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ABSTRACT

An experimental simulation study on the transition from pressurized to boiling

operation of a low-temperature, natural circulation nuclear heating reactor (5

MW) developed by INET of Tsinghua University is presented. The experiment

was performed on the test loop (HRTL-5), which simulates the geometry and sys-

tem design of the 5 MW reactor. The manifestation of different kinds of two-phase

flow instabilities,namely geysering,flashing instability and low-steam quality densi-

ty wave instability on the transition from pressurized to boiling operation is de-

scribed. The mechanism of flashing instability, which has never been studied well

on this field, is especially interpreted. It is suggested that the start-up process, from

initial condition to boiling operation condition, should consist of three steps- (1) in-

creasing of initial pressure by means of a noncondensable gas (N2) , which is a very

effective method to eliminate geysering and flashing instability at lower pressure.

(2) start-up of the reactor at this pressurized condition with a constant heat flux

under the limited value of q=0. 15 MW • m~2, which controls the exit temperature

of the heated section below the one of net vapor generation, the low steam quality

density wave oscillation can be avoided. (3) transition to a lower pressure, boiling

operation. The method of transition with low-heat flux and low-inlet subcooling is

proposed: at pressurized operation condition, by reducing the heat flux to its lowest

level, releasing the noncondensable gas and increasing the heat flux gradually

(dq/dt<C3 kW • m~2 • min"1), during which the low-steam quality density wave

oscillation can be be prevented from occurring, then the boiling operation condition

can be achieved through adjusting the heat flux and inlet subcooling to their de-

signed value. A stable transition from pressurized to boiling operation of the 5 MW

reactor is achieved by careful selection of the thermohydraulic parameters.



INTRODUCTION

A 5 MW nuclear heating reactor [1] developed by the Institute of Nuclear En-

ergy and Technology (INET) has been in operation since 1989. It adopts concepts

of self-pressurized performance and integral arrangement, which means that all

components of the primary loop are located within a pressure vessel. The reactor is

comprised of a primary system operating at low pressure (1.5 MPa) and low steam

quality under natural circulation flow. The steam quality at the exit of the reactor

core is less than 1 %»while the void fraction is relatively high due to the low system

pressure. A long riser above the fuel assemblies accommodates the steam-water

mixture leaving the reactor core and provides the driving force for the natural circu-

lation flow. The main parameters of the 5 MW reactor are shown in Ref. [ l ] .

In order to investigate the thermohydraulic behavior of natural circulation in

the primary loop of the 5 MW reactor, a test loop HRTL-5, simulating the geome-

try and system design of the reactor, was erected at INET. Several kinds of flow

instabilities have been observed,e. g. geysering,flashing instability at /><0. 3 MPa,

as well as low-steam quality density wave instability. Two phase flow instability is

the main problem to be solved in the transition from pressurized to boiling opera-

tion.

Transition from pressurized to boiling operation is a process of increasing the

pressure and temperature, in which the coolant in the primary loop of the 5 MW re-

actor is heated from the initial pressure and room temperature to the operating pres-

sure of 1. 5 MPa and a temperature of 186. 0 °C for the single-phase or to 198. 3 °C

for the two-phase regime Cl-1.

Since the 1950's, with the beginning of commercialization of nuclear reactors,

the interest in two-phase flow instability studies has started to grow internation-

ally. J. A. Boure et al. ra made a clear classification of flow instabilities at that time.

Most of these instabilities mentioned by Boure concerned forced circulation, and the

density wave instability was concerning high-steam quality for the BWR condi-

tions. Ishii[3] studied instabilities at constant pressure drop. Fukuda and Kobori[4]

studied both low-(type I ) and high-steam quality (type I ) density wave instabil-

ities for both natural and forced circulation. Another kind of instability called gey-

sering was also mentioned by Boure and Aritomi et alC5-1. Different from geysering

mentioned by Boure and Aritomi, Jiang et al. [s] investigated flashing instability un-

der natural circulation with single channel. Flashing is a process of vapor genera-
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tion,in which the vapors are not caused by heating from the outside of the fluid,but

are caused by the temperature of the fluid reaching its local saturation value and va-

porizing as it is flowing up. The vapors generated by flashing appear first at the exit

of the riser» where the saturation temperature is low. It is worthy to mention that

the vapors caused in flashing are not the same as those generated by heating in the

heated section and later flowing upwards, and that flashing is not related to vapor

generation (in the heated section) , detachment, growth and condensation. The nec-

essary condition for flashing is the fluid temperature at the inlet of the riser greater

than the saturation one at the exit of it. At low system pressure flashing in a natu-

ral circulation system with a long,non-heated riser can cause flow instability,name-

ly flashing instability.

Based on the study of these instabilities, the emphasis of present work is placed

on the transition from initial pressurized operation condition to boiling operation

during which all kinds of flow instabilities should be prevented from occurring.

1 EXPERIMENTAL SYSTEM

The experiment was carried out on test loop HRTL-5. The primary loop con-

sists of two parallel vertically heated sections, risers and steam separators, one heat

exchanger, one steam condenser and downcomer, throttle valves, and connection

tubes. The total height of the test system is about 7 m. Table 1. shows the impor-

tant parameters of the test loop HRTL-5. Each of the two heated sections, which

has the same hydraulic diameter as that of the 5 MW reactor, contains 16 (4X4

bundle) electrically heated rods, which have the same heat flux and same diameter

as the fuel rods in the 5 MW reactor. Desalinated water is used as working fluid.

Each heated section and riser have the same heights as those of the 5 MW reactor.

Flow resistance, system pressure and the inlet temperature can be adjusted to the

same as those of the 5 MW reactor by adjusting the throttle valve and by control-

ling the secondary mass flow rate through the condenser and heat exchanger, re-

spectively. In this way the test loop HRTL-5 and the 5MW reactor have the same

Geometrical Groups: Reynolds number, Prandtl number, Froude number, Subcool-

ing number, Phase-change number, Drift number and Density ratio (the definition

of the above similarity groups see C3-!), and therefore the main thermohydraulic fea-

tures in the 5 MW reactor can be simulated by its test loop HRTL-5. Three pair of

glass windows are installed at the exit of the heated section, inlet and exit of the ris-

er. Water enters the heated section with the required subcooling, and leaves it

4



through the exit as steam-water mixture, and flowing further through the riser into

the separator. The steam leaving the separator enters the condenser, from where

the condensate flows back into the liquid section of the separator. The saturated

water flows from the separator through the heat exchanger, where it reaches the

desired subcooling, through the throttle valve which is used for setting the resis-

tance coefficient, through the main flowmeter, then flows back through the channel

throttle valves and channel fiowmeters to the inlet of the two heated sections,there-

by closing the natural circulation loop. Single channel was used in this investiga-

tion.
Table 1 Main parameters of the test loop HRTL-S

Working fluid

System pressure

Fluid temperature

Heat flux

Inlet subcooling

Height of heated section

Hydraulic diamter of heated section

Diameter of heated rods

Height of riser

Resistance coefficient at the

inlet of heated section

Water

< 2 . 0 MPa

<200 TC

< 0 . 6 MWra"1

> 2 K

0.58 m

10. 2 mm

10 mm

3. 0 m

10~100

2 EXPERIMENTAL RESULTS

The problem to be solved is to find the two-phase flow oscillations existing be-

low 1. 5 MPa system pressure and to prevent them from occurring during the tran-

sition.

The instability map at p=l. 5 MPa and q>0. 2 MW/m2 (0. 2 MW/m2 in test

facility HRTL-5 simulating 5 MW in the reactor under nominal conditions) was

given in previous work [6]. Fig. 1 shows the instability map as obtained by the test

loop HRTL-5 at p=\. 5 MPa and q<0. 2 MW/m2. Smaller inlet subcooling is dif-

ficult to maintain due to the limitation of the loop (heat loss of the loop). The

AT,—q plane is divided by upper and lower boundaries (a —b and c — d) of low-

steam quality density wave instability into three regions; region (A) (single-phase

and subcooled boiling two-phase flow stable region), region (B) (two-phase flow

low-steam quality density wave oscillation region) and region (C) (two-phase flow
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stable region). Geysering* flashing instability and high-steam quality density wave

instability do not occur at the operating condition (/>=1. 5 MPa). Fig. 2 shows a

typical record of the low-steam quality density wave oscillation in the region (B).

The exit steam quality in this unstable region (B) is very low (— 1.0%<ix<i

1.0%). This is one of the reasons why this oscillation is called low-steam quality

density wave instability.

60
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Fig. 1 Instability map (/>=1. 5 MPa, Fig. 2 Typical record of low steam quality

K; = 33). Operating points of density instability (/>=1. 5 MPa,

the 5 MW reactor shown by' 7^ = 33, q=0. 2 MW » m~ !)

The designed operation conditions for the 5 MW reactor are: for the single-

phase regime, />=1. 5 MPa» ^ = 0 . 2 MW/m2, ATs=52 K, and for the two-phase

regime, p=\. 5 MPa, ̂ = 0 . 2 MW/mz , ATS=12 K Cl]. Operaton points of the 5

MW reactor for single- and two-phase regime exist in stable region (A) and (C) of

Fig. 1, respectively. Therefore the concrete problem to be solved in the process of

transition is: How can the operating point in region (C) for the two-phase regime

be reached at /»=1. 5 MPa, during which all kinds of flow instability can be pre-

vented from occurring.

Three kinds of instability, namely, geysering, flashing instability (at p < 0 . 3

MPa) and low-steam quality density wave instability which exist below 1. 5 MPa,

are discussed in the present work. Fig. 3 shows the instability map of geysering at

p=0. 1 MPa. The flashing instability occurs at lower inlet subcooling (under curve
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a — b in Fig. 3 ) , which means flashing

instability occurs after geysering, From the

instability point of view curve a — b in

Fig. 1 and Fig. 3 show the highest inlet

subcooling under which the system be-

comes unstable at different system pres-

sure. The inlet subcooling for initial condi-

tion of the 5 MW reactor is in the stable

region (A) in Fig. 3. If the operating point

can be moved from stable region (A) in

Fig. 3 to stable region (A) in Fig. 1 without reaching the unstable region (B) dur-

ing the process of pressure increase, the stable start-up for single-phase regime is

reached. The following shows that this is impossible: To avoid flow instability (gey-

sering and flashing instability) at p—Q. 1 MPa during the start-up of the 5 MW

nuclear heating reactor, the inlet subcooling should be maintained above the onset

value of geysenng. Fig. 3 shows that geysering occurs already under relatively high

inlet subcooling conditions (the real subcooling is higher than that in Fig. 3 due to

the effect of gravity head). At high inlet subcooling, such as that above the bound-

ary value (a—b) in Fig. 3, the rate of vaporization to the steam volume of the sys-

tem is very low, therefore the system pressure can not be established, geysering and

flashing instability will occur with lower inlet subcooling, before the system pres-

sure increases. Therefore flow oscillation will certainly occur when the 5 MW reac-

tor is started up from atmospheric pressure on.

Through our further experimental investigations, it has been found that gey-

sering and flashing instability almost disappear at a system pressure of 0. 3 MPa by

adding nitrogen gas (N2). AritomiC5] also mentioned that thermohydraulic instabili-

ties including geysering have never been experienced during the start-up of a natu-

ral circulation BWR with the initial pressure rising up to 0. 5 MPa (It should be

pointed out that low-steam quality density wave instability exists under certain con-

ditions in HRTL-5 at />=0. 3 MPa). Consequently a method based on externally-

supplied system pressurization Cp=O. 3 MPa with NE) has been found to avoid the

geysering and flashing instability during pressurized start-up at lower pressure. The

method to avoid the low-steam quality density wave at />>0. 3 MPa is described

below.
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3 PRESSURIZED START-UP

Pressurized start-up, referred to in this paper, is a process of increasing the

pressure and temperature in such a manner that the coolant is always kept under a

single-phase flow condition, thus avoiding the low-steam quality density wave oscil-

lation. To maintain a single-phase conditions is to control subcooled vapor from

leaving the surface of the heated rods. From the research result of Saha-Zuber [7-1,

the subcooling at the point of net vapor generation at low velocity conditions can be

determined by:

Nu = —^ = 455 (1)

For the 5 MW reactor and its test loop HRTL-5, Dh — l. 02 mm, the minimal

thermal conductivity k = 0. 57 W/ (m • K) , so the maximal subcooling at the point

of net vapor generation is:

AT, = ^ | = 3. 9 X 1(T5 • q (2)

The visual investigation shows subcooled vapor exists in the heated section or

in the riser before low-steam quality density wave instability occurs, i. e. graphically

before curve a — b in Fig. 1 is reached. This means that there exists net vapor in the

stable region (A) , namely, the local exit subcooling, corresponding to the inlet one

on the curve a — b, is lower than that determined by equation (2). Consequently,

to control low-steam quality density wave instability by controlling the subcooling

of net vapor generation determined by equation (2) is conservative for system pres-

sures over 0. 3 MPa. In (2) , ATi is simply determined by heat flux. Therefore by

keeping the highest fluid temperature in the heated section, namely that upon exit,

below the net vapor generation temperature ATi, the density wave instability can be

controlled. Thus low-steam quality density wave instability can be avoided by con-

trolling heat flux durng start-up. An extreme start-up process was considered, in

which the heat flux is kept at the maximal constant value that can be achieved

without causing any kind of instability. After a series of trials, it was found that the

natural circulation system HRTL-5 can be stably started up from the initial 0. 3

MPa (with N2) to a final 1. 5 MPa with a constant heat flux of 0. 15 MW/m!.

Fig. 4 shows the experimental results of this pressurized start-up process. The sys-

tem pressure (/>) rises slowly at the beginning due to the low rate of steam vapor-

ization and the slight expansion of water into the steam volume. As heating contin-
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ues, the exit temperature T« of the

heated section increases, the

vaporization and expansion of water

also increase and therefore the sys-

tem pressure increases rapidly at the

end of the procedure. During the

start-up Tt is always located below

the calculated value of T\, while the

mass flow rate is stable throughout

the entire process. Therefore the

low-steam quality density wave oscil-

lation is avoided during the pressur-

ized start-up. For the reactor operat-

ing in the single-phase regime, the

process of start-up is finished. The

N2 remains in the top of the system

to prevent the water from boiling. By

adjusting the inlet temperature and

heat flux in the stable region (A) in

Fig. 1 the designed operation point

can be reached.

200

1.01-

Time/h

Fig. 4 Process of pressurized start-up

at initial pressure of 0. 3 MPa with N2

g = 0. 15 MW • m" 2 , p=0. 3—1. 5 MPa)

4 TRANSITION TO BOILING CONDITION

Until now the operation point has reached region (A) in Fig. 1. The 5 MW re-

actor has also been designed to be operated in the two-phase regime (shown by re-

gion (C) in Fig. 1) from an economic point of view (the exit temperature is 186. 0

"C for the single-phase regime and is 198. 3 'C for the two-phase regime). The fol-

lowing work is to find a method to transit from region (A) to region (C) without

causing low-steam quality density wave oscillation shown in region (B) of Fig. 1.

There are three possibilities for this transition (see Fig. 1) D-*E, F-»G, and F-*-

H-*-I-*-J show the direction of the three possible transitions) :

4-1 Transition from point D to point E

At a operation point in the single-phase region (A) , for example at point D,

by maintaining the heat flux constant, releasing the mixture of nitrogen gas N2 and

steam from the steam volume gradually,the system pressure decreases,the inlet and
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/>D=1.59MPa / ' E =1 .21MPa

100 200
Tirrre/s"1

300

exit subcooling become small* then the

coolant starts to boil. Density wave

oscillation appears after 60 seconds of re-

lease time and continues on for about 240

seconds (see Fig. 5) . Point D (g = 0. 2

MW/m2 , ATs = 34 K) exists in region

( A ) , and point E (9=0. 2 MW/m2, ATS

= 12 K) exists in region (C). The process

from D to E is the one from a stable pres-

surized condition to a stable boiling condi- Fi«- 5 Transtion from pressurized

tion. However, the transition process itself c o n d i t i o n t o bo i l ing c o n d i t i o n ( m e t h o d l >

is unstable. The maximal relative amplitude of mass flow rate is approximately

35%. The relative amplitude of mass flow rate AM is given as the ratio of peak-to-

peak amplitude and the time-averaged mass flow rate:

Ani = Am/m, where Aw is the difference between the local maxima and mini-

ma of the mass flow rate oscillation.

4. 2 Transition from F to G

Increasing the heat flux at point F ,

the operating point moves from point F (q

= 0. 02 MW/m2 , ATS = 8. 3 K) in stable

region (A) to point G (g=0. 08 MW/m2, Tu) 0.4

ATs = 8 K) in stable region (C) (see ^

Fig. 6). But the transition process itself is

also unstable. The maximal relative ampli-

tude of mass flow rate is about 20%. The

heat flux level for transition I is lower

than that for transition I , and the oscilla- Fi«' 6 T r a n s t i o n f r o m pressurized
.. , , . . _ . 11 condition to boiling condition (method I )

tion amplitude for transition 11 is smaller

compared to transition I . The transition time is also shorter in case I . So this

suggests a procedure with a transit at low heat flux level. However,both transitions

face flow oscillatins, which decrease the safety of the reactor. Therefore • they are

not acceptable.

4. 3 Transition from F to H to I to J

Fig. 1 shows that curves a—b and c—d do not meet each other in the ATS—q

plane even at small heat flux and inlet subcooling conditions, but from the physical

10
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meaning we know first of all, they should meet each other, because stable region A

and C should be continuous, and second, they should meet in the plane for g X ) ,

since if one of the curves meets the ATS axis, it means that without heat flux there

is two-phase flow instability. However we can not determine that they meet in the

plane for ATs>0. If they do not meet even at lower heat flux and ATs>0 condi-

tions, it is impossible for an operation point to transit from region (A) to region

(C) without meeting two-phase flow instability in region (B), which means that

the design point for the two-phase regime can not be reached without meeting flow

instability.

In this transition, it is considered that

the point of q = 0 W/m2 and ATS = 0 K

should be stable, and it is assumed that

curves a —b and c — d meet each other at

region of small q and small ATs. Then it is

possible to obtain a stable transition pro-

cess. The experimental procedure is as fol-

lows: At point F in stable region (A) , re-

ducing heat flux to zero by the test loop

HRTL-5 (to minimal level by the 5 MW

reactor), with the operation point shifted

from point F to H. At point H, releasing

nitrogen gas gradually to prevent bulk

boiling in the primary loop, and closing the

release valve as the coolant at the top of

the system reaches its saturation tempera-

ture , with the operation point moving from

H to I. At point I increasing the heat flux

gradually, with the operation point reach-

ing J in the stable region (C). The stable transition is achieved. Fig. 7 shows per-

formances from point I to point J. The increase of the inlet subcooling in Fig. 7 is

caused by the heat loss of the loop. The mass flow rate fluctuations are mainly de-

termined by the change of heat flux and are a very weak function of time. Accord-

ingly these fluctuations of the mass flow rate can be controlled by controlling the

rate of increase of heat flux. The rate of increase of heat flux should be controlled

not to exceed a certain value (in this investigation dg/df<C3 kW/ (m2 • min)). Too

11

300
Time/s"

600

Fig. 7 Transtion from pressurized

condition to boiling condition (method

I : system pressure at the beginning

of the transition p—\. 33 MPa,



rapid a rate of increase of heat flux could cause sudden change in the void fraction

under low steam quality and low pressure conditions, which results in a sudden

change of the driving head and then the disturbance or even oscillation of the mass

flow rate. The small disturbances of the mass flow rate during the mass flow rate

fluctuations in Fig. 7 are caused by the rapid increase of heat flux at that time. The

amplitudes of these disturbances are very small compared with those oscillation in

transition I in Fig. 5 and I in Fig. 6. The onset value of relative amplitude of os-

cillation or disturbance defined as instability is determined by different engineering

systems according to economy and safety needs. If the amplitude of these distur-

bances in Fig. 7 are still not acceptable* the rate of increase of heat flux should be

further decreased. The transitions in Fig. 7 shows no occurrence of low-steam quali-

ty density wave instability like the one shown in Fig. 2 in the region (B) in Fig. 1,

which implies that from the thermohydraulic point of view the operation points

near ATs = 0 K are stable and curves a—b and c—d can be considered to meet each

other in the ATs—q plane.

In stable region (C) it is easy to reach the desired operation point by adjusting

heat flux and by controlling the mass flow rate of the secondary loop through the

subcooler and condenser.

5 CONCLUSIONS

(1) Three kinds of flow instabilities, namely geysering, flashing instability and

low-steam quality density wave instability, are the main problem to be solved in the

transition from pressurized condition to boiling condition of a natural circulation nu-

clear reactor system from atmospheric pressure to operating condition.

(2) Flashing instability occurs in the system with long non-heated riser at low

system pressure (/> less than 0. 3 MPa by present work).

(3) Geysering and flashing instability will certainly occur when starting up a

natural circulation nuclear reactor from atmospheric pressure.

(4) As a result of the experimental investigations, it has been found that for

the natural circulation 5 MW reactor, a stable process of start-up can be achieved.

The process of the stable start-up includes three stages, the first being the addition

of noncondensable gas (N2) in the steam volume to system pressures over 0.3

MPa. This is a very effective method to eliminate geysering and flashing instability

at lower pressure. Then by heating the system to the operation pressure with a con-

stant heat flux under the limited value of q=0. 15 MW/m2 (or with changed heat
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flux q<LO. 15 MW/m2) • which controls the exit temperature of the heated section

below the one of net vapor generation»therefore the low-steam quality density wave

oscillation (curve a — b in Fig. 1) can be avoided. Thus the pressurized operation

condition can be obtained through adjusting the heat flux and inlet subcooling (in

region (A) in Fig. 1) to their designed value at the same pressure level. Finally, by

reducing the heat flux to its lowest level, releasing the noncondensable gas and in-

creasing the heat flux gradually (dg /cUO kW/ (mz • min)) , during which the

low-steam quality density wave oscillation (region (B) in Fig. 1) can be prevented

from occurring t then the boiling operation condition can be achieved through adjust-

ing the heat flux and inlet subcooling (in region (C) in Fig. 1) to their designed

value.

(5) The experiment was carried out on the test loop HRTL-5 at single chan-

nel condition. The effect of parallel channel on the process of transition and on the

flow instabilities was not considered.
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