LP is
divided into 54 meshes in length direction. The DV on the
draining pipeline, the FIV on the FP, and the PRV and the
SIV on the LP are all represented by control function in the
model.The components, such as the SGHT, the FP, and the LP,
are modeled with “heat structure” in the model, whose tem-
perature is affected by heat transfer between the wall surface
of the components and the fluid in the secondary loop during
the transient. Because the helium circulation in the primary
loop stops after emergency shutdown, the heat transfer from
the primary side of SG to the secondary side through the
SGHT by heat conduction and natural convection is weak.
Therefore, the outside wall surface of the SGHT is assumed
as adiabatic boundary in model. The outside wall surfaces of
the FP and the LP are also treated as adiabatic boundary for
the heat insulating material wrapped outside them.

The precooling fluid is injected from the LP as input
source and transfers heat with the “heat structures” when it
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passed through the SG. The heat transfer coefficient corre-
lation will be automatically chosen in the code according to
flow condition. In this code,Dittus-Boelter correlation is used
for forced convection heat transfer with single-phase vapor
flow.

Nu = 0.023Re0.8 ∗ Pr0.4, (1)

where Nu is Nusselt number, Re is Reynolds number, and Pr
is Prandtl number.

4.2. Assumptions and Claims. For the operation of nuclear
power plant with higher efficiency, the SG is expected to
be cooled down as soon as possible. On the other side, the
temperature descending rate of SG during the precooling
transient must be controlled below the acceptable limitation
to avoid potential damage on the mechanical structure from
an excessively quick temperature change. In this analysis,
the SG is required to be cooled down to 200∘C within 8
hours by the precooling injection for the next actions of
reactor system. According to a conservative stress evaluation
on the SG components, the limitation on the maximal
temperature descending rate of SG components during the
cooling transient is defined as 3∘C/min in this analysis.

A postulated scenario is defined in this analysis: the
reactor in normal operation is led to emergency shutdown for
some certain reason; a sequence of protection actions are trig-
gered. After the protection actions are completed, the PRV is
opened to control the pressure decrease of the secondary side
to approx. 1MPa. Then, the precooling water is injected into
the secondary side of the SG to cool down the components.
The superheated steam injection is designed to avoid sudden
cold shock fromphase transition of fluid during the transient,
and the support system for precooling injection could supply
a stable steam below 200∘C. Therefore, several postulated
precooling injection cases are designed and compared to
study their effect on the components during the transient.

Case 1. It includes a 200∘C/1.1MPa precooling injection with
a constant mass flow rate of 1 t/h.

Case 2. It includes a 200∘C/1.1MPa precooling injection with
a constant mass flow rate of 5 t/h.

Case 3. It includes a 200∘C/1.1MPa precooling injection with
a variable mass flow rate as shown in Figure 4.

Case 4. It includes a variable precooling steam injection as
shown in Table 2.

The larger the mass flow rate of precooling injection,
the faster the cooling of steam generator. Also because of
more and more uniform temperature distribution on the
SG components with continuous precooling injection, the
transient could be accelerated by increasing the mass flow
rate of precooling injection and decreasing the temperature
of precooling fluid. However, the precooling injection with
constant mass flow rate and temperature has better feasi-
bility for the real precooling system design than that with
variable mass flow rate and temperature. Hence, an expected
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Figure 4: Mass flow rates of Case 3.

Table 2: Precooling injection in Case 4.

Time (hr)∗ Flow rate (T/hr) Temperature (∘C) Pressure (MPa)
0–2 1 190 1.1
2–4 4 170 0.7
4–6 6 170 0.7
6–8 6 150 0.3
∗The time is calculated from the beginning of the precooling injection.

precooling design should have a good balance of the cooling
effect and the feasibility of the design. In this analysis, by
comparison with Cases 1 and 2, the cooling effect is studied
for the precooling design with constant mass flow rate in the
range from 1 t/h to 5 t/h, and Cases 3 and 4 with variable
flow rate and temperature are designed for the study on the
acceleration of the precooling.

4.3. Analysis Results. The fluid temperatures at different
locations with different cooling water injections are shown
in Figure 5. The results show that, under the case with 1 t/h
precoolingwater injection, the fluid temperature at the SGHT
outlet is approx. 345∘C at the 8th hour after the precooling
injection, while the fluid temperature at the PRV in the LP is
about 400∘C. In Case 2 with 5 t/h precooling water injection,
both of the fluid temperatures at the SGHT outlet and at the
PRV decrease to 200∘C within 5 hours, which indicates that
the SGHT and the LP had been well cooled down by the
precooling water injection.

The wall temperatures of the SGHT at the outlet and the
LP at the PRV under different cooling water injections are
shown in Figure 6. The wall temperature at the SG outlet
descends to approx. 347∘C in 8 hours in Case 1; meanwhile,
the wall temperature at the PRV is 408∘C. But in the case with
5 t/h precooling water injection, the wall temperature of the
SGHT and the LP had almost decreased to 200∘C in 5 hours.
The SGHT and the LP are also cooled down to 200∘C in Case
3, although it needs more time than that in Case 2. In Case 4,
the SGHT and the LP are cooled down below 200∘C within
6 hours; then their temperatures decrease continuously with
the temperature decrease of the precooling water.

Figure 7 shows the temperature distribution of the SGHT
and the LP at different time points. The total length of the
SGHT and the LP is normalized and the SGHT inlet is
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Figure 5: Fluid temperature at different locations during precooling injection.
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Figure 6: Wall surface temperature at different locations during precooling injection.

set as the start point. It is observed that the temperature
distribution on the SGHT is uneven before the precooling
water injection and its temperature decreases continuously
with the precoolingwater injection. In bothCases 3 and 4, the
SGHT and the LP could be cooled down to 200∘C in 6 hours
after the precooling injection. Larger flow rate of the precool-
ing water injection will accelerate the transient, and the pre-
cooling process will finish in 5 hours under the case with 5 t/h
precooling injection. But the maximal wall temperature still
remains above 400∘C after 8 hours of the precooling injec-
tion under Case 1, which indicates that the 1 t/h precooling
injection is not enough to satisfy the precooling require-
ments.

The temperature descending rates at some typical loca-
tions of the SGHT during the transient are shown in Figure 8.
The temperature descending rate of the SGHT in Case 2 is
obviously higher than that in other cases at the early stage
of the precooling injection, which indicates that higher flow
rate of the precooling injection results in faster temperature

decrease. Although the precooling transient could be acceler-
ated by flow rate increase or temperature decrease of the pre-
cooling injection for more uniform temperature distribution
on the SGHT with continuous precooling, the temperature
descending rate at the outlet of SGHT in Case 4 exceeds
3∘C/min after 2 hours, which indicates that the flow rate
increase of the precooling injection in Case 4 is a little faster
than the limitation.The locationwhere themaximal descend-
ing rate of SGHT temperature occurs during the transient is
also related to the precooling injection scenario; the maximal
descending rate of SGHT occurs at the inlet of SGHT in Case
1, while it occurs at the outlet of SGHT in Case 3.

4.4. Comparison Results. With the above results, it can be
known that the SG in Cases 2–4 can be cooled down to
the expected temperature level in 8 hours but Case 1 cannot
satisfy the requirement. In the other side, the maximal
temperature descending rates in Cases 1 and 3 are controlled
below 3∘C/min, but those in Cases 2 and 4 exceed the
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Figure 7: Temperature distribution of SGHT and LP during precooling injection.

limitation.Therefore, it can be concluded that Case 3 is better
in all the current provided precooling cases. Because the SG
in Case 3 has been cooled down to 200∘C only within 6 hours,
the temperature descending rate could be decreased further
by decreasing the flow rate of the precooling injection.

5. Conclusions

A precooling injection is needed to cool down the steam
generator, which remains with high pressure and high tem-
perature level after emergency shutdown of high temperature
gas cooled reactor. Larger mass flow rate of precooling
water injection will accelerate the precooling process, but the
temperature descending rate of the structures should also be
limited to avoid the potential damage on the components
from excessively quick temperate change. Some different
precooling injection scenarios for a 200MWe high temper-
ature gas cooled reactor are analyzed and compared. The
analysis results show that enough precooling water injection
is necessary for the cooling of steam generator to satisfy

the precooling target in the stipulated time. The time when
the maximal temperature descending rate of SGHT occurs
and the location where the maximal temperature descending
rate of SGHT occurs are related to the precooling injection
scenario. Based on the analysis result of the HTR-PM, it is
concluded that the SG could be cooled down to the expected
temperature level with a reasonable precooling injection. For
the reason that the temperature distributions of the SGHT
get more uniform with the continuous precooling injection,
the precooling transient could be accelerated by gradually
increasing the flow rate of the precooling injection.

Initialisms

DV: Draining valve
FIV: Feedwater isolation valve
FP: Feedwater pipeline
HTGR: High temperature gas cooled reactor
LP: Live-steam pipeline
PRV: Pressure relief valve
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Figure 8: Temperature descending rate at different locations during precooling injection.

RPV: Reactor pressure vessel
SG: Steam generator
SGHT: Steam generator heat-exchange tubes
SGPV: Steam generator pressure vessel
SIV: Steam isolation valves.
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