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Summary:

The hydrodynamic stability and the burnout conditions for flow

of boiling water have been studied in a natural circvtlation loop in the

pressure range from 10 to 70 atg. The test section was a round, duct

of 20 mm inner diameter and 4890 mm heated length.

The experimental results showed that within the ranges tested

the stability of the flow increases with increasing pressure, increas-

ing throttling before the test section, but decreases with increasing

inlet sub-cooling and increasing throttling after the test section.

The measured thresholds of instability compared well with the

analytical results by Jahnberg.

For an inlet sub-cooling temperature of about 2 C the measur-

ed burnout steam qualities were low by a factor of about 1.3 compared

to forced circulation data obtained with the same test section. At

higher sub-cooling temperatures the discrepancy between forced and

natural circulation'data increased, so that at A*, •, = 16 C, the na-

tural circulation data were low by a factor of about 2.5.

However, by applying inlet throttling of the flow the burnot

values approached and finally coincided with the forced circulation

data. '

Printed and Distributed in January 1964.
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1.0 Introduction

During recent years a research program concerning the flow

of steam water mixUires in vertical heated channels has been in

progress at the Heat Engineering Laboratory of AB Atomenergi in

Sweden. During the first phases of this program the steady forced

circulation flow was studied, and measurements of pressure drop,

void fractions, heat transfer coefficients and burnout have been

presented in a series of reports ( l , 2, 3, 4, 5, 6).

However, in the channels of a nuclear boiling reactor natural

circulation flow is encountered. For this case the driving head is

the difference in density of the steam water mixture inside the

channel and the water in the moderator which also acts as a down-

comer. In a system like this it has been observed by many investi-

gators that the flow may become unstable and that heavy hydrody-

namic oscillations may under certain conditions start to develop.

These oscillations have a great effect on the burnout conditions for

the channel, so that burnout values obtained in a natural circulation

system may only be a fraction of those which one would predict on

the basis of steady state measurer ents. Furthermore the oscilla-

tions influence the void volume in the channels and therefore also

the reactivity of the reactor.

It is therefore of major importance for the designer of boiling

reactors to be able to nredict the onset of flow instabilities in the

fuel elements, and also the nature of the flow and the burnout con-

ditions during oscillatory behaviour of the system. During the last

few years the results of a large amount of work, both, theoretical

and experimental, have appeared in published works concerning

this problem. Despite this, present knowledge in the field is not

sufficient for safe and accurate predictions of the hydrodynamic

stability of the flow in boiling water reactor systems.

It was therefore decided to include in our two phase flow research

program a study of the flow in verv leal heated channels during natural.
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circulation. The method of attacking the problem has been to simu-

late the reactor fuel element by means of a test section which

is electrically heated. It is desirable to carry out full-scale experi-

ments, but such experiments would be very time-consuming and

expensive. In addition, it would be difficult to interprete or analyze

in terms of the basic flow variables, the results obtained in full-

scale test sections consisting of a large number of rods.

We therefore found it quite suitable to start the investigation

by studying the flow in channels of the most simple geometry, such

as round ducts with the purpose of determining the influence on sta-

bility and burnout of such basic parameters as static pressure, in-

let subcooling, surface heat flux, mass velocity, test section dia-

meter, heated length and inlet and outlet throttling. However, it is

planned later on to continue the investigation in annuli and rod

clusters.

The application of the results obtained in a simple geometry

to the design of fuel elements in nuclear reactors is of course quite

problematical. However, simultaneously with the present experi-

mental study, a theoretical analysis of the problem has also been

conducted, and the analytical results will be reported separately

by Jahnberg (7). Because of the simple geometry the present ex-

perimental results may prove to be very useful for testing the

accuracy of the theoretical model, which later on may be applied

to reactor computations.

One should also note that another important physical differen-

ce exists between a loop experiment and the conditions encountered

in a reactor. When the flow oscillates in the reactor, the steam

void fraction and the reactivity of the system become time depen-

dent. The change of reactivity influences the power which again in-

fluences the void fraction. In a loop experiment the above-mention-

ed coupling between void fraction and power is not present, nor is

the coupling between different channeLS.
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The present report deals mainly with the measurements ob-

tained with a 20 mm inside diameter test section of 4980 mm heat-

ed length. Some preliminary measurements obtained with a 10 mm

inside diameter duct of the same length, and in a somewhat different

loop are also included.

2. 0 Apparatus

The flowsheet of the loop is shown in figure 1 and in figure 2

a photograph of the upper part of the apparatus is reproduced.

From the 4890 mm long electrically resistance heated test

section of 20 mm inner diameter the fluid flows through a riser of

36 mm inside diameter and into a steam separator. The details of

the separator are shown in figure 3. The steam water mixture was

discharged radially into the separator through 96 holes in the riser.

The diameter of the holes was 8. 2 mm. From the top of the steam

separator the steam flowed to an aircooled condenser, with a capa-

city of 300 kW, a.nd the condensate returned to the bottom of the

steam separator where it mixed w _th the rest of the water. From

the separator the water flowed through a 51 mm inner diameter

downcomer, passed a preheater and a cooler for adjusting the in-

let temperature, before returning to the inlet of the test section.

The downcomer was also supplied with a throttle valve and between

the preheater and the test section a venturimeter was mounted for

measuring the flow rate.

The loop was designed for an operating pressure of 65 atg

and constructed of stainless steel.

For further details of the loop and its exact dimensions we

refer to a previous report (&).

Initially the loop was constructed without a steam separator

in accordance with the flowsheet i i figure 4. Some measurements
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obtained with the loop without separator are also included in the

present report.

2.1 Test section_andjDowe£ jsupply

The test section consisted of a 20 mm inner diameter stain-

less steel duct of 4980 mm heated length. Three copper cylinders,

32 mm outside diameter and 25 mm long were brazed on the test

section at three points, one in the center and one at each end. The

copper electrodes, supplying the power to the test section, were

clamped round the copper cylinders. The power was supplied from

a direct current generator. The maximum available current was

6000 amps, and voltages ranging from 0 to 140 volts could be ob-

tained. The two end electrodes were connected to one pole of the

generator, and the central electrode to the other pole. This arrange-

ment made it unnecessary to insulate the test section from the rest

of the loop in order to prevent loss of electric power to the other

parts of the loop.

The pressure taps, consisting of 4 mm inner diameter stain-

less steel tubes, were welded round \,. 0 mm diameter holes on the

test section, just below the lower electrode and just above the upper

electrode.

2,2 Instrumentation

The following quantities were measured.

1. Static pressure

2. Pressure drop over test section

3. Inlet and outlet water temperatures

4. Power input

5. .Mass fliow rate - .

6. Liquid level in the steam separator

7. Wall temperatures at 16 axial positions of the test section

8. Pressure drop over the throttle valve
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The static pressure in the loop was measured with a precision

calibrated manometer connected to the inlet of the test section.

The pressure drops over the test section and the throttle

valve were obtained by means of D.P. cells.

The fluid temperature measurements were accomplished by-

means of copper constantan thermocouples mounted in wells

100 mm deep and with a 3 mm inside diameter. A precision

Cambridge potentiometer was used for measuring the voltages.

The wall temperatures were also measured by means of copper

constantan thermocouples connected to the potentiometer.

The liquid level in the steam separator was measured by

means of a D.P. cell, and is in the present report given as the

height above the lower electrode, where the heating of the test

section starts.

The power was obtained by measuring the voltage over and

the current through the test section. The voltage was measured with

a Goerz precision voltmeter of 4/4 per cent rated accuracy, and

the current was obtained by measuring the voltage over a calibrated

shunt. For the latter measurement a millivoltmeter with a rated

accuracy of l/4 per cent was used.

The mass velocity was measured with a calibrated venturi-

meter. The venturimeter pressure drop was obtained with a D.P.

cell. The accuracy of the flow measurement is estimfe-ted at 2 per

cent.

The flow oscillations were observed by studying the time

variations of the mass velocity. The output of the D.P. cell was

coupled to an oscillograph where traces of the oscillations were

obtained. Observations of the oscillations were also possible by

studying the pressure drop över the test section.



Further, two burnout detectors were installed in order to

prevent the test section from being damaged by overheating when

burnout conditions were reached.

3.0 Experimental Procedures

Before starting ä run the loop was completely filled with de-

salinated water, and all ducts connecting instruments to the loop

were degassed.

* Then a small amount of power was supplied to the test

section. As the temperature of the water increased, the surplus

water due to thermal expansion was discharged from the loop

through a cooler and to the laboratory drain, so that the desired

operating pressure was obtained. The power to the test section was

slowly increased, and as steam started to be generated the dis-

charge rate from the loop increased and a water surface in the

loop was formed. This procedure continued until the water surface

had reached the desired level in the steam separator. Then the

first readings of the instruments were taken. After noting the ob-

servations the power was slightly increased, the liquid level adjust-

ed by discharging more fluid and after about 15 minutes thermal

equilibrium was obtained so that a new set of readings could be tak-

en. This procedure continued until the burnout detector shut off the

power, indicating that burnout conditions had been reached in the

test section

As the power increased and the void fraction in the test sec-

tion and the riser increased, the driving head, which is equal to the

difference in weight between the fluid in the downcorner ana the test

section-including the riser, also increased. This caused the flow

rate to increase. However, one generally reached a point where the

additional driving head due to increased power was not sufficient-to

compensate for the increased friction aid acceleration pressure

drops in the test section. Then the mass flow rate started to de-
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crease when the power was further increased. Ultimately the pow-

er reached a value where the flow became unstable and started to

oscillate. Three cases are actually possible.

I* Diverging oscillations causir-? burnout

2. Stable oscillations

3. Burnout without oscillations.

For the second case, the amplitude of the oscillations in-

creases, if one continues to increase the power, and burnout will

finally be obtained.

For the third case the flow is completely stable until burnout

is obtained, and one would expect the burnout values to be identical

with values obtained during steady state forced circulation.

During the present study all three cases have been encountered.

4. 0 Research Program and Ran g e of Variables

The main part of the present, report deals with measurements

obtained with a 20 mm inner diameter test section of 4980 mm heat-

ed length. An examination of the problem revealed that for a fixed

geometry of the loop and the test section the following parameters

may influence the threshold of instability.

1. System pressure

2. Inlet sub-cooling

3. Liquid level in the steam separator.

The critical power may therefore be defined by the func-

tion.

=f(p, £s tgub , H) (1)

The mass velocity, m/F, and the steam quality x are not

included since thes t parameters a~>; determined when the parame-

ters in eq. 1 are fixed. In addition to the parameters in equation 1
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it was decided also to study the effects of changing the geometry of

the loop. The geometrical changes employed were throttling of the

flow before or after the test section.

The performance of the loop permitted the static pressure to

be varied between 10 and 70 atg, the inlet sub-cooling between 2

and 16 C and the liquid level between 563 5 and 593 5 mm above

the reference level.

Throttling of the flow before the test section was achieved by

means of the throttle valve in the downcomer: 5 positions of this

valve were employed.

Throttling of the flow after the test section was obtained by

reducing the number of 8 mm holes in the riser exit. 2, 3, 4 and

96 holes were used. In addition, a few runs were made with both

inlet and outlet throttling.

In order to reduce the number of runs, the effect of inlet sub-

cooling, liquid level and throttling were only studied at a pressure

of 50 atg. The total research program consisted then of 30 runs.

Some preliminary runs obtained before the steam separator

was installed are also included in the present report. These runs

comprised measurements with a section of 10 mm inner diameter

of 4980 mm heated length.

For the runs without steam separator it was difficult to keep

the water level constant during a complete test. As the power was

increased and more cooling capacity was required, the liquid level

in the cooler moved downwards. Further it was very difficult to

operate at low sub-cooling temperatures, so that the measurements

were performed in the sub-cooling temperature range from about

80 to 250 °C.
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5. 0 Results of Preliminary Runs Without Steam Separator

In figures 5 and 6 the measured mass velocities are plotted

versus the surface heat flux. The figures cover data between 10

and 60 atg obtained with a 10 mm tube, and the inlet temperatures

were 20 and 100 C respectively for the two sets of data given in

the figures. One should note that the inlet temperature and not the

inlet sub-cooling is constant so that the sub-cooling varies with the

pressure.

The end point on each curve represents the last measurement

of the series. A further increase of the power caused the burnout

detector to react, indicating that burnout conditions had been ob-

tained in the test section. For all the runs shown in figures 5 and

6 the flow was stable until the last power increase. Then diverging

oscillations with a frequency of about l /4 sec" developed and

after a period varying between 10 and 45 seconds the burnout de-

tector reacted. The oscillations were observed as fluctuations on

the mass flow rate, the inlet temperature and the test section

pressure drop measurements.

The figures reveal that the stability of the loop increases with

the pressure. Concerning the effect of inlet sub-cooling a compa-

rison of the data in figures 5 and 6 indicate that the critical power

increases as the inlet sub-cooling increases. This, however,

should not lead to any general conclusion that the stability of the

flow increases as the inlet sub-cooling increases. One should note

that in the present case where the inlet temperatures for the two

"sets of data are 20 and 100 C respectively, a substantial part of

the power is used for heating the water up to the saturation temp-

erature. A more correct measure of the effect of inlet sub-cooling

on the stability is obtained by considering the exit steam qualities

which are plotted in figure 7 versus the static pressure. One ob- .

serves that the exit steam quality at the onset of ixwtability increas-

es with both the pressure and the inlet temperature, indicating that

the flow becomes more stable at higher pressures and at lower in-
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let sub-coolings. Actually, one might expect the flow to become

completely stable when the pressure approaches the critical pressu-

re since no flow oscillations of the kind studied in the present work

can exist at the critical pressure.

6. 0 Results with Steam Separator

The main and most important part of the present study dealt

with measurements obtained when the steam separator was mount-

ed in the1 loop. The performance of the loop was now much better,

compared with the earlier case, as it was easier to control the

pressure and the inlet temperature, and the data obtained under

these conditions were therefore more accurate and possessed an

excellent reproducibility.

The effects of pressure, inlet sub-cooling, liquid level, in-

let throttling and outlet throttling were studied separately. In the

following paragraphs the measurements dealing with each of these

variables will be discussed.

6.1 Effect of pressure

The effect of pressure was studied for the case where the in-

let sub-cooling was approximately 2 C, and where the liquid sur-

face was 5835 mm above the reference level. The reults are shown

in figure 8, where the measured mass velocities are plotted versus

the surface heat flux. The power density,or the power per litre test

section, is also indicated along the horizontal axis, since perhaps

this parameter is of greater significance for the stability than the

surface heat flux. Curves representing the threshold of instability

and the burnout values are also given. Concerning the measurement

of mass velocity after the onset of instability, there may be slight

errors in the measured values, due to the effects of fluid accellera-

tion on the venturimeter readings. Only dotted curves are therefore

shown in the oscillating flow regime.
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One observes that as the pressure increases the threshold

of instability increases and approaches the burnout curve with

which it coincides at approximately 65 atg. For higher pressures

burnout is obtained directly without the,,flow passing through the

oscillating regime.

The flow oscillations were studied by recording the output from

the venturimeter and its D.P. cell. Figures 9 and 10 show traces

obtained at different pressures just before burnout. Although the

absolute values may possess serious errors, the figures show

that as the pressure increases the amplitude of the oscillations

becomes smaller, indicating less violent oscillations and more

stable flow.

Figure 11 shows the frequencies of the oscillations discuss-

ed in the previous diagrams. A slight increase in frequency from

0. 55 sec t(

10 to 50 atg.

-1 -1
0. 55 sec to 0. 62 sec is found as the pressure increases from

Figure 12 shows traces of mass velocity oscillations obtain-

ed at a pressure of 20 atg. As the heat flux increases and burnout

conditions are approached, the amplitude of the oscillations in-

creases while the frequency remains almost constant.

Reverting to figure 8, one observes that the burnout heat flux

has a maximum value at a pressure of 65 atg. This is in agreement

with the available information for steady state forced convection

burnout where the maximum heat flux occurs at a pressure between

40 and 7 5 atg (9).

In order to compare the measured burnout values with forced cir-

culation burnout conditions, the test section was, on completion of

the measurements, mounted in a forced circulation loop. This loop

had a pump with a pressure head of 8 atg. It was therefore possible

to apply heavy throttling of the flow before the test section, securing
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stable operation of the loop. Unfortunately the forced circulation

loop had only a maximum operating pressure of 40 atg, so that the

comparison could only be established up to this pressure»

The comparison in question is given in figure 13 in terms of

the burnout steam qualities and the data are summarized in table

I on page 21. One should note that the forced circulation data were

obtained by extrapolating from the measurements to the same heat

fluxes as the natural circulation data. The comparison reveals that

the forced circulation data are higher by a factor of about 1.3 . This

seems to be the case even at the highest pressures where no flow

oscillations were observed. No satisfactory explanation has been

found for this discrepancy.

However, this could be attributed to the fact that the ampli-

fication of the signals from the flow measuring device has not been

adequate to indicate minor oscillations in the natural circulation

flow at high pressures.

6. 2 Effect of Inlet Sub-cooling

The effect of inlet sub-cooling was studied at a pressure of 50

atg and a liquid level, H, of 5835 mm in the steam separator. The

mass velocity versus heat flux curves are given in figure 14, and in

figure 15 the heat fluxes at the onset of oscillations and at burnout

are plotted versus the inlet sub-cooling. It is observed that the sta-

bility of the flow is strongly reduced as the inlet sub-cooling in-

creases. At 16 °C inlet'sub-cooling a critical heat flux of 24 W/cm

was obtained compared with 73 W/cm at 2 C sub-cooling.

However, at very large sub-cooling temperatures it is possible,

as discussed in section 5. 0, that the critical power will start to in-

crease with a further increase of the inlet sub-cooling, since a re-

latively large portion of the power is then used for just heating the

water up to the saturation temperature. This behaviour is demonstrat-
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ed in figure 16, where the critical power density at a pressure of

50 atg is plotted versus the inlet sub-cooling. In the figure are al-

so included the data obtained at 164 C and 244 C inlet sub-cooling

with the 10 mm diameter test section before the steam separator

was installed. A very large increase of the critical power density

is observed at the highest sub-coolings, so that the valu^ obtained

at 244 C inlet sub-cooling, is actually higher than the value

corresponding to 2 C sub-cooling.

Our loop is now being modified with the purpose of being

able to study the flow in the whole range of sub-cooling tempera-

tures.

6 . 3

The effect of the liquid level in the steam, separator was

studied for the case of 2. 0 °C inlet sub-cooling and 50 atg pressu-

re. The maximum possible variation was 3 00 mm, and since this

value is small compared with the length of the test section with

the riser, only small variations of the measured critical and burn-

out heat fluxes may be expected. The conclusions reached should

therefore be treated with caution.

The measured mass velocities versus surfase heat flux are

shown in figure 17. One observes that the burnout heat flux increas-

es slightly with increasing liquid level, while the critical heat flux

remains constant. The corresponding steam qualities, however,

which are indicated in figure 18, decrease with increasing liquid

level, suggesting that the loop stability decreases.with increasing

liquid level.

lnlel
The effect of throttling before the. test section was studied for

the cases of 50 atg pressure, 583 5 mm liquid level and — 2, 0 C

and ~ 11,0 C respectively inlet sub-cooling. The measured mass
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velocities are given in figures 19 and 20. The throttling of the flow

through the throttle valve is indicated by means of the | j-values de-

fined by the equation

where v is the velocity of saturated water through the test section.

One observes that as the throttling increases, the stability of

the loop also increases and one reaches a point where the flow is so

stable that burnout is obtained directly without preceding flow

oscillations. With regard to the burnout heat fluxes, these also in-

crease with increasing inlet throttling until they reach a maximum

whereafter they decrease with further throttling due to the high

steam qualities which are now encountered in the test section»

This is more clearly demonstrated in figure 21, where the

burnout steam qualities are plotted versus the inlet throttling. The

corresponding values for forced circulation are also indicated in

the figure. The forced circulation points were obtained by extra-

polation to 50 atg fromthe measured values, which were obtained

between 10 and 40 atg. As the pressure drop over the throttle valve

increases, the measured burnout steam qualities rapidly approach

the values for forced circulation, indicating the absence of flow

instabilities.

k'- - JFIf Lcl °A.P^I0! Throttling

The outlet throttling was varied by changing the number of 8

mm holes at the end of the riser. For all the measurements in the

previous paragraphs 96 hole's were used corresponding to a value

of 16.15 of the ratio F /F , where F is the cross sectional area

of the test section and F is the area of the riser outlet. The flow
o

was throttled by reducing the number of holes to 2, 3 and 4 corre-

sponding to area ratios of 0.328, 0.492 and 0.656. For these runs
o

the pressure was fixed at 50 atg, the inlet sub-cooling at « 2 C and
the liquid level at 583 5 mm.



- 17 -

The results arc shown in figure 22. As the outlet throttling of the

flow increases, the critical and the burnout heat fluxes decrease

sharply, indicating that outlet throttling renders the flow more

unstable. The burnout steam qualities, which are also indicated,

first approach the forced circulation value of 0. 80, but the value

for the highest throttling is only 0.48. No satisfactory explanation

has been found for this fact.

6. 6Measurement^ ^i£h ^ m u - l t a ^ o u s Inlet

Finally one test series was obtained using a riser with three

8 mm holes and varying the inlet throttling. This test series was

performed at a pressure of 50 atg, 2 C inlet sub-cooling and a

liquid level of 583 5 mm. The results are shown in figure 23. One

observes that the burnout heat flux first increases, reaches a maxi-

mum value and thereafter decreases with the inlet throttling. Further,

it is seen that the flow becomes more stable as the inlet throttling in-

creases and reaches a condition where burnout is obtained directly

without preceding flow oscillations.

The burnout steam qualities for the runs in figure 23 varied

between 0. 82 and 0. 93, which is well above the forced circulation

value of 0. 80. This inconsistency is probably due to an error in the

mass flow rate measurements at burno\it.

7.0 Comparison with Analytical Results

Simultaneously with the measurements described in the present

report, an analytical study of the problem was undertaken by Jahnberg

(7) with the aim of developing a model which later could be used for

predictions of reactor stability. The first phase of that study consist-

ed of developing a model describing the flow during steady state. Du-

ring the second phase small perturbations were added to the steady

flow, and a model for predicting when the perturbations would grow



or decay was established. The details of the analysis are given in

the reference mentioned above.

Figures 24 and 25 show a comparison between the predict-

ed and the measured mass velocities for the case of 2 C inlet sub-

cooling and no throttling. In the pressure range from 20 to 50 atg

the agreement between 'theoretical and measured mass velocities is

rather good, the discrepancy being a maximum of 10 per cent and on

the average only 3 - 4 per cent. For 10 atg the theoretical values

are about 15 per cent higher than those measured, but at 7 0 atg the

theoretical are about 15 per cent lower. The measured and the pre-

dicted thresholds of instability are also indicated in the figure. One

should note that for the case of 70 atg burnout was obtained without

observing any oscillations. In this case the analysis predicts stable

flow up to a steam quality of 1.0.

The thresholds of instability are more clearly demonstrated

in figure 25, where the surface heat fluxes at the onset of oscillations

are plotted versus the pressure. The measured values compare

excellently with the predictions, the difference between the two sets

of values being always less than 10 r>er cent.

The data obtained at 50 atg inlet sub-cooling temperatures of

7, 11 and 16 C were also analyzed by Jahnberg. Figure 26 shows

the predicted and the measured stability limits. The agreement

between experimental and analytical results is excellent also for these

cases.

As regards the cases with inlet or .otttlet throttling, these are

now being analyzed and the results will be given in a later report.
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Symbol Definition Units

d

F

Fo

f

H

L

m / F

P

A P

Q

q / A

(q/A)CR

(q/A)BO

t

A t sub

V

V

X

XCR

XBO

P

Diameter

Cross section of heated duct

Outlet a r ea of r i s e r

Frequency

Liquid level

Heated length

Mass velocity

Pressure

Pressure drop over test section

Pressure drop over throttle
valve

Power input

Surface heat flux

Critical surface heat flux

Burnout heat flux

Temperature

Inlet sub-cooling

Volume of test section

Fluid velocity

Steam quality

Critical steam quality

Burnout steam quality

. Density

Resistance factor for throttle

m
2m

2
in

i

~i
sec
m

i n

kg/ m" sec

atg

mm HO

mm H...0

kW

W/cm2

W/cm2

W/cm2

°C

°c
3m

m/sec

Dimensionless

Dimensionless

Dimensionless

kg/m

Dimcnsionles s
valve



- 20 -

Bibliography

1. KM Becker, G Hernborg and M Bode
An Experimental Study of Pressure Gradients for Flow of
Boiling Water in a Vertical Round Duct (Part 4, 2, 3 and 4),
Reports AE-69, AE-70, AE-85 and AE-86, Aktiebolaget
Atomenergi, Stockholm, Sweden.

2. S Z Rouhani and K M Becker
Measurements of Void Fractions for Flow of Boiling Heavy
Water in a Vertical Round Duct, Report AE-108, Aktiebola-
get Atomenergi, Studs vik, Sweden.

3. KM Becker et al. , I
Measurements of Burnout Conditions for Flow of Boiling Water
in Vertical Round Ducts (Part 1 and 2), Reports AE-87 and
AE-114, Aktiebolaget Atomenergi, Studsvik, Sweden.

4. KM Becker and P Persson
An Analysis of Burnout Conditions for Flow of Boiling Water
in Vertical Round Ducts, Report AE-113, Aktiebolaget Atom-
energi, Studsvik, Sweden.

5. KM Becker and G Hernborg
Measurements of Burnout Conditions for Flow of Boiling Water
in a Vertical Annulus, Trans. ASME Paper 63-HT-25

6. KM Becker
Burnout Conditions for Flow of Boiling Water in Vertical Rod
Clusters, AICHE Journal, March 1963

7. S Jahnberg
A One -dimensional Model for Calculation of Non-Steady Two-
Phase Flow, Paper presented at EAES-Symposium, Studsvik
October 1-962.

8. R P Mathisen, G Hernborg and L Valking
Natural Circulation Experiment. Description of the Loop and
its Behaviour, Including Some Test Results, Report R4-172/
RPL.-641, Aktiebolaget Atomenergi, Studsvik, Sweden.

9. • J G Collier
Heat Transfer and Fluid Dynamic Research as Applied to Fog
Cooled Power Reactors, Report AECL.-1631, June 1962.



- 21 -

Table I. Burnout Data

Natural Circulation

p

g/cm

20

30

40

50

60

70

20

30

40

' sub

°C

4 . 1

3 . 2

2 . 8

2 . 1

2 . 2

2 . 4

70

70

115

m/F

kg/m s

500

563

630

732

805

900

q/A

W/cm2

51.5

58.8

67.0

75.7

80.5

79.0

Forced Circulation

310

350

350

51.5

58.8

67,0

XBO

%

52.6

56.2

60.0

60.9

61.4

51.7

0.70

0.75

0, 80





AIR COOLED CONDENCER

LEGEND
H- RISER HEIGHT
I-INDICATOR
P-PRESSURE
R-RECORDER
T-TEMPERATURE

STEAM SEPARATOR

LIQUID SURFACE

H

LOWER ELECTRODEi

VENTURIMETER htffi-H
1 2 3 A S « 7 • I t t f l Q

DIFFERENCE PRESSURE GAUGE

FIG 1 NATURAL CIRCULATION LOOP



Fig. 2. Upper part of natural circulation loop.
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