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ABSTRACT

The experiment was performed on the test loop (HRTL-5), which simulates

the geometry and system design of the 5 MW reactor. The flow behavior for a wide

range of inlet subcoolings, in which the flow undergoes from single phase to two

phase, is described in a natural circulation system at low pressure (/>=0. 1, 0. 24

MPa). Several kinds of flow instability, e. g. subcooled boiling instability, subcooled

boiling induced flashing instability, pure flashing instability as well as flashing cou-

pled density wave instability and high frequency flow oscillation, are investigated.

The mechanism of flashing and flashing concerned flow instability, which has never

been studied well in this field, is especially interpreted. The experimental results

show that, firstly, for a low pressure natural circulation system the two phase flow

is unstable in most of inlet subcooling conditions, the two phase stable flow can only

be reached at very low inlet subcoolings; secondly, at high inlet subcoolings the flow

instability is dominated by subcooled boiling in the heated section, and at middle in-

let subcoolings is dominated by void flashing in the adiabatic long riser; thirdly, in

two phase stable flow region the condition for boiling out of the core, namely, single

phase flow in the heated section, two phase flow in the riser due to vapor flashing,

can be realized. The experimental results are very important for the design and acci-

dent analysis of the vessel and swimming pool type natural circulation nuclear heat-

ing reactor.



INTRODUCTION

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

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

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

ponents of the primary loop are located within a pressure vessel. The reactor is com-

prised 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. In order to investigate the thermohydraulic behavior of natural circula-

tion in the primary loop of the 5 MW reactor, a test loop HRTL-5» simulating the

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

flow instability have been observed, e.g. subcooled boiling instability, subcooled

boiling induced flashing instability, pure flashing instability and flashing coupled

density wave instability at p<C0. 3 MPa, as well as low-steam quality density wave

and high frequency flow instability.

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

the interest in two-phase low instability studies started to grow internationally. J.

A. Boure et al. ^ made a clear classification of flow instabilities at that time. Most

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

density wave instability is concerning high-steam quality for the BWR conditions.

Ishii [3-1 studied instabilities at constant pressure drop. Fukuda and Kobori ^ studied

both low- (type I ) and high-steam quality (type I ) density wave instabilities for

both natural and forced circulation. Another kind of instability called geysering was

also mentioned by Boure: Geysering has been observed in a variety of closed end,

vertical columns of liquid which are heated at the base. When the heat flux is suffi-

ciently high, boiling is initiated at the base. In low pressure systems this results in

a suddenly increased vapor generation due to the reduction in hydrostatic head and

usually an expulsion of vapor from the channel. Aritomi et alC5] studied geysering in

a natural circulation system with parallel boiling channel. It is described as follows:

A large bubble covering the entire flow cross section is formed and grows towards

the outlet plenum due to the decrease in hydrostatic head. As soon as the large bub-

ble reaches the outlet plenum, it is mixed with subcooled water and condensed
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rapidly therein. Subcooled water reenters rapidly from the inlet plenum as the pres-

sure drop corresponds to that in the other channel. If the condensation rate, that is

the reentering rate, is higher than the circulation one, flow reversal is induced in the

other channel. Both channels are filled with liquid and non-boiling condition is re-

stored. After a while, a slug bubble is formed in the other channel because the tem-

perature of liquid reentering from the outlet plenum is higher than that in the chan-

nel. Such a process periodically repeats alternatively in both channels. This instabili-

ty is called 'Geysering Induced by Condensation' by them. Geysering was identified

in both previous works \_2] and \J>~\ as periodical flow oscillation. The subcooled

boiling instability under natural circulation with single channel investigated in the

present paper is also caused by vapor generation*detachment,growth and condensa-

tion , which is similar to that described by Boure and Aritomi, but has no constant

period and amplitude and the behavior of flow oscillation also differs from that of

geysering.

Flashing is a process of vapor generation, 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 vaporizing as it is flowing up. The va-

pors generated by flashing appear first at the exit of the riser, where the saturation

temperature is low. It is worth while to mention that the vapors caused in flashing

are not the same as those generated by heating in the heated section and later flow-

ing upwards r and that flashing is not related to vapor generation (in the heated sec-

tion), detachment, growth and condensation. The necessary 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 natural circulation system with

a long, notheated riser can cause flow instability, namely flashing instability.

The flashing instability is different from subcooled boiling instability and gey-

sering in the following aspects-

(1) Phenomenon:

The vapors which cause flashing instability are first generated at the top of the

long non-heated riser, then develop downwards along the riser, while by subcooled

boiling instability the vapors are formed only in the heated section, and condensed

at the inlet of the riser as they flow upwards. The mass flow rate by flashing insta-

bility is much greater than that by subcooled boiling instability, and it oscillates

gradually due to the relatively long process of flashing generation, development and

disappearance in the riser,unlike that of pulse-like oscillation due to the sudden con-
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densation of a big subcooled vapor at the inlet of the riser by subcooled boiling in-

stability.

(2) Cause of vapor generation;

The vapors by flashing are formed purely by the decrease of hydrostatic head

as water flows upwards? while they are generated first in the heated section through

heating by subcooled boiling instability.

(3) State of thermal condition:

By flashing the vapors are formed in the non-heated long riser as the upwards

flowing water reaches its local saturation temperature, therefore the vapors are in

thermal equilibrium condition, and they do not condense during the process of oscil-

lation. By subcooled boiling instability the vapors are always in thermal non-equilib-

rium condition.

(4) Mechanism of oscillation:

Flashing instability is caused by the change of the driving force due to fluid va-

porizing (flashing) at the top of the long non-heated riser, flashed vapor down-

wards developing and out flowing from the riser, while subcooled boiling instability

is caused by the generation, detachment, growth and condensation of subcooled va-

por in the heated section and at the inlet of the riser.

(5) Geometry condition:

The flashing instability described in the present work was performed at single

channel condition of HRTL-5 > which has a short heated section (0. 58 m) and a

long non-heated riser (3. 0 m). By shorter non-heated riser (0. 25~0. 75 m by Ar-

itomi) and by closed end system (by Boure) it is difficulty to investigate flashing

instability.

Consequently,subcooled boiling instability,especially flashing and flashing con-

cerned flow instability have never been well investigated at nuclear reactor condi-

tions yet.

1 EXPERIMENTAL SYSTEM

The primary loop of HRTL-5, see Fig. 1, consists of two parallel vertically

heated sections, risers and steam separators, one heat exchanger, one steam con-

denser and downcomer, throttle valves, and connection tubes. The total height of

the test system is about 7 m. Table 1 shows main 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,
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Condenser

Heated rod
bundle 1,2

Preheater Valve.

Fig. 1 Arrangement of test loop HRTL-5

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

risers have the same heights as those of

the 5 MW reactor. Flow resistance, sys-

tem pressure and the inlet temperature

can be adjusted to the same ones as

those of the 5 MW reactor by adjusting

the throttle valve and by controlling the

secondary mass flow rate through the

condenser and heat exchanger, respec-

tively. In this way the test loop HRTL-

5 and the 5 MW reactor have the same Geometrical Groups, Reynolds number,

Prandtl number, Froude number, Subcooiing number, Phase-change number, Drift

number and Density ratio (for their the definitions, see Ref. [3]) , and therefore

the main thermohydraulic features in the 5 MW reactor can be simulated by its test

loop HRTL-5. Water enters the heated section with the required subcooiing, and

leaves it 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 satu-

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

the desired subcooiing, 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 flowmeters 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-5
Working fluid
System pressure
Fluid temperature
Heat flux
Inlet subcooiing
Height of heated section
Hydraulic diameter of heated section
Diameter of heated rods
Height of riser
Resistance coefficient at the inlet of heated section

Water
< 2 . 0 MPa
<200t:
< 0 . 6MWm"'
>2K
0. 58 m
10. 2 mm
10 mm
3. 0 m
10~100



The arrangement of A/> transducers and the

layout of the visual windows in the heated section

and the riser is shown in Fig. 2.

2 EXPERIMENTAL RESULTS

2.1 Experimental results for p=0- 1 MPa
At constant system pressure and heat flux

condition, the inlet subcooling is changed in a wide

range, thus the flow undergoes from single phase to

subcooled and bulk boiling two phase. The flow be-

havior at different inlet subcoolings is investigated.

Fig. 3 shows the relative mass flow rate ampli-

tude via inlet subcooling (/> = 0.1 MPa, 9 = 87

kWm"2). The relative mass flow rate amplitude

Am/m is given as the ratio of peak-to-peak ampli-

tude and the time-averaged mass flow rate. Accord-

ing to the flow behavior» Fig. 3 is divided into five

regions: single phase and deep subcooled boiling sta-

ble flow region A, deep subcooled boiling instability

region B, subcooled boiling induced flashing insta-

bility region C» pure flashing instability region D

and flashing stable region E.

2. 1. 1 Subcooled boiling flow instability

Fig. 4 shows a experimental record of deep

subcooled boiling dominated flow instability (region

B in Fig. 3). The measured values in

Fig. 4~Fig. 10 are : A/>125»pressure

drop at the exit of the heated section

(see Fig. 2) ? A/>135» pressure drop

at the exit of the riser (see Fig. 2) ?

m, mass flow rate 5 Tt, temperature

at the exit of the heated section.

This kind of instability exists in a

wide range of inlet subcoolings from

14 K to 30 K. At these conditions,

Fig. 2 Layout of A/> trans-

ducer and visual win-

dows in the heated

section and riser

Fig. 3 Flow behavior at different inlet subcool-

ings (p=0. 1 MPa. <? = 87 kWrn"2)



the main fluid is almost in single phase* thus the mass flow rate is relatively low.

At the exit of the heated section, bubbles are generated on the wall of the heated

rods, and grow to some size. During growing up, some of them are condensed, and

some of them move upwards along the heated rods. They are condensed,as they en-

ter the inlet of the riser. No vapor can be seen at the exit of the riser. The process

of bubble generation, growth, detachment and condensation cause the flow oscilla-

tion. The mass flow rate oscillates with high peak values,like pulses without a regu-

lar period. Very loud * explosion-like" sounds occur as vapor condenses in the inlet

of the riser, and no vapor was observed in the upper part of it during this oscilla-

tion. The condensation of the subcooled vapor results in a strong flow disturbance,

which, acting as a pressure wave, propagates in the system at the velocity of sound.

The energy of the pressure wave is released when it passes the valves and other

components in the system. Very strong mechanical vibrations of the whole test fa-

cility , resulting from the energy release, have been observed during geysering. The

maxim subcooling at the heated section exit can reach 9 K for this kind of oscilla-

tion. Therefore it is called subcooled boiling instability.

1.0

Fig. 4 Subcooled boiling instability (/>=0. 1 MPa, q=87 kWm~2)



2. 1. 2 Subcooled boiling induced flashing instability

As the inlet subcooling decreases, region C in Fig. 3 is reached, flashing insta-

bility occurs accompanied by subcooled boiling instability, see Fig. 5. The subcooled

boiling instability, due to the intense subcooled boiling, is much intenser than that

in region B. The fluid temperature in the riser increases gradually during subcooled

boiling instability because of the continuous condensation of subcooled vapor from

the heated section. There are few vapors in the upper part of the riser because of

the condensation. The fluid temperature finally reaches its saturation one when the

flow reaches the exit of the riser, then at this position flashing occurs, namely, va-

pors are generated here. The pressure below the exit of the riser decreases due to

the flashing, then the fluid below the exit of the riser also flashes. Because the prop-

agation velocity of the flashing is much higher than that of the flow, this flashing

phenomenon can therefore develop along the riser to the lower part of it. The mass

flow rate oscillates gradually due to the relatively long process of flashing genera-

tion , development and disappearance in the riser, unlike that of pulse-like oscillation

due to the sudden condensation of a big subcooled vapor at the inlet of the riser by

subcooled boiling instability. The flashed vapors are uniform unlike those of sub-

cooled boiling in the heated section. There are more vapors in the upper part than

in the lower part of the riser during the process of flashing. At the same time, the

mass flow rate increases significantly due to the increase of the system driving

head. As this increased mass flow rate develops into the heated section, the sub-

cooled boiling disappears, and the cold water enters the riser. Flashing vanishes

when the hot water originally contained in the riser flows out. The mass flow rate

decreases as flashing disappears, followed by the start of subcooled boiling in the

heated section. The subsequent steps are : subcooled vapor generation, detachment

and condensation in the heated section and at the inlet of the riser, no periodical

subcooled boiling instability, water temperature increase in the riser, and the next

flashing instability. In most time of this complex flow oscillation, the flashing condi-

tion is not reached, subcooled boiling flow oscillations bring energy in the riser and

make the water ready for flashing. Therefore this kind of instability is called sub-

cooled boiling induced flashing instability.

2. 1. 3 Pure flashing instability and stable flashing

As the inlet subcooling further decreases, region D in Fig. 3 is reached, the

purely flashing instability occurs, see Fig. 6. Subcooled boiling plays little role for

this kind of flow oscillation, which is fast dominated by flashing in the riser. At low
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Fig. 5 Subcooled boiling induced flashing instability (/>=0. 1 MPa, q = 87 kWm 2)

mass flow rate, the temperature at the exit of heated section is high, there existing

only a little vapor. The vapors get condensed at the inlet of the riser, as the high

temperature water reaches the exit of the riser, flashing occurs, the flashed vapor

develops downwards to the inlet of the riser. The mass flow rate first increases, af-

ter flashing, the flow becomes almost in single phase, and the mass flow rate de-

creases, which results in the increase of water temperature at the exit of heated sec-

tion and the appearance of next flashing. Unlike subcooled boiling induced flashing

instability, the pure flashing instability does not need energy accumulation from the

condensation of subcooled vapor to induce flashing. The flashed vapors in the riser

dominate the flow and the flow oscillation. The period of oscillation is about 15 s.

As the inlet subcooling continuously decreases, for example only 0. 2 K, region E

in Fig. 3 is reached, which means the boundary between region D and E is very

clear. In region E the purely flashing stable flow can be obtained, see Fig. 7. There

is almost no vapor at the exit of the heated section, but available in the riser. The

higher the position, the more the flashed vapor. The flashed vapor remains con-

stant , therefore the flow is stable. From thermohydraulic and neutronic dynamics'

points of view, the stable flashing flow is an ideal condition (boiling out of core) for
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the operation of a natural circulation nuclear reactor, while the mass flow rate is

high and no boiling exists in the core. For smaller inlet subcooling, boiling at the

exit of heated section can be reached.

4000 4.0

Fig. 6 Pure flashing instability (/>=0. 1 MPa, 9 =87 kWm z)

2- 2 Experimental results for p=0- 24 MPa

The flow behavior at different inlet subcoolings for the system pressure p =

0. 24 MPa (this is the designed pressure for a swimming pool type nuclear heating

reactor) is similar to that at p=0. 1 MPa. In the following, some special phenome-

na occurring at />=0. 24 MPa and 9=150 kWm~2 are discussed.

2. 2. 1 High frequency flow oscillation

Fig. 8 shows the high frequency (4 Hz) flow oscillation accompanied by a low

frequency (0. 25 Hz) flow oscillation in the deep subcooled boiling region, which

has never experienced at p=0. 1 MPa. Subcooled boiling occurs on the wall of heat-

ed rods, bubbles are condensed either on the heated wall or near the heated wall as

soon as they leave the heated surface. There are no vapors in the riser. Through vi-

sual observation only vapors at the exit of heated section can be seen. The vapors

change (generation and condensation) with the same frequency (4 Hz) as the flow

oscillation. It is obvious that bubble generation, growth, detachment and condensa-
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Fig. 7 Stable flashing flow (/>=0.1MPa, 9=87 kWm"1)

tion can cause this flow oscillation, but the detailed mechanism for them remains

unknown.

2. 2. 2 Stagnant flow oscillation

Fig. 9 shows that the stagnant flow oscillation in the subcooled boiling region

after the subcooled boiling induced flashing instability region just as in region C in

Fig. 3 at p = 0. 1 MPa. As the peak value of mass flow rate passes through the

heated section,there exist no vapors at first in the heated section,and after the peak

the boiling starts up slightly in it (see A/»125), then the high temperature water

flows in the riser. In the riser following the previous flashed vapor, the subcooled

water reached the exit of the riser,where the gravity pressure drop increases at first

smoothly then steeply due to high flow pressure drop, as the peak of mass flow rate

comes (see A/>135), then the high temperature water reaches the exit of the riser.

At this condition the driven head of the natural circulation system reaches its lowest

level, thus the mass flow rate is also very low, through the visual windows, it can

be seen that the water does not move at all (stagnant), or even flow reverse (see

mass flow rate between two peaks). At the same time flashing occurs first at the

exit, the water in the heated section and riser is all in high temperature, or even in
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Fig. 8 High frequency flow oscillation (/>=0. 24 MPa, <y=150kWm z)

slight boiling condition. The flashing at the riser exit develops very fast down-

wards, and result in a sudden increase of vapor both in the riser and in the heated

section (see the steep gravity pressure drop decrease in A/>135 and A/>125), the

driven head increases significantly to a very high level,which generates a sudden in-

crease in mass flow rate. It continuously increases as the vapor in the heated section

move upwards and is accelerated as flashing in the riser downwards develops. As

the mass flow rate increases, the flashed vapors in the riser and heated section de-

crease (see the steep gravity pressure drop increase in A/>135 and A/>125). The pe-

riod of oscillation is about 6 s.

2. 2- 3 Flashing coupled density wave flow oscillation

Fig. 10 shows the flashing coupled density wave flow oscillation at />= 0. 24

MPa similar to that in region D in Fig. 3 at p=0. 1 MPa. During the flow oscilla-

tion the exit temperature of heated section reaches its saturation one,and vapors ex-

ist in the heated section and riser. There are more vapors in the upper part of the

riser. From the phase of curves in Fig. 10 it can be seen that, firstly, the oscillation

of mass flow rate and the pressure drop at riser exit (A/>135) are out of phase. It

means that the mass flow oscillation is resulted from the change of flashed vapor in
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Fig. 9 Stagnant flow oscillation (/>=0. 24 MPa, ?=150 kWm*)

the riser, namely, the change of vapor leads to a change in the driven head, and

then mass flow rate without time lag; secondly, the mass flow rate and the pressure

drop at heater exit (A/>125) are in phase. It means that the change of A/>125 is re-

sulted from the oscillation of mass flow rate. Higher mass flow rate brings a litle in-

tenser boiling in the heated section, therefore the gravity pressure drop is higher.

This kind of flow oscillation looks as the density wave oscillation investigated at p

= 1.5 MPa on the same test loop [6]. For the density wave, the vapors are fast fully

generated in the heated section,and then flow constantly into the riser. For the flow

oscillation in Fig. 10, only a small part of the vapors in the loop is generated in the

heated section, and then flow into the riser. Most of them in the riser are generated

from flashing. Therefore it is also called flashing coupled density wave oscillation.

The period of the oscillation is about 4 s, which is much shorter than that in Fig. 6,

because the heat flux for this case is much higher than that shown in Fig. 6. Water

at the core exit is heated to boiling, and is ready for flashing, thus the flashing in

the riser for this case develops easily downwards. Although the pressure drop

(A/>135), in the process of 4 s period's oscillation, vibrates at high frequency due

to random vapor generation or disappearance (boiling noise) , the mass flow rate os-
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cillates very smoothly, while the change of mass flow rate is controlled by all the va-

pors in the heated section and in the riser.
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Fig. 10 Flashing coupled density wave instability (/>=0. 24 MPa, q= 150 kWm 2)

Pure stable flashing can also be reached at p = 0. 24 MPa at lower inlet sub-

coolings.

As the pressure further increases, the flashing ability becomes weak, it has no

great influence on the flow, when the system pressure is greater than 1. 5 MPa [7],

or when the riser is short.

3 CONCLUSIONS

(1) Subcooled boiling and void flashing dominate two phase flow and flow os-

cillation behavior in the low pressure natural circulation system with a long riser.

(2) Several kinds of flow instability, such as subcooled boiling instability, sub-

cooled boiling induced flashing instability, pure flashing instability, as well as flash-

ing coupled density wave instability and high frequency flow instability exist in the

low pressure natural circulation system.

(3) Subcooled boiling instability and flashing concerned instability will certain-
15



ly occur when starting up a natural circulation nuclear reactor from atmospheric

pressure.
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