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Abstract

The stability of low temperature nuclear heating reactor with various subcool-

ings of recactor core inlet has been studied by means of simulating experintents. The thermal-
hydraunlic system and the data acquisition and processing system arc presented. Especially, the
process of realizing the simulating nuclear feedback is introduced in detail. Finally, the experi-
mental results are discussed in the opinions of nuclear reactor physics and thermal-hydraulics.
The counclusion is that tlic nuclear reactor can operate stably only when the subcooling of

rcactor core inlet is high cnough.
Keywords

1 Introduction

Tle problemn: of stability may arise in many
two-pliase flow systemns, sucli as muclear reac-
tors, power station boilers, licat exchangers,
liquid-propellant cugines and some chemical fa-
cilities. An iustable two-pliase flow, of wlich
thermal-liydraulic parameters often drift ape-
riodically or oscillate periodically, may bring
about meclianical vibration or alternating ther-
mal stress, eveu rapid degradation of perfor-
mances. Thus, the instability of two-pliase flow
will make these systems run abnormally and un-
safely.

Because water is not only coolant but also
neutron moderator in light-water nuclear re-
actors, a change in void fraction may lead to
a chauge in nuclear reactivity., Therefore, the
tliermal-liydraulic instability may result in the
instability of nuclear reaction. For this reason,
it is necessary to study the stability of two-
pliase flows of nuclear reactors.

Especially for low temperature nuclear
heating reactor, of whicl: priumary loop is a
natural circulation system under low pressure
and low dryness, tlic problem of flow stability
1s more striking. Because, as shown in Fig.1,
void fraction is susceptible to dryness under low
pressure when dryness is relatively low, that is,
a very little variation of dryness may result in
a great change of void fraction. Therefore, in
sucli a system, two kinds of feedback, thermal-
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hydraulic fcedback and nuclear feedback, arc
very liable to be crected spontancously. Refer-
ring to Fig.2, tlic processes of nuclear feedback
and thernal-liydraulic feedback are manifested
by the left and right circuits, respectively. As-
suming that a little variation, for example, a
little decrement of dryness happens because of
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Fig.1 Reclation between dryness and void fraction

under low pressurce

some random factors, tlicu a relatively great
decrement of void fraction is unavoidable. This
decrement of void fraction, on one hand, will re-
sult in an increment of nuclear reactivity then
an increment of nuclear power, finally lead to an
mcrement of dryness, so it is obvious that the
nuclear feedback is a negative one anyway. On
the othier hand, this decrement of void fraction
will result in a decrement of driving pressure
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head and a decrement of two-phase friction fac-
tor simultaneously. The former, which is disad-
vantageous factor to circulation, will lead to a
decrement of circulation flow rate then a decre-
ment of dryness. In this sense, the thermal-
hydraulic feedback is a positive one. Hence,
the property of thermal-hydraulic feedback is

contingent on specific system parameters, such
as subcooling of reactor core inlet, altitude of
reactor core and system pressure.[!] When the
thermal-hydraulic feedback is positive, density-
wave oscillations may occur because of the
interdigitation between nuclear fecdback links
and thermal-hydraulic feedback links.

nuclear reactivity Hloid fraction

driving pressure head

two-phase friction factor

nuclear power

H dryness

l<—-Lcirculation flow rate

Fig.2 Nuclear feedback and thermal-hydraulic feedback

Previous studies on the stability of natu-
ral circulation system have becn done without
nuclear feedback(®>~®], so it is necessary to re-
search this topic with simulating nuclear feed-
back. Therefore, an experimental natural circu-
lation circuit with simulating nuclear feedback,
which simulates the primary loop of low temper-
ature nuclear heating reactor, has been erected.
Two experiments have been carried out on the
system with different subcoolings of heating sce-
tion inlet. One has been performed with a high
inlet subcooling, the other with a low inlet sub-
cooling. In the end, the stability of low tem-
perature nuclear heating reactor has been dis-
cussed.

2 Experimental systems and

methodologies

2.1 Thermal-hydraulic system

The principle diagram of experimental sys-
temn is shown in Fig.3. The system includes two
circuits, one is a primary loop, the other is an
auxiliary loop, where heat is transferred to en-
vironmental atmosphere, a terminal heat sink
by an air-cooler.

The primary loop, a natural circulation
system, which simulates that of nuclear heat-
ing reactor, mainly includes a heating section
(stimulating reactor core), an ascending section,
a descending section, a steam-water separa-
tor, a condenser and a heat exchanger. The
loop is designed to meet the prinary similarity
criteria of single/two-phase flow.l®) Moreover,

by comparison, the experimental loop has the
same size of heating rod, the same hydraulic
diameter, the same altitude of heating section,
the same altitude of ascending section and the
same circuit resistance cocfficient as the prim-
itive model. The main design parameters of
the loop are shown as follows: system pres-
sure <2.5 MPa, heating scction altitude=1.2m,
ascending section altitudex3 m, inlet subcool-
ing of the heating section is & to 30°C, out-
let dryness of the heating section <0.05, maxi-
mal heating power=180 kW, upper temperature
limit of the heating rod surface is 500°C.

In the process of circulation, subcooled
liquid flows upward along the heating section
driven by the pressure resulting from the den-
sity difference of coolant between the up-section
(including the heating section and the ascend-
ing section) and the down-section (including
the heat exchanger and the descending section).
Owing to being heated, the liquid begins to
micro-boil near the outlet of the heating sec-
tion. Then the mixture of steam-water passes
through the ascending section and gets to the
separator. Here, the vapor being separated en-
ters the condenser and is condensed to liquid in
it, then comes back to the separator. Simulta-
neously, the liquid being separated in the sepa-
rator, after being cooled in the heat exchanger,
flows down thic descending section, and returns
to the heating section inlet through the throt-
tle valve and the flow meter cquipped on the
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bottom of the loop.

Fig.3 Principle diagram of thermal-hydraulic

system
1 Heating section (simulating reactor core),

2 Ascending section, 3 Up-section, 4 Steam-watcr
separator, 5 Condenscr, 6 Heating rod, 7 Silicon
controlled rectifier (SCR), 8 Heat exchanger, 9
Descending section, 10 Down-scction, 11 Throttle
valve, 12 Flow meter, 13 Air-cooler, 14 Pump, 15 Valve
B, 16 Valve A

The auxiliary loop, a forced circulation
loop, which is designed to adjust the operation
conditions of the primary loop, consists of the
condenser , tlie heat exchanger, the air-cooler, a
pump and relating valves and pipes. The fluid
out of the pump is separated into two paths, one
passes through the heat exchanger, the other
passes through the steam-water separator, both
of the two flow rates can be regulated by adjust-
ing the valves before the heat exchanger and the
scparator, respectively. The two paths of fluid
converge at the air-cooler, and are cooled in it,
then return to the pump.

The two loops are linked at the heat ex-
changer and the condenser.

2.2 Realization of simulating nuclear
feedback

In one word, simulating nuclear feedback
has been realized by software and hardware.
The whole process consists of 5 steps. The first
step is to calculate the density change of coolant
in the heating section, Ap, which simulates that
of nuclear reactor core, according to the differ-
ential pressure of this section, APy essure, Which
is measured by a differential manometer. Sec-
ondly, Ap is multiplicd by density-reactivity co-
efficient which is determined by the nuclear re-
actor, the product is the change in nuclear re-

activity, named as A7n. Next, through solving
point-reactor kinetics equations, the change in
neutron flux, AN, can be got. Then the vari-
ation of nuclear power, AZPuclear, €all be got
from the product of AN and the power coeffi-
cient determined by the nuclear reactor.

The four steps above can be realized by
software. The last step, from A Puuclear tO
APipermal, can be perforined by a silicon con-
trolled rectifier (SCR). Counsidering A Ppyclear
obtained in step 4, then the control voltage
of SCR, Vi, can be got depending on its
power/voltage performance curve. Then, the
power of thie heating assembly is controlled by
the signal of V.

SCR is a critical hardware for the realiza-
tion of simulating nuclear feedback. Morcover,
in order to simulate nuclear feedback, the SCR
and the heating assembly must have excellent
controllability, transient stability and time res-
olution characteristic.

2.3 Data acquisition and processing sys-
tem

As shown iur Fig.4, the system consists of

microcomputer

T R s

HP-IB
interface board

3

HP33852
main board

s
—
HP44702 HP44727
A/D board D/A board

thermocouples,
manometers,
differential
manometers,

Hall effect ammeters,
voltmeters, etc.

SCR

Fig.4 Data acquisition system

a microcomputer, a data acquisition equipment
and different kinds of sensors. All collected
analog signals are transferred to HP44702 high-
specd digital voltmeter, and are converted to
digital signals, which are inputted into the mi-
crocomputer through HP3852 main board and
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HP-IB interface board. Thermal-hydraulic cal-
culation is completed in the microcomputer,
and the control voltage of SCR, Vi, is fig-
ured out according to the principle of nuclear
feedback described in section 2.2. Finally, the
digital signal of Viin is converted to analog sig-
nal in HP 44727 D/A board and transmitted to
SCR. to control the heating power.

The main measuring points are shown in
Fig.5. The corresponding codes and sensor
types are listed in Table 1. Temperatures of
fluid are measured by copper-constantan ther-
mocouples. In order to augment signal-to-
noise ratios, “NTT-T” temperature transform-
ers are adopted. The temperature of the heat-
ing rod surface, which is relatively high, is mea-
sured by an alumel-chromel thermocouple. Ab-
solute errors of temperatures are 1°C, DPres-
sures and differential pressures are measured
by “1151” manometers and “1151” differential
manometers, respectively. Their relative errors
are 0.5%, and their time-constants arc 0.2 s.
The heating current and voltage are measured
by LT-2000-S Hall effect ammeter and LV-25P

voltmetcr, respectively, of which relative crrors
are 0.5%.

Fig.5 Location of main measuring points
1 Circulation flow rate, 2 Primary loop pressure, 3
Heating current, 4 Heating voltage, 5 Temperature of
heating section inlet, 6 Temperature of heating section
outlet, 7 Differential pressurce of heating section,

8 Tempecerature of heating rod surface
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Fig.6 The schematic structure of the program
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The softwarc system, which is developed
with the computer languages of Borland CT+
and Assemble, is applied to completing data
acquisition, calculating, memorization, display
and control. Its schematic process is shown in
Fig.6.

2.4 Operation conditions of the primary
loop

In the beginning of experiments, thie power
of the heating asscmbly, which simulates nu-
clear power, is augmented to the rated level
of 60kW gradually, and natural circulation is
erceted in the primary loop. Then the required
opcration conditions of the primary loop can

be obtained by adjusting the valves A and B
(shown i Fig.3). Specifically, the required sys-
tem pressure, 1.5 MPa, can be obtained by reg-
ulating the condcuser feed-water through ad-
justing the valve B, the required subcooling of
the heating section inlet, 5°C or 30°C, can be
obtained by regulating the heat exchanger feed-
water through adjusting thie valve A. While the
system 1s running stably under the required op-
cration condition, simulating nuclear feedback
cant be thirown into the systeni. At thie same
time, the system responscs are recorded by the
data acquisition systen.

Table 1 Mecasuring points, codes and sensor types

Measuring points Codes Sensor type
Circulation flow rate F Differential mmanometer
Primary loop pressurc P Manometer
Heating current I Hall effect amunecter
Heating voltage U Voltmeter
Temperature of heating section inlet Tin Copper-constantan thermocouple
Temperature of heating section outlet Tout Copper-constantan thermocouple
Temperature of heating rod surface Tw Alumel-chromel thermocouple
Differential pressure of heating section AP Diffcrential manometer

3 Experimental results and discus-
sions

3.1 High subcooling of the heating section
inlet

When the subcooling of the heating see-
tion iulet 1s about 30°C, the circulation flow
rate, which is a typical parameter being indica-
tive of whether the system is stable or not,
declines slightly after nuclear feedback being
thrown into tlic system, as shown i Fig.7. Al-

-1

though tlicre are some slight fluctuations ou the
curve, the circulation flow rate drifts to another
stable flow rate which is somewhat less thau
that before nuclcar fecedback. The variation
of nuclear reactivity and the mcan void frac-
tion of heating scction are shown in Figs.8 and
9, respectively. Although both the two curves
have some vibrations, the rclative amplitudes
arc within 10 percent. Tlerefore, the natural
circulation is stable on the whole.
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Fig.7 Circulation flow. rate af-
ter nuclear feedback when sub-
cooling of lLiecating sectiow iulet

s 30°C

Fig.8 Varnation of reactivity af-
ter nuclear feedback when sub-
cooling of lLeating section 1ulet
s 30°

Fig.9 Void fraction of lLeating

scction after nuclear feedback
when subcooling of heating sec-

tion inlet 1s 30°C
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Based on nuclear reactor physics, voids
can degrade tlie slowing-down power of neutron
moderator whicli also is coolant in nuclear heat-
ing reactor. Thus, the variation of reactivity,
which is led into the system in the beginning
of nuclear feedback, is negative, as shown in
Fig.8. The negative change of reactivity means
a decrement of the nuclear power which can re-
sult in decrements of void fraction and driv-
ing pressure head then a decrement of circu-
lation flow rate. This is the reason why the
circulation flow rate declines. Then the decre-
ment of flow rate leads to an increment of void
fraction. Therefore, the thermal-hydraulic feed-
back is negative, which is the basic reason why
tlie natural circulation is stable. Certainly, the

—1

decrement of void fraction in the beginning of
nuclear feedback can also diminish two-phase
friction factor. However, this effect is negligi-
ble because the length of two-phase flow zone
in the up-section is relatively short owing to the
relatively high subcooling of the heating section
inlet.
3.2 Low subcooling of the heating section
inlet

When tlie subcooling of the heating sec-
tion inlet is about 5°C, the circulation flow rate,
which is shown in Fig.10, oscillates violently.
Referring to Figs.11 and 12, both the variation
of nuclear reactivity and the mean void fraction
of the heating section also fluctuate violently. It
is obvious that natural circulation is instable.
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Figs.10-12 After nuclear feedback circulation flow rate(10), reactivity (11), and void fraction of heating
scction (12) as a function of time when subcooling of heating scction inlet 1s 5°C

In the beginning of nuclear feedback, be-
ing similar to the situation stated in section
3.1, a negative reactivity is led into the sys-
tem. Then decrements of nuclear power and
void fraction occur. The decrement of void frac-
tion can bring about two effects simultaneously.
One is a decrement of driving pressure head,
the other is a decrement of two-pliase friction
factor. However, the primary effect is not the
former but tlie latter because the subcooling of
the heating section inlet is relatively low and
the length of two-phase flow zone in the up-
section is relatively long. So the total effect is
an increment of circulation flow rate then an-
other decrement of void fraction. Therefore, the
thermal-hydraulic feedback is positive, which is
tlie fundamental reason why the system is in-
stable.

4 Conclusions

On thlie basis of the simmulating experiments,
tlie subcooling of core inlet should be kept high
enough in order to ensure the stable operation
of low temperature nuclear heating reactor.
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