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AN ANALYSIS OF BURNOUT CONDITIONS FOR FLOW OF BOILING
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Summary:

A method of predicting the burnout conditions for flow of boiling

water in vertical round ducts is presented.

The analysis predicts that the burnout conditions are independent

of the L/d-ratio and the inlet temperature, and that the burnout steam

quality decreases with increasing surface heat flux and increasing mass

velocity. It was also found that the burnout steam quality at low pressures

increases with the pressure and reaches a maximum at approximately

70 kg/cm , and thereafter decreases with a further increase of the

pressure.

The theoretical result compares very well with experimental data

from different sources.
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1. 0 Introduction

During recent years a large number of papers have been published

concerning the prediction of burnout conditions for flow of boiling water

in vertical channels. Although significant progress has been made, and

several empirical correlations based on experimental results have been

established, there still exists no method which accurately and safely

predicts the burnout values for th.s type of flow in a wide range of

variables. It should also be emphasized that the empirical correlations

compare poorly with one another and in many cases are even contra-

dictory. Theoretical treatments of the problem were presented in 1961

by Isbin et. al. (1) and in 1962 by Tippets (2). A review of the existing

correlations and tabulations of available experimental data up to 1958

is found in a report by DeBortoii et. al. (3). Other important reviews

of the field may be found in the reports by Pexton (4) and Cicchitti (5).

It is now generally accepted that at least two distinctly different

types of burnout exist. The first type occurs with steam qualities close

to 0, and is often defined in published works as the point where departure

from nucleate boiling occurs. The other type takes place at relatively

high steam qualities, and the physical features of this type may briefly

be described as follows.

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

channel. The bulk of the fluid then consists of saturated vapour with

a dispersion of small water droplets. The wall is covered by a thin

layer of superheated water and the cooling of the wall is achieved by

evaporative cooling. Close to the water layer the steam is super-

heated. By diffusion the water droplets are continuously transferred

to the water film, and simultaneously 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
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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 occurr-

ing in a long heated vertical tube from the inlet, and to the burnout point

located just below the end of the heated section.

If we consider the flow of water in a duct of a fixed geometry it

is evident that the flow conditions at burnout can be defined by the

relationship

f(p, h.n, q/A, xBQ) = 0 (1)

The mass velocity, rh/F, is omitted in equation 1 since this

quantity is a dependent variable determined from the following heat

balance when the other quantities in eq. I are fixed.

hf - hin + XBO • hfg

The effects of mass velocity can be studied experimentally either

by altering the inlet enthalpy of the fluid or by using test sections with

different heated lengths and diameters. Because it is desirable only

to allow sub-cooled water to enter the test section, only a narrow
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range of mass velocities can be studied by the first method. The reason

for preferring the use of sub-cooled inlet conditions is that if a steam-

water mixture is introduced, the liquid distribution over the entrance

cross-section will depend on the method used for introducing the fluid,

and this may perhaps influence the burnout conditions.

During the experimental studies performed at AB Atomenergi in

Sweden which have been reported by Becker et. al. (6, 7, 8), the effects

of mass velocity were studied by employing test sections with different

lengths and diameters. For ducts of variable geometries eq. 1 should

read

*(P. *V q/A, m/F, L/d, xBQ) = 0 (3)

In the mentioned references it was suggested that the measured

variations in burnout conditions, when, for instance, the heated length

was changed, were due not to the change in the L/d-ratio, but to the

associated change in mass velocity. Further it was found that the inlet

sub-cooling had negligible effects on the results. Eq. 3 then reduces to

f(p, q/A, m/F, xBO) =.O (4)

All the quantities in eq. 4 are local values to be taken at the burn-

out position. Instead of x-r>n one may also use the burnout enthalpy hR_.

Examining recent papers in the field it appears that disagreement

exists, as to whether burnout is a local phenomenon which can be

described in terms of local properties or whether the process is an

integrated phenomenon, which substantially depends on the flow history

through the channel. In the latter case it would be necessary also to

include in the analysis the inlet enthalpy and the L/d-ratio.
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On the basis of the data which DeBortoli et. al. (3) collected,

Tong et. al, (9) established a correlation in terms of pressure, inlet

enthalpy, mass velocity, L/d-ratio, equivalent diameter and total

heat addition. It was also stated by Tong that burnout is not a local

phenomenon but depends on the past history of the flow through the

test section.

Tippets (2), however, analysed the problem theoretically in

terms of the local conditions, assuming that burnout occurred when

the liquid consumption rate in the film due to vaporization exceeded

the net liquid supply rate from the core. He arrived at a set of

equations which he used to correlate burnout data obtained in round

ducts, rectangular channels and internally heated annuli.

Isbin et. al. (1) used the Vanderwater (10) burnout flow model

to analyse the problem. This model assumes burnout to occur at the

position in the channel where the liquid film, disappears. In principle,

simple material and energy balances on the liquid in the film integrated

over the length of the boiling section are sufficient to define the system

proposed. However, since the re-entrainment and the liquid droplet

diffusion phenomena are complex, it was necessary to use an empiri-

cal approach to define the mass transfer rates. The forms of the

functions expressing the transfer rates were assumed and the charac-

teristic parameters required were determined empirically by fitting

the predictions of the model to experimental data. The analytic results

were given in terms of pressure (fluid properties), mass velocity,

surface heat flux, steam quality, inlet sub-cooling and L/d-ratio.

Isbin determined the characteristic parameters for one set of sub-

cooling data, and then quite successfully predicted the burnout condi-

tions at other sub-coolings. The model was also used for predicting

the burnout conditions for hot patch tests.



- 7 -

The purpose of the present paper is to demonstrate that the

analytical results by Isbin can be simplified and reduced to a set of

equations consistent with eq. 4, where burnout conditions were defined

in terms of p, q/A, m/F, and xR(~ only, and that these equations success-

fully correlate burnout data in a wide range of variables.

Z. 0 Analytical Results by Isbin et« al.

For round tubes the results by Isbin were given by the equations

below

q/A-
1

1 - j 4L/d

1
- j

B =

where

X 0 =
V

<XBO

Vfg(xBO +

4 L/d

- j

V fg NSc>

(5)

(6)

,1/2 ,1/2

In
X B O + V (7)

174'
"V" —

X B O + V

+ N ) 1 / 4

N
r - h.
f m

Se h.

and a., É and b are the parameters to be determined from the experimen-

tal data. Physically b represents the droplet diffusion rate, £ the re-

entrainment rate and z« is equal to the fraction of liquid dispersed in



the core at the initiation of bulk boiling. With regard to the details.of

the derivation of these equations the reader is referred to the paper

by Isbin.

3. 0 Derivation of Burnout Correlation

From eqs. 5 and 6 it is possible to eliminate the L/d-ratio.

Assuming j = - i/2 one obtains

B vr 1
fg. = _ _ _ _ _ ^ (8)

b h q/A • (m/F) 1 / 2

The constants e and b in eqs. 7 and 8 were now determined by

means of a digital computer, fitting the equations to the experimental

data of references 6, 7, 8, 3 and 11- zfi was selected to be 0. 98 and

the computations were performed at pressures of 10, 15, 20, 25, 30,

35, 70 and 137 kg/cm , neglecting the effects of sub-cooling by

making the sub-cooling number N , equal to zero. The data used
t>c

for the computations were as follows. The WAPD-188 data (3) for the

pressure of 137 kg/cm , the CISE (11) and the WAPD-188 data for

70 kg/crn and finally our own data (6, 7, 8) for the remaining

pressures.

Having determined c and b, the effects of inlet sub-cooling

were studied by selecting a sub-cooling number of 0.7 and computing

new values for B. Figure 2 shows a comparison of the B-functions

obtained for Nc equal to 0 and 0. 7. For pressures up to 70 kg/cm
2

the maximum difference is less than 5 per cent. At 137 kg/cm

differences up to 8 per cent in the B-value are encountered. Con-

sidering that a sub-cooling number of 0.7 corresponds to 180 C

inlet sub-cooling at 137 kg/cm , and that the inlet sub-cooling

corresponding to Nc =0.7 increases with decreasing pressure so
oc
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that freezing inlet water is obtained at a pressure of 54 kg/cm , we

suggest that the effects of inlet sub-cooling should be neglected.

Equation 8 can then be written

B • v, 1
§ = f(* P) = / ~ (9)

b • hf ^ (m/F)X/ . q/A

where

Un 0.98-

B = :

This result is consistent with the assumptions in references 6

and 7 where we suggested that the burnout conditions may be defined

by the function

f(xBO, p, m/F, q/A) = 0 (4)

The assumed value of j = -1/2 was now checked by computing the

parameter (m/F)J / q/A for all the experimental data in

references 6, 7 and 8, using values of j equal to -0.40, -0.45, -0.50,

-0. 55 and -0. 60. Plots were then made at constant pressures of

(m/F)Vq/A versus the steam quality x,,A, It was then observed

that the smallest scatter occurred when j was just equal to -0.50.

Figure 3 shows the evaluated € and b-values as functions of

the pressure. This diagram, together with equations 9 and 10, repre-

sents the analytical solution of the problem of predicting burnout condi-

tions in vertical round ducts. One should note, however, that when the
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burnout conditions in a particular duct are considered, the solution

obtained from equations 9 and 10 must be checked in order to avoid

a violation of the heat balance below.

m/F(h - h + x h )
q/A = -— i S B O fg ' (11)

4 L/d

Equations 9, 10 and 11 reveal that the inlet sub-cooling and

the L./d-ratio have no direct influence on the burnout process, but

that on the other hand an indirect'influence exists because of the

restriction imposed by the heat balance.

In figure 4 the analytical results are shown by plotting

B v.
£g.

b h,
fg

versus the burnout steam quality, x_ , with the pressure as para-

meter.

Noting that

B vf 1

b hfg ~ (m/F) 1 / 2 q/A

1 one observes that the analysis predicts that the burnout heat flux

decreases with increasing mass velocity and increasing steam

quality. These predictions are consistent with most of the recent

experimental data in the field.

When compared with the analytical results by Tippets, and

considering only the mass velocity effect, the agreement is excellent,
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as Tippets predicts that q/A -• (m/F)~ * while the present method
1 /?

yields q/A~(m/F) ' .

With regard to the effect of the pressure one observes that both

the burnout steam quality^and the burnout heat flux at low pressures

increase with increasing pressure until they reach maximum values at

approximately 70 kg/cm and thereafter decrease with a further in-

crease of the pressure. In order to determine the exact locus of the

maximum points, more experimental data are needed for evaluating

the t and b-values in the pressure range from 50 to 90 kg/cm .

Reverting to figure 3 which shows the c and b-values, one may

gain some physical explanation for the pressure effect. At low pressures,

where b and € are independent of pressure, the change of burnout

values with pressure is caused by the pressure effect on the following

physical properties of the system; vf , h. and vf. At higher pressures,

however, the increase of c and the re-entrainment rate combined with

the decrease of b and the droplet diffusion rate cause the burnout

values to decrease.

4. 0 Comparison with Experimental Results

In figures 5, 6 and 7, the experimental results by Becker et. al.

(6, 7, 8} are compared with the analysis by plotting the burnout steam

quality versus (m/F) - q/A I for pressures of 20, 30 and 35
2

kg/cm . The curves represent the predicted values of

B/b • r versus

The data covered the following ranges of variables
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Mass velocity,

Diameter t

Heat flux ,

Steam quality,

L/d-ratio,

Inlet sub-cooljng ,

rh/F ,

d ,

q/A,

L/d,

At _ ,

120 - 2500 kg/m s

3.94 - 13.06 mm

35-515 W/cm2

0.18 - 0.95

46 - 780

30 - 220 °C

The scatter of the data around the curves is in terms of the

steam quality less than i 20 per cent, and the root mean square of

the deviations is equal to 12.5 per cent. In terms of q/A, however,

the scatter is much larger, especially at high steam qualities where

deviations up to 50 per cent are encountered. The reason for this

behaviour appears by bearing in mind that the rate of change of q/A

with x is quite large in this region. The data in the figures were

obtained by keeping q/A constant during one run and slowly decreasing

the mass velocity until the exit quality reached the burnout value.

Since q/A was measured with an accuracy better than 0.5 per cent,

we find it appropriate and correct to judge the scatter in terms of

the exit steam quality.

In many correlations, as for instance in those by DeBortoli et.

al. (3) and Tong et. al. (9), the exit enthalpy was used instead of

the exit quality. This procedure reduces the scatter appreciably

because the quality is obtained by subtracting two relatively large

numbers from each other as shown below

hBO " hf , , , ,
x = — j - (12)

Especially at low steam qualities, moderate experimental

errors in the enthalpies may cause serious errors in the steam

quality.
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The burnout enthalpy is therefore also indicated in figures 5, 6

and 7. In terms of the burnout enthalpy the scatter of the data is less

than + 10 per cent and the root mean square of the deviations is equal

to 5. 8 per cent.

The excellent agreement between theory and measurements is

also demonstrated in figure 8, where the theoretical burnout enthalpy

is plotted against the measured burnout enthalpy.

Reverting jto the fact that the L/d-ratio-and the inlet sub-cooling

are not included in the plots mentioned above, we conclude that burnout

for this type of flow is mainly a local phenomenon depending on the

conditions at the burnout position, and that the past history of the flow

has only a minor influence as long as inlet sub-cooling is applied.

This conclusion is of course only valid when the flow is completely

stable until the breakdown of the water film on the walls occurs. If the

flow becomes unstable and starts to oscillate before steady!state burnout

conditions have been reached, the oscillations may cause premature

burnout, and the burnout results will then also depend on the L/d-ratio

and the inlet sub-cooling, because the stability of a loop is also a function

of these parameters. For the measurements reported in references 6,

7 and 8 considerable care was taken to secure stable operation of jthe

apparatus. This was achieved by employing throttling of the flow before

the test section and by keeping the pressure drop between the test section

outlet and the condenser at a negligible value.

However, the question still arises whether the scatter of the experi-

mental data can be further reduced by introducing terms containing the

inlet sub-cooling temperature or the L/d-ratio. In order to through light

on this question, the deviations between measured and predicted burn-

out enthalpies were studied.
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In figure 9 the deviations, (hRf. - h )/h , for the runs ob-

tained at 30 kg/cm are plotted versus the inlet sub-cooling tempera-

ture. Although sub-cooling temperatures between 67 and 211 C are

covered, no distinct effect of this pärameter can be observed, and we

conclude that no significant improvement of the correlation can be

expected by introducing terms containing the inlet sub-cooling tempe-

rature.

Figure 10 shows the same deviations plotted versus the L/d-

ratio. No appreciable L/d-effect seems to be present, indicating a

verification of the analysis. However, if we, as in figure i i only

include the deviations for the measurements reported in reference 7,

a certain L/d-effect is visible, the shortest ducts showing the highest

burnout enthalpies. Since the pressure drops over the longest test

sections employed during this study were up to 65 per cent of the

available pressure head from the pump (4 kg/cm ), leaving a rela-

tively small pressure drop for the throttling valve, we suggest that

the observed L/d-effect in this case perhaps is due to flow instabili-

ties. If this is true and the scatter in figures 5, 6 and 7 are partly

due to instabilities, it would perhaps be correct to readjust the

theoretical curves to follow the higher burnout values and consider

the lower data to represent premature burnout caused by.flow instabili-

ties. Measurements with the aim of studying this proposal is in pro-

gress in our laboratory in a loop with a pump having more than twice

as large a pressure head.

In figure 12 some of the CISE-data (at 70 kg/cm ) are compared

with the present correlation. It should be emphasized that about 70 per

cent of the data compare within t 10 per cent with the present analysis.

The rest of the data show much lower burnout values, indicating that

premature burnout due to flow oscillations may perhaps be the reason

for the extreme deviations. One should also notice that the CISE-data
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were obtained by introducing a steam water mixture to the inlet of

the test section.

The same trend is also observed in figure 13 where the WAPD-188

data at 1000 psia (68.5 kg/cm ) are reproduced.

The 2000 psia data from WAPD-188 are presented in figure 14. The

scatter in terms of the exit enthalpy is about t 20 per cent, and in terms

of q/A up to 50 per cent. Considering that the'different sets of data

collected in the mentioned report in many cases contradict one other

seriously, we conclude that the relatively poor agreement obtained

should not discourage one from using the present method. Confidence

in the method is gained by considering only the data by Masnovi et. al.

(12) which are included in figure 14. These data are perfectly corre-

lated by the present method.

On the basis of figures 12, 13 and 14 we wish to point out that

additional and more accurate data are needed in the pressure range

above 40 kg/cm in order to compute accurate values for b and €, so

that correct correlating curves can be established. A loop for pressu-

res up to 120 kg/cm is now under construction in our laboratory, and

we hope soon to be able to present the results of our studies in the

high pressure region.

5.0 Conclusions

A method of correlating burnout data for flow of boiling water in

vertical round ducts has been established from the analytical results

by Isbin et. al.

The analytical results show that the burnout conditions are inde-

pendent of the Li/d-ratio and within a few per cent independent of the

inlet sub-cooling.
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The experimental data by Becker compare excellently with

the theoretical result, the scatter of the data being less than t 10

per cent in a wide range of variables.

The data collected in WAPD-188 at 1000 and 2000 psia were

correlated within t 20 per cent. Considering the disagreement be-

tween the different sets of data in this report, we conclude that the

usefulness of the method has been demonstrated.

Comparisons with the CISE data at 70 kg/cm revealed that

about 70 per cent of the data were correlated within + 10 per cent.

The remaining 30 per cent of the data showed burnout values up to

several hundred per cent too low. We suggest that hydrodynamic

loop instabilities may have caused the low burnout values, and ex-

cluding these points from the present discussion, we conclude that

also in the case of the CISE data satisfactory agreement exists

between experimental results and the correlation.

Finally we conclude that the accuracy of the correlation can

be improved appreciably in the high pressure region when additional

and more reliable burnout data have been obtained.
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Nomenclature

_Symbol

b

B

d

BO

h,

h.
in.

th

L

m/F

NSc

P

q/A

v
fg

X
BO

Definition

Droplet diffusion coefficient

Burnout parameter

Diameter

Burnout enthalpy

Saturation liquid enthalpy

Latent heat of evaporation

Inlet enthalpy

Predicted burnout enthalpy

Length of cha.nnel

Mass velocity

Sub-cooling number

Pressure

Surface heat flux

Specific volume of liquid

Specific volume change upon evaporation

Burnout steam quality

Re-entrainment coefficient

Units

. 1/2 , 3/2
kg ' /s '

Dimensionless

m

kj/kg

kj/kg

kj/kg

kj/kg

kj/kg

m

kg/m s

Dimens ionle s s

kg/cm

kj/m s

m /kg

m /kg

Dimensionle s s

Dimensionless

Dimensionles s
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FIG. 1. FLOW MODEL FOR BURNOUT IN A VERTICAL CHANNEL.
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