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Summary:

The present report deals with measurements of burnout conditions for

flow of boiling water in an annulus with an inner diameter of 9. 92 mm, an

outer diameter of 17= 42 mm and a heated length of 608 mm.

Data were obtained in respect of external heating only, internal heating

only and dual uniform and non-uniform heating. The following ranges of

variables were studied and 978 burnout measurements were obtained.
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The results are presented in diagrams where the burnout steam

qualities, x_ o , were plotted against the pressure with the surface heat

fluxes as parameters. The data have been correlated by curves. The scatter

of the data around the curves is less than t 5 per cent.

In the case of equal heat fluxes on both walls of the annulus, burnout

always occurred on the inner wall, and the data compared rather well with

round duct data.

When the annulus was heated internally only, the data showed very low

burnout values in comparison with the results for dual heating and round

ducts. This disagreement was explained by considering the climbing film



flow niodel and by the fact that only a fraction of the channel perimeter

was heated.

For external heating the data are somewhat lower than corresponding

round duct data, but rather high in comparison with internal heating. The

climbing film flow model was also used to interpret this observation.

For dual non-uniform heating it was found that the outer surface may

be overloaded from 30 to 7 0 per cent compared with the inner surface

without reducing the margin of safety in respect of burnout for the annulus.

It was f\iether observed that when the heat flux fox the wall on which

burnout occurs is increased, the burnout steam quality for the channel

decreases. If, however, the heat flux for the opposite wall is increased,

the burnout steam quality also increases.

It was also observed that the highest burnout values are obtained when

burnout occurs simultaneously on both cyliders.

Finally the results have been compared with annuli and rod cluster

data in published works, and a method for predicting burnout conditions in

rod clusters has been proposed.

Printed and distributed in December 1962.
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1.0 Introduction

One of the most important problems in designing pressurised or boiling

nuclear reactors is to predict the maximum surface heat flux which can be

employed on the fuel elements without any danger of melting the fuel material.

The maximum heat flux is generally called the burnout heat flux, and

the flow conditions causing burnout are defined as burnout conditions.

During recent years a large number of empirical correlations for pre-

diction of burnout conditions have been established on the basis of experi-

mental results. The main features of these investigations are that they show

a very large scatter in the experimental data, and that the correlations do

not compare very well with one other. Especially the effects of channel

geometry have not been understood.

Surveys of available correlations and experimental data, may be found

in papers by Collier (1), De Bortoli et. al. (Z), Pexton (3} and Cicchitti

et. al. (4).

At the heat engineering laboratory of AB Atomenergi in Sweden å

research programme with the objective of establishing a method which

safely predicts the burnout conditions in fuel elements has been in progress

for about one and a half years. The method of dealing with the problem has

been to simulate the reactor fuel elements by means of test sections which

are electrically heated.

The first phase of the programme dealt with test sections of the

simplest geometry such as round ducts, with the purpose of studying the

effects on burnout conditions of mass flow rate, heat flux, pressure and

steam quality. Until now about 30 different round duct geometries have

been studied, and the results covering the first 17 test sections have been

presented in reports by Becker et. al. (5, 6).

Later a 3-rod cluster was also studied and preliminary low pressure

results have been published by Becker (7).

In order to interpret the round duct results, which were obtained at

relatively high steam qualities, 0. Z <Cx <O. 00, the climbing film flow model



was adopted. In 1961 slightly different modifications of this flow model were

proposed by Collier (1), Goldman et. al. (8), Isbin et. al. (9) and Becker

and Hernborg (10). The model may briefly be described as follows.

With the high steam qualities in question fog flow occurs in the channel.

The bulk of the Quid then consists of saturated vapour with a dispersion

of small water droplets. The wall is covered by a thin layer of super-

heated water and the cooling of the wall is achieved by evaporative

cooling. Close to the water layer the steam is superheated. By diffusion the

water droplets are continuously transferred to the water film, and simultane-

ously water evaporates from the liquid surface and into the vapour core.

Furthermore water is also transferred from the film to the vapour core by

re-entrainment. The net effects of these processes are that the water film

thickness decreases in the direction of flow, that the average vapour velocity

increases as we proceed downstream along the duct and, finally, that the

shearstress between vapour and liquid phase also increases in the flow

direction. This shearstress produces surface waves or ripples on the liquid

surface. As the shearstress increases, the amplitude of these waves and

ripples also increases. At the burnout; point the amplitude of the surface

waves has grown to such an extent that the film is destroyed, leaving the

wall dry. The evaporative cooling of the wall then breaks down, which

causes a considerable decrease in the heat transfer coefficient and a large

increase in the wall temperature. Figure 1 shows schematically the different

flow patterns occurring in a channel just before the breakdown of evapora-

tive cooling.

The most important observation made during the rod cluster study was

that burnout occurred at a much lower steam quality compared with the round

duct results of approximately the same heat flux, pressure and mass velocity.

The comparison in question is given in figure Zo This difference could not

be explained on the basis of geometrical considerations alone. However, it

was pointed out that the discrepancy could be understood by recognizing that

a basic physical difference existed between the two cases.

For the round duct the total perimeter of the cross-section is heated,

while for the rod cluster only a part of the perimeter is heated. Therefore,

in the round duct the thickness of the climbing water film is gradually

decreased by evaporation at a constant rate around the perimeter. In the

rod cluster, however, evaporation takes place only on the heated rods, while



the liquid film on the unheated outer shroud is not subjected to evaporation

but flows upwards through the channel at an almost constant mass flow rate.

A substantial part of the liquid phase of the fluid, therefore, does not

participate* in the cooling of the heated rods; this explains why the measured

burnout qualities for the rod cluster were so small compared with the values

for round ducts.

In order to analyse burnout conditions for flow in channels, it is there-

fore necessary, in addition to the conventional geometrical considerations,

to consider whether the whole or only a fraction of the channel perimeter is

heated. The problem of predicting burnout conditions may then be formulated

by the function

, p, t. , q/A, rh/F, L/D.-,,n
i n

(1)

where n is the ratio of heated to total perimeter, P / P .
rl

Another important observation made during the study of the 3-rod

cluster was that burnout always occurred in those parts of the heated

cross-section where the surface shearstress attained its highest value.

This phenomenon may easily be understood by consideration of the climbing

film flow model,

A study of the literature on the subject reveals that burnout values

measured for round ducts are generally much higher than corresponding

values for annular ducts. Considering that for all published annular studies

heat has only been applied to the inner cylinder, the relatively low burnout

values for the annuli may be interpreted by taking into account that only

a part of the cross-section is heated. The difference between round ducts

and anmili data may be observed by comparing figures 3 and 4 which are

reproduced from a paper by Levy et. al. (11) and show burnout results

from several sources.

The rj-value concept suggests that if the total perimeter of a channel

of any cross-section is heated, burnout values of the same order of magni-

tude as for round ducts may be expected. Some reduction may be encountered,

however, owing to the higher shearstress at certain parts of the perimeter

compared with round ducts where the wall shearstress is constant.



In order to verify this assumption and also to study quantitatively the

effect of the J|-value, experiments were undertaken with annular test sections,

which were designed so that both cylinders could be heated simultaneously and

also either the inner or the outer cylinder could be heated separately.

Similar experiments with a 3-rod cluster are also in progress in our

laboratory.

The present paper deals with the results obtained with one of the annular

channels. We hope on completion of the study to be able to predict the burn-

out conditions in a rod cluster of any geometry by taking the burnout value

for a round duct at the same mass velocity, pressure and surface heat

flux, and then reduce this value by a factor which is a function of the rj-value.

For very accurate prediction a further reduction on account of the shear-

stress distribution must perhaps also be made.

Z,0 Apparatus

The flowsheet of the loop is shown in figure 5, and in figure 6 a

photograph oi the apparatus is reproduced. From the electric resistance

heated test section the fluid passes a condenser before entering the circulating

pump, which delivers a head of 4. 5 kg/cm . After the circulating pump the

fluid passes an electric 10 kW preheater and a flowmeter before it enters the

test section. Between the flowmeter and the test section a throttle valve

is inserted to control the mass flow rate. A relatively large drop in pressure

{ 1 - 3 kg/cm") over this valve secured stable operation of the loop even at

the highest exit steam qualities which during the present investigation were

about 90 per cent.

The loop was designed for an operating pressure of 35 kg/cm , and all

parts of the loop'in contact with, the fluid were made of stainless steel.

The desired static pressure during operation was obtained with the

help of the feed pump located before the circulating pump and a blow off valve

placed on a duct connected to the loop between the test section outlet and the

condenser.



2. 1 Test section

The annular test section which consisted of two concentric stainless

steel dvicts is shown in figure 7, The inner and the outer diameters of the

annulus were 9-92 mm and 17. 42 mm, and heated length of the inner, as

well as of the outer cylinder, was 608 mm.

The inner cylinder was elongated by cylindrical copper bars which were

silver soldered to the stainless steel duct and which penetrated through

seals at the end of the test section to the exterior. The power was supplied

to the inner duct by means of heavy copper electrodes attached to the copper

cylinders. Close to the seals electrical insulators were placed which kept

the two ducts apart and in the correct position. For further positioning of

the inner cylinder one group of three glass spacers were used. The spacers

were mounted 120 apart in a 6 mm thick stainless steel plate, silver soldered

to the outer duct. By adjusting the spacers the excentricity of the ducts was

kept below 3/100 mm.

Copper cylinders for attachment of the electrodes were silver soldered

to the outer duct at a distance of 614 mm. The heated length of the duct then

became 608 mm, when that part of the duct which was electrically shortened

by the spacer plate was subtracted.

The water was supplied to the test section through two ducts of 1 0 mm.

e diameter 180 apart, which were welde

test section 100 mm below the heated section.

inside diameter 180 apart, which were welded to the outside cylinder of the

The steam water mixture left the test section through three similar

ducts 120 apart welded to the test section 100 mm above the end of the

heated length. This arrangement secured angular symmetry in the flow

through the heated section.

2.2 Power supply

The power was supplied by a direct current generator. The maximum

available current was 6000 amps, and voltages ranging from 0 to 140 volts

could be obtained.

Since only one generator was available, both cylinders had to be

heated by the same machine. This was achieved by connecting the two
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cylinders in parallel, in order to obtain the same surface heat flux on both

parts of the test section, an electrical resistance consisting of a watercooled

17/20 0 mm pipe of 150 mm heated length was introduced into the circuit in

series with the outer cylinder,, The heated length of the resistance could be

varied between 50 and 1200 mm, so that different heat fluxes on the two sur-

faces of the annulus could also be obtained. Arrangements were also provided

for connecting the resistance in series with the inner cylinder.

2. 3 Instrumentation

The flowmeter consisted of 4 mm and 5.75 mm ducts of 1500 mm length.

The flow rate measurements were based on measuring the pressure drop over

one of these ducts with a U-tube mercury manometer. The accuracy of this

flowmeter system was better than 0. 5 per cent in the whole range of applica-

tion. A detailed description of the flowmeter with the establishment of

calibration charts is given in a report by Becker and Hernborg (12).

The static pressure in the loop was measured with a precision calibrated

manometer connected to the inlet of the test section. The pressure drop

between the inlet and the outlet of the test section was measured with a U-tube

mercury manometer.

The fluid temperature was measured before the flowmeter, before the

test section and after the test section» This was accomplished by means of

copper constantan thermocouples mounted in wells 150 mm deep and of 3 mm

inside diameter. A precision Cambridge potentiometer was used for measuring

the voltages»

The power input in the two parts of the test section was determined

separately by measuring the currents through and the voltages over the two

ducts.

The voltages were measured with a Goerz precision voltmeter of 1/4 per

cent rated accuracy, and the currents were obtained by measuring the voltages

over calibrated shunts. For these measurements a millivoltmeter with a rated

accuracy of l/4 per cent was used.

In order to protect the heated cylinders burnout detectors were attached

to both the inner and the outer cylinder. If on one of the cylinders an
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imbalance in average temperature appeared between, the last two 100 mm

sections below the upper electrode, the burnout detector attached to this

cylinder reacted and the power was shut off. This temperature imbalance

appeared suddenly and indicated that burnout conditions had been reached

on the cylinder to which the reacting detector was attached. It should be

noted that burnout always occurred just below the end of the heated section.

For further information about the axial position of burnout, we refer to our

earlier report concerning burnout in round ducts (5).

For the outer cylinder one of the burnout detector leads was silver

soldered to the upper electrode and the other two to the outside wall of the

test section. For the inner cylinder two of the leads were silver soldered

to the inside wall of the inner cylinder and taken to the exterior through a

channel drilled in one of the cylindrical copper bars elongating the inner

cylinder. The third wire was attached to the upper electrode.

In order to check the accuracy of the instrumentation, heat balances

relating the electric heat input to the enthalpy increase of water, were taken

every day before starting ordinary runs» The error of the heat balances was

always less than t 1 per cent. On the basis of the heat balances, which

included measurements of heat input, inlet and outlet temperature and mass

flow rate, we conclude that the apparatus and instruments employed should

yield satisfactory results for burr out conditions.

lL Testing

Burnout conditions in the annulxis may be approached in two different

ways. The most common method described in published works on the subject

was to keep the mass flow rate, pressure and inlet temperature, during the

course of a particular run, constant, while the surface heat flux was gradually

increased until burnout occurred. In the other method the surface heat flux

is kept constant, but instead the mass flow rate is gradually decreased

until burnout conditions are reached, as indicated by one of the burnout

detectors.

During the round duct measurements performed by Becker et. al. (6)

some data were taken with both methods and identical results were obtained.

Throughout the present study the constant heat flux method was employed.
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Keeping pressure, inlet temperature and surface heat fluxes constant, burnout

conditions were approached by decreasing the mass flow rate by small steps.

Just before burnout these steps amounted to about one per cent of the flow,

and one set of data was taken after each step. The last set of data obtained

before the burnout detector reacted was used to evaluate burnout conditions.

One set of data consisted of the following measurements.

1. Inlet water temperature t.

2. Inlet static pressure p.

3. Pressure drop over test section /\p

4. Mass flow rate m

5. Voltage over inner cylinder E.

6. Current through inner cylinder I.

7. Voltage over outer cylinder E

8. Current through outer cylinder I

For a given geometry of the annulus it is evident that eq. 1, which

defines the burnout conditions reduces to

[x, p, q/A, J 0

The mass flow rate, rh, is omitted, as this quantity is a dependent variable

determined from the heat balance below when the other quantities in eq. 2

are fixed.

q/A.TT- L(d + d )
m = ~. ; ; -, (3)

h , - h. + x-o _ • hrsat \n BO fg

As pointed out in an earlier report (5) the effects of t. are negligible

for long channels, and t. is therefore also omitted in eq. 2.

It should also be observed that eq. 2 applies only to the case where

equal heat fluxes are applied on both cylinders and to the case where one of

the cylinders is heated while the other remains unheated. If different heat

fluxes are employed on the two walls, eq. 2 may be modified to read

x, p,(q/A) , = 0 (4)
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In earlier reports (5, 6) we showed that the effects of mass velocity

may best be studied by altering the channel length. Measurements with annuli

of other geometries are now in progress in our laboratory, and when these

measurements have been completed mass velocity effects in annular channels

will be discussed in detail.

4. 0 Research Programme and Range of Variables

The research programme was originally planned with the main purpose

of demonstrating the significance of the r^-value concept on burnout

conditions in channels.

The first phase of the investigation was to deal with measurements

where both cylinders were equally heated so that the r^-value was unity. The

second phase was to comprise runs where either the inner or the outer

cylinder was heated, while the other cylinder remained unheated.

The maximum possible heat flux attainable was limited to about

300 W/cm . At higher heat fluxes the drop in pressure over the test secti

became too large compared with the available pressure head of the pump.

The maximum possible pressure at the burnout position was limited to

35 kg/cm , and the minimum attainable pressure varied from about 8-12

kg/cm , depending on the heat flux and the steam quality.

In all 37 6 runs were made divided among 16 series according to table I.

On completion of this programme it was found to be of the utmost

importance also to study the burnout conditions when different heat fluxes

were applied on the two walls. The research programme was the extended

according to table II.

The total programme of the investigation then comprised 978 runs.



Table I
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Heating^ ExternaJ_Heating and Internal

Heating

Heat Flux
on Inner
Cylinder

W/cm 2

50.

102.

149

189

241

296

100

156

201

247

299

1 +

2 +

+

+

+

+

0

0

0

0

0

+

+

+

•+

+

1. 3

1.6

2

4

7

2

1

3

3

3

4

Heat Flux
on Outer
Cylinder

W/cm 2

49.

102.

151

195

248

307

101

148

194

244

299

7 t
1 t
+

+

+

+

+
+

+

+

+

0

0

0

0

0

0.5

2,5

5

5

6

3

2

2

3

4

7

Pressure

kg/ c m

11.3 - 34. 3

10. 0-35.5

11.1 - 36.8

11.7 - 35.7

11.9 - 35.6

20.2 - 35.7

8.5 - 36.5

13.0 - 34.7

10. 8-35.5

11.9 - 36.0

9.4 - 37.5

10.0 - 36.2

11.0 - 35.0

11.0 - 36.0

11.5 - 35.7

15.8 - 35,0

Mass Velocity

kg/m s

75 - 88

162 - 172

248 - 284

348 - 420

516 - 784

787 - 961

102 - 122

165 - 190

122 - 181

318 - 397

452 - 625

71 - 118

130 - 205

194 - 286

248 - 372

332 - 483

Number
of Runs

19

24

26

25

25

18

24

21

23

25

26

17

26

24

25

28
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Table II

Research Programme for Dual Non-Uniform Heating

Heat Flux
of Inner
Cylinder

W/cm2

50 + 1
51 t 1
50 + 1.5

50 + 1.5

49 t 1
103 t 1
105 t 2
1 0 0 + 1

100 t 2
101 + 2

102 + 4

102 + 4

100 t 2
101 t 1
150 t 1
146 + 2

151 + 1
148 t 4
146 t 4
149 t 4
1 4 4 + 4

153 + 2

159 t 2
203 t 2
200 t 2
194 t 2

190 t 5
194 1 4
198 t 2

Heat Flux
of Outer
Cylinder

W/cm2

63,

98

152

190

250

28 .

5 5 .

77

104

129

137

150

255

313

43

81

115

149

183

196

210

27 8

371

54

100

145

215

247

286

5 + 1 . 5

t 1
t 3
t 4
t 2

5 + 0. 5

5 t 1
t 1.5
t 2
t 3
t 4
t 5
t 5
t 4
t 1.5
t 2
t 2
t 3
t 7
t 5
+ 7

t 4
+ 3

t 1
+ 2

t 3
t 6
t 7
t 2

Pressure

kg/cm

1 1 .

12.

1 1 .

12.

16.

1 1 .

12.

12.

10.

1 1 .

15.

12.

10.

12.

13.

12.

1 1 .

1 1 .

1 1 .

1 1 .

12.

1 1 .

19.

12.

14.

12.

13 .

14.

27 .

0

0

0

0

0

0

5

5

5

5

6

5

6

4

0

0

0

0

0

0

0

5

8

0

0

5

0

0

0

- 35.

- 35.

- 36.

- 35.

- 35.

- 35.

- 35.

- 35.

- 34.

- 35.

- 34.

- 36.

- 36.

- 36.

- 34.

- 34.

- 36.

- 36.

- 35.

- 30.

- 34.

- 36.

- 35.

- 36.

- 35.

- 36.

- 35.

- 35.

- 31.

0

0

0

0

0

5

5

5

5

0

0

0

0

0

0

0

0

0

0

0

0

0

7

0

0

5

0

0

0

Mass

kg/

84 -

111 -

178 -

232 -

342 -

104 -

136--

142 -

156 -

134 -

150 -

140 -

381 -

497 -

172 -

205 -

123 -

241 -

249 -
266 -

27 6 -

445 -

697 -

126 -

118 -

309 -

337 -

352 -

430 -

Velocity

2
m s

88

119

197

27 3

385

147

160

162

170

194

192

194

516

699

238

238

239

267

280

301

311

604

829

198

170

359

414

411

448

Number
of Runs

17

21

27

23

16

23

17

17

20

17

10

55

19

23 -

18

18

22

23

27

15

36

18

13

21

23

20

20

17

6
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5. 0 Computations

On the basis of the instrument readings the following qualities were

evaluated.

1. Surface heat flux on inner cylinder, (q/A)., W/cm

Z. Surface heat flux on outer cylinder, (q/A) , W/cm

3. Mass velocity, m/.F, kg/m'' s

4. Static pressure at the burnout position, p, kg/cm

5. Steam quality at the burnout position,

The burnout position was taken as the end of the heated section, where

the steam quality attains its highest value. Actually burnout may occur a few

millimetres from this position owing to cooling of the heated sections by

axial conduction through the electrodes. The fact that burnout occurs close

to the exit, has been verified previously for round ducts. In the present case

this has also been noted after visual inspection of the test section on

completion of the research programme.

x)
Table 111 shows the data and the computed values of steam quality

and heat fluxes.

6. 0 Results and Discussions

6. 1 Totally and Uniformly Heated Annulus

For the present case the *j -value is fixed to unity and eq. 2 then

reduces to

-'- f (p, q/A) (5)

According to this equation, the experimental results are presented in

figure 8, where the burnout steam quality is plotted against the pressure

with the surface heat flux as parameter.

The data are correlated by curves and the scatter around the curves

is very low and amounts to less than t 5 per cent, which indicates a very

fine reproducibility of the data. One observes that in the ranges investigated

the burnout steam quality increases with increasing pressure and decreasing

heat flux.

x) Table 111 may be obtained from AB Atomenergi, Tystberga, Sweden.
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Figure 9 shows a comparison of the present results in relation to round

duct results at a pressure of 30 kg/cm . The round duct curve was obtained

from the data by Becker et. al. (5, 6), taking the burnout steam qualities at

pressures, mass velocities and heat fluxes corresponding to the conditions

in the annulus.

The different data compare rather well, the data for the annulus being

on the average 10-15 per cent lower than the round duct data. If the

comparison is also made at other pressures a similar agreement will be found.

It should be pointed out that for the data shown in figure 8 burnout

always occurred on the inner wall. This phenomenon may be explained by

recognizing that the velocity distribution for one-phase turbulent flow is

asymmetric so that the maximum velocity occurs closer to the inner than the

outer wall. Assuming this is also the case for two-phase flow, the ratio of

the surface shearstresses may from a simple force balance be written.

r-i
T

O

r
o

r.
i

2
r

m
2

r
o

- r

- r

2

i
2

m

where r is the radii of maximum velocity. Knudsen and Katz (13) suggested

that r is equal for turbulent and viscous flow and r is then given by

2 2
., r - r.
2 o i ,„,

r = (7)
m r

7 Tv, °
c- Jin

r.
i

Applying equations 6 and 7 also to two-phase flow, the shearstress ratio for

the present annulus becomes

= 1.26 (8)

o

On the basis of the climbing film flow burnout model described in the intro-

duction it is now readily understood why burnout occurred only on the

inner cylinder.

Reverting to the difference between the present data and the round duct

data of figure 9, this difference may now also be explained by consideration

of the higher shearstress on the inner wall of the annulus compared

with the shearstress at the wall of a round duct, where the velocity

distribution is symmetrical. Round duct data would probably show a closer

agreement with burnout data obtained for flow between parallel plates, where
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the velocity distribution also is symmetrical. In order to obtain a more

correct comparison between round duct and annuli data, we recommend the

following procedure.

Take the ratio of the inner wall shearstress of an annulus to the

shearstress on the walls for flow between parallel plates, the gap between

the walls being the same in both cases. This ratio becomes

m - r

r r. (r - r.)
i v o i ;

(9)

According to the data concerning the two-phase flow pressure drop

given by Becker et- al. (13), the relationship between wall shearstress and

steam quality is given by the expression

0.96 (10)

Now, if we assume that at given mass velocity, heat flux and pressure,

burnout occurs at equal surface shearstresses for round ducts and for annuli,

we obtain the following relation between the two cases

RD

r. (r - r.)"
i o i

2 2
r - r.

m i

1
0.96

x BO
AN

(11)

which for the present geometry reduces to

BO = 1. 12
RD AN

(12)

In figure 10 the round duct data of figure 9 are decreased by 12 per cent and

compare very well with the present data.

6. 2 Results for Partially Heated Annulus

Figure 11 shows the results in the cases where the annulus was heated

either externally or internally. The cj-value in the two cases is 0. 362 and

0. 635 respectively. As for the totally heated annulus, the data are correlated

by curves, and the scatter around the curves amounts to less than 1 5 per
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cent. The burnout steam qualities increase with increasing pressure and

decreasing surface heat flux-

One should note that the data for the external heating are much higher

than when the annulus is heated internally. There are two reasons for this

difference. Firstly, the v\ -value in the case of external heating is much

higher than in the other case. And secondly, it should be observed that

owing to the higher shearstress acting on the inner cylinder, the climbing

water film on this cylinder will be destroyed before burnout occurs on the

outer wall, with the result that the water concentration in the vapour core

increases, improving the water supply to the outer heated wall.

The data for external heating are actually quite close to the data

for a totally heated annulus. Figure 1Z shows that at a pressure of 30 kg/cm

the discrepancy between the two cases is only about 10-20 per cent.

A comparison between the case where only the inner cylinder is heated

and the case where both cylinders are heated is given in figure 13. The

difference between the two sets of data is remarkable, the latter case show-

ing values more than twice as high as the former case. This difference

demonstrates clearly the significance of the r\ -value of the channel and

confirms our conclusions in reference (7) concerning the low measured burn-

out values for the 3-rod cluster.

An attempt to establish quantitatively the effects of the rj-value is

presented in figure 14. The figure shows a plot of the ratio of the measured

burnout steam quality in a partially heated channel to the burnout steam

quality which would have been, obtained under corresponding conditions in a

round duct (q = 1. 0). T̂  is used as the independent variable, and for the

computation of the round duct burnout steam quality, the data by Becker et.

al. (5, 6) were employed.

Burnout data obtained at Columbia University (15, 16) with 7-rod and

16~rod clusters, the Westinghouse data for a 9-rod cluster (17) and some of

our own 3-rod cluster data (18) are also included in the figure, as well as

internally heated annuli data measured by Levy et. al. (11).

When ^ approaches zero, we oiay deduce from physical considerations,

that the burnout quality for the channel also approaches zero.



When only the rod clusters and the internally heated annuli are con-

sidered one observes that for heat fluxes ranging from 100 to 200 W/cra

the bulk of the data fall quite close to a straight line connecting the origin

with the point representing the case of a totally heated channel. For most

reactor applications this line may therefore be used as a first approxima-

tion. With an increase of the heat flux, however, the effect of the unheated

surface also increases, so that the quality ratio Xp^/x.,.-^ decreases.

It should be noted, however, that the points representing the high

pressure data (p = 69 and 138 kg/cm ) may be somewhat in error because

uncertainties in the evaluation of the round duct reference values.

The most important conclusion to be drawn from figure 14 is the

importance for designers of fuel elements to aim at a high rj -value. This may

be achieved by increasing the number of fuel rods per cluster.

Attempts were also made to incorporate in figure 14 the CISE data (19)

for internally heated annuli. These attempts, however, were unsuccessful,

as the CISE data showed much higher burnout steam qualities than the values

predicted by means of the method based on the present measurements. The

discrepancy between CISE and the present annulus data is probably due to

the different experimental techniques employed for the two investigations.

The CISE data were obtained by introducing a steam water mixture into the

inlet of the test section, and the change in quality over the test section was

rather small and amounted to only a few per cent. The formation of the

water films on the walls must therefore have taken place quite differently

compared with the present experiments, where subcooled water entered the

test section inlet. This prevents a common correlation to be established.

In our opinion burnout experiments should preferably be performed

with subcooled inlet conditions. For the other method the way in which the

steam water mixture is introduced influences the liquid distribution over

the cross-section, and introduces a new variable to consider. It may per-

haps be of interest to study the effects of this variable, %vhen the effects of

the more basic variables influencing burnout have been satisfactorily

determined.

The data for the externally heated annulus are relatively higher than

in the cases previously discussed. The reason for this behaviour was given
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earlier, when it was explained that the water film on the inner wall is

destroyed before burnout occurs on the outer wall, with the result that

relatively more water becomes available for the cooling of the heated sur-

face.

On the basis of figure 14 we suggest the following procedure be used

for predicting burnout conditions in reactor fuel elements.

1. Establish at the particular pressure, heat flux and mass velocity

the burnout steam quality for a round duct.

2. Reduce this value by a factor, which is a function of the t] -value

for the channel and the surface heat flux, and which is obtained

from figure 14.

When more data for partially heated channels become available in

other ranges of the important parameters, the given procedure may perhaps

be somewhat modified. The method must therefore still be used with caution

if very accurate predictions are needed. One should also note that the effects

of variable shear stress around the heated perimeter is not accounted for in

figure 14. For rod clusters this is at present not possible, and we recommend

that research be initiated in order to determine the shearstress distribution

in rod clusters.

6. 3 Results of Measurements with Different Inner and Outer Wall Heat Fluxes

When it was observed that burnout always occurred on the inner

cylinder, when both cylinders were equally heated, the question arose as to

how much the outer cylinder may be overheated as compared with the inner

cylinder before burnout occurs on the outer wall of the annulus.

In order to answer this question and also in order to study the effects

of non-uniform heating, experiments were performed where the heat flux on

the inner cylinder was constant, while different values of the outer wall heat

flux were employed. Four sets of data were obtained with inner wall heat

fluxes of approximately 50, 100, 150 and 200 W/cm . Figures 15, 16, 17 and

18 show the results. The lowest burnout values are obtained when the outer

wall is unheated, q/A - 0, and as we increase the surface heat flux on the

outer wall, the burnout steam quality for the channel also increases until

it reaches a maximum value. At the maximum value of the steam quality, it
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was observed from the reaction of the burnout detectors that burnout occurred

simultaneously on both cylinders. For most of these measurements both burn-

out detectors reacted, and for the remaining measurements taken under these

conditions, either one of the two burnout detectors would indicate burnout.

The heat flux on the outer cylinder at simultaneous burnout is the maximum

heat flux, (q/A) , which can be applied to the outer cylinder in order
' o max ri '

that burnout will still occixr on the inner surface of the annulus. When (q/A)
was increased above (q/A) burnout always occurred on the outer

n o max '

cylinder only, and the burnout steam quality for the channel now decreased

as (q/A) increased.

This behaviour is more cJearly demonstrated for a pressure of 30 kg/cm

in figure 19, where the burnout steam quality, xR O , is plotted against the

outer surface heat flux, (q/A) with the inner surface heat flux, (q/A). as

parameter. The maximum points of the curves represent the conditions where

burnout may occur equally as well on the inner as on the outer cylinder.

These points compare very well with burnout conditions for round ducts, and

the comparison in question is shown in figure 20.

One should observe that at simultaneous burnout on both cylinders, the

outer cylinder is substantially overloaded compared with the inner. In figure

21 the heat flux ratio (q/A) /(q/A). at simultaneous burnout is plotted against

the inner surface heat flux. In the range investigated, the overloading

varies from 30 to 7 0 per cent, and we conclude that for a dually heated

annulus, the outer wall may be overheated substantially in comparison with

the inner wall without reducing the margin of safety in respect of burnout.

Further research intended to establish the overload ratio, (q/A) /(q/A).

in a wider range of variables is now in progress in our laboratory.

Reverting to figure 19 one should also note that for a given value of

(q/A) ~>(q/A) , the burnout steam quality increases as the inner surface

heat flux increases. This effect is shown in figure 22. We may therefore also

conclude that if either one of the two cylinders is operated at a given heat

flux and burnout occurs on this cylinder an increase of the heating on the

other cylinder improves the burnout conditions for the annulus. This

phenomenon is easily understood by considering the climbing film flow model.
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7. 0 Conclusions

Burnout conditions for flow of boiling water in an annulus have been

measured in respect of external heating only, internal heating only and dual

heating. The measurements were performed in the following ranges of

variables.

Pressure 8.5<[ p<^ 37.5 kg/cm

Inlet subcooling 6 0 < A t s u b < 205 °C

Steam quality 0. 1 0 < x < 0 . 9 1

Mass velocity 71 < m/F <̂  961 kg/m sec

Inner wall heat flux 0 < (q/A). < 303 W/cm2

Outer wall heat flux 0 < (q/A) < 374 W/cm2

Inner diameter of annulus d. = 9. 92 mm

Outer diameter of annulus d =17.42 mm
o

Heated length L. =608 mm

In the case of equal heat fluxes on both walls of the annulus, burnout

always occurred on the inner wall, and the data compared rather well

with round duct data.

When the annulus was heated only internally, the data showed very

low burnout values in comparison with the results for dual heating and round

ducts. This disagreement was explained by considering the climbing film

flow model and by the fact that only a fraction of the channel perimeter

is heated.

For external heating the data are somewhat lower than corresponding

round duct data, but rather high in comparison with internal heating. The

climbing film flow model was also used to interpret this observation.

On the basis of the measurements with different heat fluxes on the

two walls, we conclude that the outer wall may be overloaded substantially

before the burnout position changes from the inner to the outer wall. The

rate of overload varied from 30 to 7 0 per cent in the ranges investigated

and increased as the inner surface heat flux decreased.

We further conclude that if the heat flux for the wall on which burnout

occurs is increased, the burnout steam quality for the annulus decreases.
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If, however, the heat flux for the opposite wall is increased, the burnout

steam quality also increases.

It was also observed that the highest burnout values are obtained when

burnout occurs simultaneously on both cylinders.

With regard to the effects of pressure, we conclude that in all cases

dealt with in the present report, the burnout steam quality increases as the

pressure increases.

The results have been compared with annuli and rod cluster data in

published works, and a method for predicting burnout conditions in rod

clusters has been proposed.

Finally we conclude that the present measurements and the interpreta-

tions of the observed phenomena have demonstrated the applicability of the

climbing film flow model and the concept concerning the significance of the

ratio of heated to total channel perimeter.
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Nomenclatur e

Symbol

DE

d.
i

o

E.
i

E

fg
h.

in

sat

I.

o

L

rh

m/F

P

Ph

P i n

q/A

(q/A).

(q/A)
o

in

X
BO

RD

Definition

Equivalent Diameter

Inner diameter of annulus

Outer diameter of annulus

Voltage over inner cylinder

Voltage over outer cylinder

Latent heat of evaporation

Inlet enthalpy of water

Saturation enthalpy of water

Current through inner cylinder

Current through outer cylinder

Length of heated section

Mass flow rate

Mass velocity

Channel perimeter

Heated fraction of perimeter

Static pressure

Inlet static pressure

Pressure drop over test section

Surface heat flux

Inner surface heat flux

Outer surface heat flux

Inlet temperature

Steam quality

Burnout steam quality

Burnout steam quality in round duct

Perimeter ratio, PTT/P
J r l

Inner surface shearstress

Outer surface shearstress

Units

m

m

m

volt

volt

Kj/kg

Kj/kg

Kj/kg

amps

amps

m

kg/

kg/

s e c

m sec

m

m

kg/cm

kg/cm

kg/cm

W/cm2

W/cm2

W/cm2

°C

Dimensionless

Dimensionless

Dimensionless

Dimensionless

kg/cm

kg/cm/-
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