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I. THE PROSPECTS AND PROGRAM OF NUCLEAR
HEATING REACTOR DEVELOPMENT IN CHINA

During 1980-1985 the coal constitu-
ted about 73% of the total energy con-
sumption in China. Increasing of the
total energy consumption in future, it
is estimated that the proportion of coal
will continuously increase. The primary
energy supply rely on the coal, it results
in serious problems of coal transportation
and pollution. Especially,the coal resour-
ces are unevenly distributed in our coun-
try. The most coal resources concentrate
in Shanxi and Nei Mongol where are far
away from the highly industrialized region.
Serious traffic problem has been encoun-
tered, especially in winter season.

At present about one quarter of the
total coal supply is consumed as
residential fuel, which amounts to 150
million tons of raw coal. In the large
cities cf the north of China about 50%
still rely on small stoves and 46% on
scattered small boilers for heating,
leaving only 4% on district heating.
The direct burning of coal in the cities
results in serious pollution problems.
It is estimated that some 12 million
tons of flyash and 17 million tons of SO
are released from stoves and boilers
into the atmosphere. The concentration
of these polluters in some cities are
well above the allowable limits set by
national standards. Nuclear district
heating reactor can substitute the coal
and supply the clear and economic heat
energy for the cities. Development of
the nuclear district heating will be the
ideal measures to solve above mentioned
problems.

At present, there are about one
billion square meters of residential
buildings in the north of China. The
residential buildinos are increasing

with 40-50 million square meters every
year. The district heating is one of
the most effective measures in energy
conservation and environmental protection.
So a national wide program for the expan-
sion of district heating is being consi-
dered. But it is very difficult to cover
the demand of district heating only by
the co-generation power plants and hea-
ting boilers. It is being considered to
adopt multiple measures including the
nuclear district heating reactor. Accor-
ding to the results of a feasibility
study of nuclear heating plant for Harbin
city, a 450 MW(t) heating reactor for the
basis load with some peak load boilers
can supply heat to about 10 million square
meters of residential buildings. Now many
north cities want to build nuclear heating
plant. Some of them have put construction
of nuclear heating reactor in their city's
development plan. Nuclear heating reactor
can be also used for some industries
where the low temperature heat is need.
Hot water or steam up to 150 C could be
utilized for water desalination, paper
industry, and increasing of oil production
with the hot recovery method using hot
water. So the potential market of nuclear
district heating reactor application will
be very broad.[1-4]

To promote the R and D of nuclear
district heating reactor in China, the
Institute of Nuclear Energy Technology
(INET) of Tsinghua University has firstly
made a proposal for development of nuclear
heating reactor(NHR) in 1.981. Since 1982
INET has engaged in R and D on nuclear
district heating reactor. Table 1 shows
the program of deveolpment of NHR.

Table 1. The Program for R and D
of Nuclear Heating Reactor

1 . The demonstration experiment of nuclear
district heating being carried on a
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swimming pool experimental reactor in
INET. 1983-1985

2. The evaluation and selection of the
options of nuclear heating reactors .
1984

3. The pre-feasibility study of 450 MW(t)
nuclear heating plant for Harbin and
Shenyang cities. 1985-1986

4. The pre-feasibility study of applica-
tion of nuclear heating reactor in Fuyu
Oil Field. 1986-1987

5.'The design and construction of 5 MW(t)
nuclear test heating reactor in INET.
1985-1988

6. The R and D of large commercial nuc-
lear heating reactor. 1986-1988

7. The construction of the first large
demonstration nuclear heating plant.
After 1989.

In 1983 a demonstration program was
being carried on an experimental reactor
in INET. It has had given about 1 MW(t)
to three buildings of about 10,000 square
meters. [5] This demonstration experiment
operation carried on for three winter
seasons. Meanwhile we have evaluated and
compared different concepts of heating
reactor.[6-8] We have selected and de-
veloped two types of heating reactor.
One is an integrated arrangement, quasi-
BWR, natural circulation, vessel type
reactor, which suited for large heating
grid with heating temperature up to 150 C.
Another is a pool type, natural circula-
tion reactor, which is used for small lo-
cal heating grid with heating temperature
about 90°C.

At present the government has put
the R and D of quasi-BWR vessel type
heating reactor as a key research project
in the Seventh Five - Year Plan. A technic
and economic feasibility study of 450
MW(t) nuclear heating plant in Harbin
has been carried out in 1986.

To promote the development work of
nuclear heating reactor, the State Plan-
ning Commission and State Science and
Technology Commission have made a decision
to build a test nuclear heating reactor
in INET of Tsinghua University. Through
the design, construction aad operation
of the test reactor we can get the expe-
riences to build the commercial heating
reactor. Now the test reactor is going
under construction.

II. PROGRESS OF THE RESEARCH AND CONSTRU-
CTION WORKS OF THE 5MW(t) TEST

HEATING REACTOR[9]

A. Task of the 5MW(t) Test Heating
Reactor

As noted above, in order to satisfy
the district heating demand of the cities
in the north of China, after analysis and
comparison of different options the in-
tegrated natural circulation type of
heating reactor was selected. Considering
that there is ]ack exterience of design,
building and operation of this type reac-
tor it was decided to build a test heating
reactor at first to get necessary expe-
riences .

The task of the test heating reactor
is as follows:

] . To grasp technology of heating
reactor , through the design and building
of the test heating reactor, to prepare
and develop software and hardware for
commercial heating reactor.

2. To simulate commercial heating
reactor's nnin parameters and principle
structure. Through operation of the small
test reactor to grasp the operating
characters of this type reactor, for
example to grasp the effects of physical
properties on the stability of natural
circulation and operation of the hydraulic
driving facility for control rods.

3. To establish a research base for
improvement and application of heating
reactor.

The test heating reactor located
beside the swimming pool experimental
reactor in INET of Tsinghua University.
The 5MW(t) power of reactor was selected
according to the heat load of this insti-
tute.

B. Description of the Test Heating
Reactor

Reactor Design

The construction of the reactor is
given in Fig. 1. Heat generated in the
reactor core is carried out by the coo-
lant water with natural circulation. At
the outlet of the core there are some
steam quality - about 0.8%. But the void
fraction is high enough to take the full
power with natural circulation,because
the operation pressure of the reactor is
relatively low - only 15 kg/cm2. Integ-
rated arrangement is adopted for the
primary cooling system. The reactor core
is consists of 16 fuel assemblies, the
chimney tube is located above the core.
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Four heat exchangers of the primary
cooling system are installed in the annu-
lar gap butween the pressure vessel and
the chimney. The internal of the reactor
is a hanging structure. The reactor core
rests in the bottom of the barrel. In
the bottom of the pressure vessel a se-
condary support is placed to sustain the
reactor core when the hanging barrel
would be unexpected broken.

The nucTear fuel bundle is contained
in the box. Diameter of the fuel rod is
10 mm. Uranium dioxide pellets are used.
Cladding tube is made of Zr-4. There are
96 and 25 rods respectively in an assembly. The
cruciform control rods are used and total 13 con-
trol rods are placed in the gaps between the rec-
tangle assemblies. A new type of the hydraulic
driving facility is used for the control rod
driving. The abrupt change of the hydrau-
lic resistance of the driving facility
is realized by the displacement of the
orifices on the step cylinder and the
piston. Raise or down the control rod(CR)
can be exactly controled by change the
flow rate going into the step cylinder.
In order to prevent cylinder-CR unexpectly
drawing out from the core in the accident
condition, a pulse injection valve is
adopted. It gives only a fixed quantity
water by every operation action, conse-
quently allows to move the CR only one
step by every action. This inherent
character makes guarantee to eliminate
the accident with uncontrolled drawing
CR.

System Design

Simplified system diagram of the
test heat reactor is shown in Fig. 2. In
order to ensure the safety of the heat
grid a secondary loop (intermediate loop)
is adopted. The heat generated in reactor
is transported to the intermediate loop
through 4 main heat exchangers, and
through 4 intermediate heat exchangers
the heat is transported to the heat grid.
Part of the heat is used to generate
saturated steam with low pressure for
some laboratories.

In order to reliably carry out the
residual heat of the reactor, 2 indepen-
dent residual heat cooling systems are
equipped. Besides these, as an indepen-
dent scram system a boron water injection
system has been adopted. In addition,
there are water purification system; vo-
lume controlling system; off-gas proces-
sing system; waste-water processing
system and ventilation and air condition
system etc.

The main parameters of the test

reactor are shown in Tab. 2.

Tab.2. Main parameters of the 5 MW(tl
test heating reactor

Total thermal power

Reactor pressure

Core outlet temperature

Core inlet temperature

Height of the core

5

15

198

186

MW

kg/cm2

°C

°C

69 cm

463

3

1.0

27

kg

%

cm

kW/L

Number of bundles in core A 12
B 4

Number of rods per bundle A 96
B 25

Load of UO,

Enrichment of the fuel

Diameter of the fuel rod

Average power density

Pressure of the intermediate 17 kg/cm2

loop
Temperature of the 150/110 °C

intermediate loop
Temperature of the heat grid 120/60 °C

Safety feature

District heating plants will be
located near cities. So safety is the
most important. The important safety con-
ception is able to stop the reactor in any case;
to drown the reactor constantly and to ensure re-
liably carry out the residual heat. The selected
option has a good inherent safety feature.
The main safety features are as follows:

a. Reactor is working with low
temperature, low pressure and low power
density. Because of low pressure and
low temperature, the break probability
of the primary system apparatus is very
low. In addition, the seriousness of the
consequence of the leakage is much less
than the PWR. Because in low pressure
and low temperature conditions the poten-
tial energy of water is relatively small.
The power density of the reactor is about
30 kW/L, only \ - -} of that for PWR power
plant. So that the centre temperature
and average temperature of the nuclear
fuel element is much less than that of
the PWR nuclear power plant. It means
that the break probability of nuclear fuel
rods will be low, radioactivity of loops
will be smaller too.

b. Integrated arrangement is adopted
to decrease the possibility of LOCA.
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A]I main parts of the primary loop are
contained in the pressure vessel. There
is no big size tubes through the pressure
vessel. All penetrations (er.lv with small
size) are located on the upper part of
the pressure vessel. So there is no po-
ssibility of break of biq si;:e tubes.
The size of the pressure vessel is biq
enough to be provided with some feature
of pool type reactor. There is a large amount of
water in the pressure vessel. It can be used to
cooling the core for a long time (enough to take
some necessary measure) even all cooling system
of the reactor are failed.

c. Double pressure vessel. Outside
of the reactor pressure vessel, a second
pressure vessel - containment is
mounted. Design pressure or the contain-
ment is the same as for the pressure
vessel. At the cylinder part the gap
between the pressure vessel and the con-
tainment is very small. So the water in
the pressure vessel can drown the core
even the pressure vessel has been broken.
Consequently, the core is effectively
protected from LOCA.

d. Heat transport by natural circu-
lation. The full power of the reactor
is transported by the way of natural
circulation . There is no need of pumping
apparatus. So that the reliability of
the reactor operation is increased.

In the residual heat transport
system, residual heat is carried out by
the way of natural circulation too. Two
independent residual heat transport
systems connect with the intermediate
loop (see Fig. 2). Every one of these
residual heat transport systems can
transmit the residual heat - 1.5 % of
full power into surrounding environment
by the way of natural circulation. There
is no need of any active energy source,
so that the transmission of the reactor
residual heat is reliably ensured. In
addition, for 5 MW(t) test heat reactor,
the reactor residual heat can also be
carried out by the heat exchangers of
volume controlling system and water pu-
rification system.

e. Two independent reactor scram
systems. In the test heating reactor
there are 13 cruciform control rods. All
these CR are placed on the upper part of
the core. When reactor short down is
needed all CR can insert into the core
with the aid of gravitation. Because of
application of hydraulic driving facility,
the whole CR driving facility is placed
in the pressure vessel. On the top of
the pressure vessel there is no any
penetration for CR driving facility. So
that the "Shooting Rod" accident caused

by breakage of the sealing tube through
the PV ( as a possible condition for the
PWR

p
can be avoided.

The boron injection system is the
second reactor scram system. In the acci-
dent condition of ATWS, the boric acid
solution will be injected into the core
by a pump or pressurized gas. It can
stop the reactor effectively.

In 1986 the primary design of 5MW(t)
test heating reactor has been reviewed
by exports KWl.i West Germany and some
transient and stability analysis have
been done in cooperation with KWU.

C. Research Works for 5 MW(t) Test
Heating Reactor

In order to design and build the 5
MW(t) test heating reactor since 1984 a
series of research and development works
have been done, including: stability
study of the natural circulation (experi-
ment and computer code ); hydraulic
driving facility for the CR; hydraulic
experiment of the primary heat-exchanger-
reactor physical experiment on the criti-
cal facility; boron water injection expe-
riment; LOCA modeling experiment; sealing
experiment of the pressure vessel; isola-
ting valve test; safetyorelief valve test
etc. At the same time some necessary com-
puter codes in the fields of physics,
thermo-hydraulics, transient and accident analysis
have been developed for the reactor design.

Some main results of the experimental
study described as follows.

Experiments of the hydraulic driving
facility for the CR.

The hydraulic driving facility con-
sists of an outer tube with some rows of
orifices and an inner tube with an orifi-
ce. The top of the outer tube is connected
with the CR. Water flow is coming from the
inner tube and going out through the
orifices at these two tubes. When the
orifices of these two tubes are coincident,
the hydraulic resistance is the minimum.
The tubes in this case are stoped under
a " keep flow ". If an additional impulse-
flow is given, the outer tube will be
moved, until another row of the orifices
is coincident with that in the inner tube.
So the outer tube with control rod can
be moved step by step.

A series of test loop has been built,
including a room temperature driving
facility test loop; a high temperature
driving facility test loop; an ultrasonic
CR position indicator test apparatus; an
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eddy position indicator test apparatus
ana a multigrcups of driving facility
and cere internals test loop.

The purpose of the room temperature
driving facility experiment is to select
a proper structure and it's flow rate-
resistance characters parameters, and tc
carry out a long term examine test under
these parameters. More than 2x10 steps
test have been performed. Experiments
show that: on the whole length of the
CR. the drinirig facility can work stea-
dily.

The main purpose of the high tempe-
rature ( operation condition ) driving
facility experiment is to determine the
effect of temperature nn tne work chara-
cters of the driving facility, and the
reliability of the driving facility under
the operating temperature condition.

The high temperature driving facility
test loop consists of a canned pump, ele-
ctromagnetic valves, pulse valve, test
section with an observation window and
measuring instruments ( see Fig.3 ). The
first set of experiments have been done
in 1986. Experiment shows that in the
giving temperature range (20-190 C)
under the proper parameters driving faci-
lity can work steadily without any regu-
lation .

In the 5 MW(t) reactor design two
kinds of CR indicator are used to indicate
the positions of the CR. One of them is
an ultrasonic indicator. It located on
the upper part of the CR driving facility.
There are 3 ultrasonators fitted in a
sensor. It can indicate the distance
between the CR and the sensor very exac-
tly. Through the experiment the proper
frequence has been selected. More than
1000 hours examine test for the structure
and sealing at the operating temperature
has been carried out. It shows that
ultrasonic position indicator will work
sensitively and reliably if the void
fraction in the water not exceeds the
allowed value.

Another kind of the CR position in-
dicator is the eddy position indicator.
It works on the basis of pulse accumula-
tive count.

The experiment of the multigroups
of driving facility and core internals
test is a model-experiment with a scale
of 1:1 . In the test vessel there are
5 CR driving facilities and core internal
structure. The main purpose of the expe-
riment is to determine the working regi-
mes and effects of driving facilities

each un other under the simultaneous wor-
king conditions ( included some accident
conditions ).

Stability study of the natural circulation

A full scale stability test loop has
been built to investigate natural circu-
lation stability under the conditions of
low pressure and slight boiling. This
study is carried out in cooperation with
the Swiss Federal Institute for Reactor
Research (FIRR). The test loop is shown
in Fiq. 4. rrhe- fuel elements are simula-
ted by electrical heater. The power dis-
tribution of heater will be uniform or
cosinoidal. Two parallel test channels
are used for modelling on the fuel assem-
blies with differential power generation.
Besides the test channels the test loop
contains 2 chimney tubes, 2 steam separa-
tors, a condencer, cooler, valves, for
modelling on the respective apparatus of
the reactor.

The flow resistance of the circulation
can be regulated by the valves. Transient
measurements have been made for different
parameters, such as temperature distri-
bution in the heater rods, heat power of
the channels, inlet and outlet temperature
and pressure of the test channels, flow
rate of each channel and the total flow
rate etc.

A computer was used for direct data
processing and putting out the result
during the experiment. The stability is
determined by the magnitudes of the para-
meters fluctuation.

The main contents of this experiment
are. as follows :

1) To determine the stability at the
normal operation conditions

2) To determine the effects of dif-
ferent parameters on the stability, such
as subcooling, heat power, pressure,
height of the chimney,etc.

3) To determine the proper parameters
of the self-pressurization regime.

4) To investigate the boundary of
the steady state.

5) To investigate the proper parame-
ters of natural circulation without
boiling (pressurized water regime)

6) To investigate the proper way of
the transition from the pressurized water
condition to the slight boiling condition.
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7) To investigate the effect of the
parallel channel operation on the
stability.

The test loop was built in 1985.
The first set of experiments has been
done in 1986. The results of the experi-
ments were checked by the INET ( using
computer codes improved NUFREQ, RELAP-5)
and by EIR (using computer code RETRAN-
02). The predications are in a good
agreement with the experiment results
(deviation is only a few percents). One
of the typical experiment results — boun-
dary of the stability was shown in Fig.5.

Experiment results show that unsta-
ble region can be avoided if the parame-
ters are oroperly selected. The following
operating procedure is recommended that
at first the reactor works without boi-
ling, and then gradually transits to the
boiling regime. This may be a very relia-
ble operation procedure.

Experimental study for the flow
resistance and velocity distribution of
the primary heat exchanger.

The flow resistance and velocity
distribution in the primary heat exchanger
are very important, because the resistance
of the heat exchanger is one of the main
terms of the total resistance for natural
circulation. It is concerned with that
the full power natural circulation can
be carried out or not. So a model test
loop with a scale of 1:2 has been built.
The resistance and velocity distribution
have been studied and analysed using a
laser flowmeter.

The measurement results were in a
good agreement with the design calcula-
tion (deviation of the resistance coeff.
no more than 8%). The analysis of the
velocity distribution is helpful for
improvement of the primary heat exchanger
design.

Reactor physical experiment on
critical facility

the

For a small reactor the calculation
error may be increased because of the
serious leakage of neutrons. So that the
critical facility experiments has been
carried out in Shanghai Institute of
Nuclear Research. In the experiments the
critical mass of fuel, distribution of
the neutron flux, reactivity worth of the
CR, temperature reactivity coeff. and
other parameters have been measured. The
results were used for review the computer
codes which were used for the physical

design and the calculation of the Test
Heating Reactor.

111. RESEARCH AND DEVELOPMENT OF THE
COMMERCIAL HEATING REACTOR

In order to utilize the nuclear
district heating reactor for cities as
soon as possible, the government has put
the R and D of the commercial heating
reactor technology as one of the key
research projects in the Seventh Five-
Year Plan. The R and D works included
design,research,key technology research
and components manufacture etc. And it
was decided to select the Harbin city as
a reference city to promote the design
and R and D of the key technology for
the commercial heating reactor. The
technique-economical feasibility analysis
[10] had been finished in 5/1936. Now,
the further design and research work of
the district heating plant and heat grid
are going on.

District Heat Demand

Harbin city is located in the Hei-
longjiang province of the north of China.
Winter heating period is relatively long.
The average temperature in the winter is
-26.1°C. Nowadays there are 2.30 million
population in the Harbin city. In winter
houses heating are supplied mainly by
stoves and snail boilers burning coal.
In every winter coal used for heating is
about 6O0xlO3 tons. Serious pollution
was caused by burning a large amount of
coal for heating. At the same time demand
on a great quantity of coal and transport
of so much coal bring great difficult.
Application of the nuclear energy for
heating is a good way for overcoming
these difficult.

According to the development progra-
mme of the Harbin city, a district hea-
ting reactor with the power of 450 MW is
plan to build. Mainly the reactor will
be used for Douli region district heating.
Heating period of the Heating Reactor is
4320 hours per year. With cooperation of
heating boilers heat demand of 1.2 million
population can be satisfied. 600xl03 tons
coal per year can be saved. The tempera-
ture of the heat grid is 130/70°C.

Description of the Nuclear Heating Plant

For the Nuclear Heating Reactor, the
integrated slightly boiling and natural
circulation option was selected. The
450 MW heating reactor is shown in Fig.6.
The main parameters of the nuclear heating
plant are shown in Tab.3. Reactor core

192



is cooled by the coolant-water with
natural circulation. Water temperature
at the outlet of the core is 198°C and
there are a small quantity of steam in
the water. Water temperature at the inlet
of the core is 158 C. Self-pressuriza-
tion scheme was adopted for the heating
reactor. The operating pressure is
15 kg/cm2.

Tab.3. Main parameters of the
450 MW Heating Reactor

Total thermal power

Designed pressure

Outlet temperature
of the core

Inlet temperature
of the core

Core height

450 MW

15 kg/cm'

198 °C

158 °C

211 cm

Number of fuel
bundles in core

Number of fuel
rods per bundle

Load of UO2 r*

Enrichment of the fuel

Diameter of the fuel rod

Average power density

316

96

- 39880 kg

2.1%, 1.7%
1.5%, 1.3%

1.0 cm

~ 28 kW/L

Pressure of the intermediate
loop 17 kg/cm2

Temperature of the
intermediate loop 150/110 °C

Temperature of the heat grid 130/70 °C

The fuel bundle is contained in the
box. In each box there are 96 fuel rods
with the diameter of 10 mm. Cladding of
fuel rod is made of Zr-4. The pressed
sintered uranium dioxide pellets was
loaded into the Zr-4 cladding to form a
nuclear fuel rod. Diameter of the pres-
sure vessel is ~6m. Height of the PV
is about 14m. In the pressure vessel
there are 12 heat exchangers. Outside
the pressure vessel a containment is
mounted. It's the second pressure vessel
too.

At the nuclear heating plant, there
is a intermediate isolating loop. Opera-
ting pressure of the intermediate loop
is 17 kg/cm2. Temperature of the heat

grid is 130/70 C. Main auxiliary systems
are the same as for the 5 MW test heating
reactor. Here their description is
omitted.

Economic Analysis

In comparison with nuclear power
plant the heat plant possess good inherent
safety. So that a series of complex
engineering safety systems can be saved.
In addition, the heat plant do not
generate electricity, diagram is relati-
vely simple; the operating pressure and
temperature of the reactor are low,
manufacture of apparatus is relatively
easy; so that the special investment of
the heating plant is much less than a
nuclear power plant.

For the case of Harbin city, an
economic analysis for 450 MWt heat\ng
plant has been made. The result shows:
though the investment of the nuclear hea-
ting plant is higher than that of boiler
burning coal or oil, but the fuel cost
is much lower than coal-fired boiler. So
that the production cost of the heat for
the nuclear heating plant still lower
than that of the ordinary boiler. The
cost of the heat supplied by the nuclear
heating plant is cheaper than that of the
ordinary boiler about 20%.
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Fig. 1. 5MW Test Heating Reactor

A A

Fig .2 . Scheme of the 5MW Exp. Dis t . Heating Reactor
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Fig.4. Stability Test Loop

Fig.6. 450MW District Heating Reactor
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