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Therm al—hydraulic stability of a natural circulation system 

wit h nuclear feedback 

Xu Z1fan—Jie，Chen Li—Qiang，Ma Chang—Wen alld Wu Shao—Rong 

(Institute 0，Nuclear Energy Technology．Tsinghua University，Bcijinfl』00084) 

A bstract The stability of low temperature nuclear heating reactor with various subcool— 

ings of reactor core inlet has been studied by means of simulating experiments．The thernlaL 

hydraulic system and the data acquisition and processing system are presented．Especially，tile 

process of realizing tile simulating nuclear fcedback is introduced iI1 detail．Finally．tile experi— 

mental results arc discussed iIt tile opinions of nllclear reactor physics and therma1 hydraulics
． 

The conclusion is that tile nuclear reactor Call operate stably only when tile subcooling 0f 

reactor core inlet is high enough． 

K eywords Stability，Nuclear feedback，Density—wave oscillation，Natural circulation 

1 IntrodHction 

Thc pl’oblem of stability nlay arise in many 

two—phase flow systems，such as nuclear reac— 

tors，power station boilers，lmat exchangers， 

liquid—propellant engines and SOl~le chemical 

cilities． An instable two—phase flow．of which 

thermal—．hydraulic parameters often drift ape—． 

riodically or oscillate periodically，may bring 

about mechanical vibration or alternating ther— 

real sh’ess，evell rapid degradation of perfor— 

inances．Thus the instability of two—phase flow 

will make these systems run abnormally and lln— 

safely． 

Becallse water is not only coolant but also 

neutron moderator in light—water nuclear re— 

actors．a change in void fraclion may lcad to 

a change in nuclear reactivity． Therefore．the 

therm al—hydraulic instability may result in the 

instability of nuclear reaction．For this reason 

it is necessary to study the stability of two— 

phase flows of nuclear reactors． 

Especially for low temperature nuclear 

heating reactor， of whict1 primary loop is a 

natura】circlflation system nnder】ow pressnre 

an(1 low dryness．the problem of flow stability 

is more striking． Because．as shown in Fig．1． 

voi(1 fraction is susceptible to dryness under low 

pressllre when dryness is relatively】ow．tllat is。 

a very little variation of dryness may result in 

a great change of void fraction． Therefore．in 

such a system two kinds of feedback，thermal一 
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hydraulic feedback and 

very liable to bc erected 

nllcleai’feedback，are 

spontanc0usly． Refer— 

ring to Fig．2，the processes oi’nllclear feedback 

and thermal—hydraulic feedback are manifested 

by the left and right cirmfits，respectively．As— 

suming that a little variation，for example，a 

little decrement of dryness hat)pens beCallSe of 
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Fig．1 Relation b etween dryness and void fractio n 

under low pressure 

some random factors，then a relatively great 

decrement of void fl-action is unavoidable．This 

decrement of void fl'action，on one hand．will re— 

sult in an increment of nuclear reactivity then 

an increment of nuclear power．fii1ally lca(1 to aI1 

increnlent of dryness．so it is obvious that the 

mlclear feedback is a negative one anyway．0n 

the other lland．this decrement of void fraction 

will result in a decrement of drivin pressure 
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head and a decrement of two-phase friction fac— 

for simultaneously．The former，which is disad— 

vantageous factor to circulation．will lcad 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， 

tile property of thermal—hydraulic feedback is 

contingent on speclhc system param eters j such 

as subcooling of reactor core inlet．altitude of 

reactor core and system pressure．【l J W hen the 

thermal—hydraulic feedback is positive．density— 

wave oscillations may OCCUr because of the 

intcrdi西tation between nuclear feedback links 

and thermal-hydraulic feedback links． 

_{nuclear reactivity H  VO： d fraction driving pressure head h- 
J l 』 、 ％ we—phase fi-iction factor~1 

1 
f 

-4 nuclear power ，{ dryness J． circulation fiew rate I—— 

Fig．2 Nuclear feedback and thermal—hydraulic feedback 

Previous studies on the stability of natu． 

ral circulation system have been done without 

nuclear feedback[2 引
． so it is necessary to re． 

search this topic with simulating nuclear feed． 

back．Therefore．an experimental natural circu． 

1ation circuit with simulating nuclear feedback， 

which simulates the primary loop of low temper— 

attire nuclear heating reactor，has been erected． 

Two experiments have been carried out on the 

system with difierent subcoolings of heating sec． 

tion inlet．ODe has been performed with a high 

inlet subcooling．the other with a low inlet sub． 

cooling． In the end．the stability of low tern． 

perature nuclear heating reactor has been dis． 

ci1ssed． 

2 Experim ental 

m ethodologies 

system s and 

2．1 Therm al—hydraulic system 

The principle diagram of experimental sys— 

tern 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． 

Thc primary loop．a natural circulation 

system ，which simulates that of nuclear heat— 

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 coefficient as the prim． 

irive mode1． The main design parameters of 

the loop are shown as follows： system pres— 

sure<2．5 M Pa．heating section altitude=1．2 m． 

ascending section altitude~3 m ．inlet subcool— 

ing of the heating section is 5 to 30。C．out— 

let dryness of the lmating section <0．05．maxi— 

mal heating power=I S0 kW j upper temperature 

limit of the heating rod surface is 500。C． 

In the process of circulation，subcooled 

liquid flows upward along the heating sec tion 

driven by the pressure resulting from the den— 

sity difierence of coolant between the up—section 

fincluding the heating section and the ascend— 

ing section)and the down—section fincluding 

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．Tlien the mixture of steam—water pas ses 

through the as cending section and gets to the 

separator．Herej the vapor being separated en— 

ters the condenser and is condensed to liquid in 

ing reactorj mainly includes a heating section itj then comes back to the separator．Simulta一 

(simulating reactor core)j an ascending sectionj 
a descending section．a steam—water separa- 

for．a condenser and a heat exchanger． The 

loop is designed to meet the primary similarity 

criteria of single／two—phase flow．【6]Moreover． 

neouslyj the liquid being separated in the sepa— 

ratorj after being cooled in the heat exchangerj 

flows down ttle descending section j and returns 

to ttle heating section inlet througt1 the throt— 

tle valve and the flow meter equipped on the 
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bottom of the loop 

Fig．3 Princit)le diagram of thcrnml—hydraulic 

system 

1 Heating section(simulating reactor core) 

2 Ascending section，3 Up—sectim I，4 Steam —warm’ 

separator，5 Condenser，6 Heating rod，7 Silicon 

controlled rectifier(SCR)，8 Heat exchanger，9 

Descending section，10 Down-section，11 Throttle 

valve，12 Flow meter，13 Air—cooler，14 Pum p，15 Valve 

B．16 Valve A 

The auxiliary loop．a foreed circulation 

loop，which is designed to a4just the operation 
conditions of the primary 1oop．consists of the 

condenser，tile 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 

ofthe two flow rates can be regulated by ad 一
．

ust 

ing the valves before the heat exchanger and the 

separator 7 respectively．The two paths of fluid 

converge at the air—cooler，and are cooled in it， 

then return to the pum p． 

The two loops are 1inked at the heat ex- 

changer and the condenser． 

2．2 Realization of sim ulating 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 SCCtion Ap which simulates that 

of nuclear reactor core，according to the differ— 

ential pressure of this section，A m suⅢ which 

is measured by a difierential m anometer．Sec— 

ondly，Ap is multiplied by density—reactivity co- 

e伍 cient which is determine(1 by the nuclear re— 

actor，the product is the change in nuclear re一 

● ”一  。 ⋯ ’-。～ 1⋯  ⋯  

、，o1．8 

activity，named as Ar]． Next，through solving 

point—reactor kinetics equations，the change in 

neutron flux，AN ，can be got．Then the vari— 

ation of nuclear power，△ uc1ear，Call be got 

from the product of AN and the power coe伍一 

cient determined by the nuclear reactor． 

The four steps above can be realized by 

software． The 1ast step， from A IIc1ear to 

△PfheⅢ a1，can be performed by a silicon con— 

trolled rectifier(SCR)．Considering A IIc1caT 
obtained in step 4．then the contro1 voltage 

of SCR，Err1，Call be got depending on its 

power／voltage performance curve．Then，the 
power of the heating assembly is controlled by 

the signal of tr1． 

SCR is a critica1 lmrdware for the realiza— 

tion of simulating nuclear feedback．Moreover， 

in order to simulate nuclear feedback，the SCR 

and the heating assembly must 1lave excellent 

c0ntr011abmtv．transient stability and time res— 

olution charactcristic 

2．3 D ata acquisition and processing sys— 

tern  

As showI1 in Fig 4，tile system consists of" 

microcomputer 

⋯ ． ． ．t．．．．． 

l访 。 HP。。-IB 。 
HP3852 

main board 

个 山 

HP44702 HP44727 

A／D board D，A board 

⋯ ．介⋯⋯⋯．．J．．_⋯ 
thermocouples， l manometers， difre

rential 

manometers， 
Hall effect ammeters． SCR 

voltm eters，etc 

Fig．4 Data acquisition systcnl 

a microcomputer．a data acquisition equipm ent 

and difierent kinds of sensors． A11 collected 

analog signals are transferred to HP44702 high— 

speed digital voltmeter，and are converted to 

digital signals，which are inputted into the nfi— 

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， tr1，is fig— 

ured out according to the principle of nuclear 

feedback described in section 2．2． Finally．the 

digital signal of tr1 is converted to analog sig— 

nal in HP44727 D／A board and transmitted to 

SCR to control the heating power． 

The main measuring points are shown in 

Fig．5． The c0rresp0ndin 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” tem perature 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．Pres— 

sures and difierential pressures &re measured 

by “l151”manometers and “l151”diffcrential 

manometers，respectively．Their relative errors 

are 0．5％．and their time—constants are O．2 S． 

The heating current and voltage are measured 

bv LT一2000一S Hall effect ammeter and LV一25 P 

voltmeterj respectivelyj of which relative errors 

are 0．5％． 

Fig．5 Location of main lneasuring points 

1 Circulation flow rate，2 Primary loop pressure
，
3 

Heating current，4 Heating voltage，5 Tem peratm'e of 

heating section inlet，6 Tem perature of heating section 

outlet，7 Differential pressure of heating seetion， 

8 Temperature of heating rod,surface 

Fig．6 The schem atic structure of the program 
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Thc software system ．which is developed 

with the computer languages of Borland C++ 

and Assemble，is applied to completing data 

acquisitionj calculating{memorizationj display 

and contro1．Its schematic process is showi1 in 

Fig．6． 

2．4 Operation conditions of the prim ary 

loop 

In the beginning of experimentsj tlie power 

of th e heating assembly，wlrich simulates IlU— 

clear power．is augmented to the rated level 

of 60 kW  gradually，and natllra1 circulation is 

erected in the primary 1oop．Then the require(1 

operation conditions of the primary 1oop can 

Vol-8 

be obtained by a4justing the valves A and B 

(shown ii1 Fig．3)．Specificallyj the required sys— 
teni pressure{1．5 MPa，can be obtained by reg— 

ulating the condenser feed．．water through ad．． 

justing the valve B j the required subcooling of 

the lmating section inlet．5。C or 30。C，can be 

obtained by regulating the heat exchanger feed— 

water through adjusting tlie valve A．While the 
system is rmming stably under the required op— 

eration condition，simulating nuclear feedback 

Call be thrown into the system． At the sanle 

tinle，the system responses are recorded by the． 

data acquisition system． 

Table 1 M easuring points codes and sensor types 

3 Experim ental results and discus— though there are some slight fluctuations Oll the 

Sl0 n S 

3．1 H igh subcooling ofthe heating section 

inlet 

W hen the subcooling of the heating sec— 

tion ihiet is about 30。C．the circulation flow 

rate，which is a typical paranleter being indica- 

tive of whether the system is stable or not， 

decline．s slightly after nuclear feedback being 

thrown into the system．as show11 in Fig．7．A1— 
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Fig．7 Circulation flow,rate af- 

t( r nllclea．r feedback whell sllb— 

cooling of heating section ink"t 

is 30。C 
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cllrve．the circulation flow rate drifts to another 

stable flow rate which is somewhat 1ess than 

that before nuclear feedback． The variation 

of nuclear reactivity and the mean void frac— 

tion of heating section are shown in Figs．8 and 

9，respectively，Although both the two curves 

1lave some vibrations．the relative amplitudes 

are within 10 percent． Therefore．tlle natura1 

circulation is stable Oll the whole． 

Time／s 

Fig．8 Variation of reactivity af 

ter nllcle&r feedback when s111)一 

cooling of heating section inlet 

is 30。 

Time／s 

40 50 

Fig．9 Void fraction of heating 

section after nllcleltr feedback 

when subcooling of heating SCC— 

tion inlet is 3【)。C 
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B ed on nuclear reactor physics，voids 

can degrade ttle slowing—down power of neutron 

moderator which also is coolant in nuclear heat— 

in reactor． Thus，the variation of reactivity， 

which is led into the system i11 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— 

lalien 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 

the natural circulation is stable．Certainly．the 
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Time／s 

decrement of void fraction in the beginning of 

nuclear feedback can also diminish two-phase 

friction factor． However．this effcct is negligi— 

ble because the length of two—phase flow ZOlle 

in the up—section is relatively short owing to the 

relatively high subcooling of the heating section 

iMet． 

3．2 Low subcooling of the heating section 

inlet 

W hen the subcooling of the heating see— 

lion iMet is about 5。C，ttle 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 ttle heating section also fluctuate violently．It 

is obvious that natural circulation is instable． 

Figs．1 0-1 2 After nuclear feedback circulation flow 

section(12)as a function of time whell 

In the beginning of nuclear feedback，be— 

ing sinfilar 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— 

lion can bring about two effects simultaneously． 

One is a decrement of driving pressure head． 

the other is a decrement of two—phase friction 

factor．However．the primary cffect is not the 

former but the lalter because the subcooling of 

the heating section iMet is relatively low and 

tile length of two—phase flow zone in the up— 

section is relatively long．So tile 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 

the fundamental reason why the system is in— 

stab】c． 

4 Conclusions 

Time／s 
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rate(10)，reactivity(1 1)，and void fraction of heating 
subcooling of heating section inlet is 5。C 

On the basis of the shnulating experiments， 

the subcooling of core inlet should bc kept high 

enough in order to ensure the stable operation 

of low temperature nuclear heating reactor． 
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