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ABSTRACT 

An experimental study wasperformed on critical heat flux· 
· (CHF) .at low flow .conditions for low .pressure steam-water upward 
flow in an annulus. The· t.est section was transparent, therefor~, 
visual observations of. dryout as well· as ,various instrumentations 
were made. The·data indicated that a premature CHF occurred due 
to flow regime transition from churn-turbulent to annular· flow. 
It .is shown· that the critical heat fl'ux observed in the experiment 
is essentially simila~ td a flooding~limited burnout and the crit­
ical heat flux. can be well reproduced by a nondimensional corre- · 
lation derived from the previously obtained criterion for flow 
regime transition. The observed CHF· values -are much· smaller than . 
the standard 'high quality CHF criteria at low 'flow, corresponding 
to the annular flow fi.lm dryout. This result is very significant,· 
because· the coolability of a heater surface at low flow .rates can 
be drastically reduced by the occurrence of this mode of CHF. 
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CRITICAL HEAT FLUX EXPERIMENTS UNDER LOW FLOW 
CONDITIONS IN A VERTICAL ANNULUS 

by 

K. Mishima and M. Ishii 

ABSTRACT 

An experimental study was performed on critical heat flux 
(CHF) at low flow conditions for low pressure steam-water upward 
flow in an annulus.· The test section was transparent, therefore, 
visual observations of dryout as well as various instrumentations 
were made. The data indicated that a· premature .CHF occurred due 
to flow regime transition from churn-turbulent to annular flow. 
It is shown that the critical heat flux observed in the experiment 
is essentially similar to a flooding-limited burnout and the crit­
ical heat flux can be well reproduced by.a nondimensional corre-

. lation derived from the previously obtained criterion for flow 
regime transition. The observed CHF values are much smaller than 
'the standard high quality CHF criteria at low flow, corresponding 
to the annular flow film dryouf. This result is very significant, 
because the coolability of a heater surface at low flow rates can 
be drastically reduced by the occurrence of this mode of CHF. 

EXECUTIVE SUMMARY 

The occurrences of burnout in natural convection boiling can be very im­
portant in relation to the safety of various types of nuclear reactors under 
a number of different accident conditions. It is noted that accidents which 
lead to the decay heat removal by natural circulation have much higher prob­
ability than those of the severe accidents extensively studied recently. How­
ever, the break-down of the natural circulation boiling which leads to dryout 
and burnout of heated surface in these conditions can have a very significant 
consequence. 

In view of the above, an experimental study has been performed on the 
critical heat flux. at low flow rates typical of natu.ral circulation condi­
tions. Data have been obtai~ed for water from an annulus test section at low 
pressure. The data indicated that a premature burnout occurred due to flow 
regime tran~ition from churn-turbulent to annular flow. It ha~ been ~hown 
that the burnout observed in the experiment is similar to a flooding-limited 
burnout, although the loop circulation has been maintained at· a near natur~l 
convection level. The data can be well correlated by the newly developed 
CHF criterion derived from the. churn-turbulent to annular flow transition 
criterion .. 

Since the outer tube of the test section was a Pyrex glass tube, a de­
tailed visual observation on the dr.vout and rewettin~ processes have been made. 
Dry patches appeared on the surface of the heated wall in the churn-turbulent 
flow regime. However, they were repeatedly rewetted mainly by the passages 
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of liqui'd slugs or bridges.. In. this experiment, permanent dryout of the heated 
wall occurred when these liquid. bridges disappeared at the churn-turbulent to 
annular flow transition. Falling liquid film as well as climbing film was 
observed at this point, however, those liquid film did not seem thick enough 
to quench dry patches. 

Due to the above me~hanism of CHF, the observed critical heat flux val­
ues are much· smaller than the standard pool boiling or high quality CHF cri­
teria. There are some indications that the presently observed premature burn­
out may be limited to a iow pressure system with relatively high inlet flow 
restri"ctions. However, at the present boundaries between different CHF mech­
anisms are not well ~stablished .. Hence, finding of t~is new. premature burn­
out mechanism is quite important. If this mode of C~F has to occur, the cool­
ability of a heated $Urface at low flow rates can be drastically overpredicted 
by using the.conventional high quality CHF criterion. 

I .. INTRODUCTION 

Natural convection boiling burnout can become important in relation to 
the safety of various types of liquid cooled nuclear reactors under a number 
of different accident conditions such as loss-of-heat sink, loss-of-flow and 
loss-of-piping integrity accidents. In spite of the importance of the cool­
ing due to na~ural convection boiling and its upper limitation imposed by 
occurrences of the burnout, the main emphases ·of reactor safety analyses both 
for water and liquid-metal cooled reactors have been. directed to more drastic 
accident conditions where the natural convection boiling is of little impor­
tance. However, it can be recognized that milder accidents which lead to the 
decay heat removal by near natural circulation boiling have much higher prob­
ability than those severe accidents extensively studied recently. · Further­
more, the break-down of the natural ·circulation boiling can lead to a very 
significant consequ~~ce ~s exemplified by the Three-Mile Island accident un­
der the small "LOCA (loss-of-coolant accident) c·ondition. 

A number of ·different'accidents c~n lead to cooling of a·reactor core by 
natural crinvection boiling. These are ·small LOCA•s for light water reactors, 
loss-of-flow ~ccidents due to pum~ failure with mismatched decay heat, loss­
of-heat sink accidents both for light water and liquid-metal cooled reactors, 
and loss~of-piping integrity for loop type iiquid-metal cooled reactors. Re­
gardless of the inittal stages of th~se accidents, a similar condition which 
is basically the decay heat removal by the.natural convection boiling can de­
velop. For example, in case of i pum~ failure, the reactor will.be shut down 
or set back immediately to reduce the heat load. · As the resistance of the 
flow channels forces the coolant to stagnate, a transition of coolant flow to 
natural convection will f6llow. During this period, some flow.instability may 
occurl which 'may cause a premature burnout .. 2 Eventually .a stable natural con­
vection may" be attained. However, a burnout can· qccur.befo.re the decay heat 
becomes sufficiently low if the period of the flow coast dowh is too ·short. 
On the other hand, if the flow coast down.lasts long enough, a natural con­
vection will allow the core to be cooled safely without any additional cool­
ing devices. 
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The purpose of this study is to provid~ an insight into burnout phenomena 
which can occur during natural convection boiling and to recommend a correla­
tion of practical use to estimate the critical heat flux at such low flow 
rates as natural convection. As a first step, the critical heat flux for 
water in an annulus at about atmospheric pressure have been studied. Burnout 
at a stagnant flow condition was also included in this study as a limiting 
case of burnout phenomena.3 An experiment has been carried out using the 
modified Freon Test Loop with an annular test section at Argonne National La­
boratory.4 From the experimental data and the review of previous works, non­
dimensional correlations are derived and discussed in detail. 

II. CRITICAL HEAT FLUX EXPERIMENT 

A. Test Loop 

The test loop was initially set up for Freon-11 blowdown tests 4 and mod­
ified for this study as shown in Fig.· 1.· It consisted of test section, upper 
and lower plena, hot and cold legs, downcomer·, bypass loop, circulating pump, 
flow control valves and turbine flowmeter. The test loop was thermally. in­
sulated by fiberglass material exc~pt the test section. 

The test sectio~ is made of a 86 em-long, 2.045 cm-00, directly heated, 
Type 304 stainless steel tube and a 0.9 m-long, 2.5959 cm-IO transparent 
Pyrex pipe. Twenty-two 0.762 mm-00, Chromel-Alumel thermocouples were spot­
welded onto the inside wall of the stainless steel tube as shown in Fig. 2 . 

. The detail of the test· section was already described in Ref. 4. 

The downcomer consisted of a 180 em-long, 15 cm-ID stainless steel tube 
flanged at both ends, equipped with a cooling coil of a 12m-long, 3 mm-ID 
copper tube, a 5 kW immersion heater, a steam release valve and a water sup­
ply. 

A 1.58 cm-ID stainless steel flexible tube was installed in the hot and 
the cold leg to allow a thermal expansion and to avoid the vibration of the 
te~t section induced by the pump during forced convection experiments. Th~ 
cold leg consist~.d of two parallel flow paths, one for natural convection and 
the other for forced convection. A pump capable of delivering up to 0.5 ~/ 
mio of water was 'installed in the latter cold leg. 

B. Experimental Procedure 

Before starting the meas~rements, the wat~r in the tes~ loop was heated 
up with the immersion heater and the test section heater. During the heatup 
operation, the power to the test section was kept so low as not to cause dry­
out on the surface of the heated wall. Power to the test section was supplied 
by a 20-V, 1500-A, de power supply. To protect the test section from physi­
cal burnout, nine temp~rature controllers were set to trip the power at a 
heated-wall temperature of 200°C. The detail of the controllers also ~ppear 
in the literature. 4 The power to the test section was estimated by measuring 
the voltage drop across the test section and that across an on-line shunt 
rated at 50 mV/2000 A. 

, .. . 
'· ., 
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The loop was filled with ion-exchanged water to a level ~everal centi­
meters .above the hot leg whith was observed in the glass tube attached to the 
downcomer. To avoid overpressure in the loop, the vent·valve on top of the 
downcomer was left open during the experiment. ·Thus all the measurements were 
carried out under atmosph~ric presiure. 

. . 

The water flow rate into the test section was controlled by the valves 
installed in the cold leg. Test condition covered natural convection, forced 
convection and zero net flow with the inlet valVes fully closed. The water 
flow rate was measured by a turbine flowmeter (Cox Instrument,. Model LF-6-00). 
The flowmeter was calibrated within 4%. 

The temperatures were recorded by a digital recorder. As dry patches. 
were more frequently observed on the surface near the uppe~ end of the. heated 
wall, the temperature at the location of TC 22 was recorded also by a Honey­
well strip chart. A large abrupt increase in the temperature trace was rec­
ognized as an evidence of dryout as well as the actuation of the power trip 
circuit. 

III. EXPERIMENTAL RESULTS 

A. Flow Regimes 

In order. to observe flow regimes. over a wide r~nge of water flow rate, 
the flowmeter was replaced by a 1.58 cm-ID pipe in earlier runs, thus reducing 
the resistance to the flow. In these runs, the flow rate was estimated from 
the axial profile of· the heated-wa,ll temperature, assuming that the ·single 
phase heat transfer coefficient was constant over the non-boiling region. If 
this was true, the water flow rate should be proporti ona 1 to· the reci proca 1 
of the temperature rise along the test section. · 

·At an early stage of the heatup, the initiation of boiling occurred sud­
denly with a large slug bubb.le, followed by intermittent bubbl~ formation. 
During this period, highly agitated inlet flow was observed as shown in Fig. 
3. As the flow approached steady, smaller. bubbles were generated· more fre­
quently, resulting in·a more stable flow. 

No significant difference in ·flow regimes between natural convection and 
forced convection was noticed.-in the test section. Observed flow regimes are 
shown in· Fig. 4 compared with the flow regime map predicted by the authors .. s 
Bubbly flow was scarcely obse~ved at low heat flux and large inlet subcooling. 
Slug flow which appeared in the figure was characterized by the periodic slug 
bubble formation, though the shape of the bubble was disturbed by boiling. In 
the churn-turbulent flow, s 1 ug-1 ike bubb 1 es were· entirely deformed and 1 ess 
periodic and liquid bridging was typi_cally observed. Dry patches appeared 
on the surface of the heated wall in this flow regime, though they were 
quenched away mainly by the passage of liquid bridges. The temperature rise 
due to dry patch formation was found in the strip chart as ·shown in Fig. 5. 

As the steam quality increased, the liquid bridging became less frequent. 
Falling liquid film as well as climbing film was observed at low mass veloci-· 
ties. Those liquid film, however, did not seem thick enough to ·quench dry 
patches, thus· permanent dryout of the· heated wall followed. A typical reading 
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of the heated-wall temperature during the dryout is shown in Fig. 5. Some 
investigators pointed out that the burnout at high steam quality was caused by 
a film dryout in annular flow.s-9 The same mechanism of burnout was observed 
also in this study, however, it occurred just after the transition from churn­
turbulent to annular flow at very low inlet mass velocity and low pressure. 
This is exhibited also in Fig. 4. 

B. Critical Heat Flux 

The results of critical heat flux measurement are given in Table I. The 
critical power to the test section is plotted against mass velocity in Fig. 6. 
The figure indicates that the critical heat flux for a given test section is 
well correlated by mass velocity. Though the effect of inlet subcooling is 
not shown clearly in the figure, it was observed that the critical heat flux 
tend to increase as the inlet subcooling increased. There are no remarkable 
differences in the critical power results between natural convection and 
forced convection systems. 

Table I. 

Dryout Measurements - Natural and Forced Convection 

Mass Dryout Inlet Exit Dryout 
Run Velocity Power Temperature Quality Heat Flux 
No. kg/m2/s KW oc % KW/m2 

Natural 
Convection 1-36 23.0 3.08 56.1 21.4 80.3 

1-37 23.0 3.08 62.2 22.6 80.3 
1-39 21.2 3.08 55.6 23.8 80.3 
1-41 29.2 3.62 21.7 12.8 94.4 
1-42 29.7 3.59 26.1 13.0 93.6 
1-43 31.2 3.58 26.1 11.6 93.4 
1-44 32.1 3.59 35.6 12.7 93.6 

2-3 0 1.84 21.5 48.0 
2-6 0 1.69 24.5 44.1 
2-8 10.1 2.52 26.3 41.5 65.7 
2-10 6.3 1.97 49.1 59.7 51.4 
2-13 11.3 2.28 47.4 34.8 59.5 
2-15 6.1 1. 92 48.5 60.0 50.1 
2-24 5.99 1.87 51.7 60.0 48.8 
2-28 10.0 2.53 29.2 42.8 66.0 
2-32 6.3 2.48 29.5 73.9 64.7 
2-38 0 1. 77 30.3 46.2 
2-41 0 1. 70 47.6 44.3 
2-45 6.1 2.20 51.2 70.6 57.9 
2-49 11.1 2.26 53.8 36.4 58.9 
2-50 10.9 2.23 34.0 33.0 58.2 
2-51 10.4 2.22 37.6 35.6 57.9 
2-52 9.2 2.07 45.2 29.6 54.0 
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',·~ ·.Table I. (Cont'd) 

Dryout Measurements - Natural and Forced Convection 

Mass Dryout Inlet Exit bryout 
Run Velocity Power Temperature Quality Heat Flux 
No. kg/m2/s KW oc % KW/m 2 

2-53 7.8 1. 91 47.5 44.4 49.8 
2-54 5.7 1.85 48.6 62.2 48~2 

Forced 
Convection 3-·1 18.5 . 3.41 25.2 27.0 88.9 

3-2 30.6 3.64 30.4 . 13.3 94.9 
··.:: 3-4 33.6 4.64 47.4 20.7 121.0 

3-5 5.0 1.94 23.1 72.0 50.6 
3-6 7.5 2.23 26.0 51.5 58.2 
3-7 16.2 2.57 29.6 22.0 67.0 
3-8 11 . 9 2.24 29~7 28.7 58.4 
3-9 18. 1 .2.80 30.3 21.2 ; 73.0 
3-10 26.2 3.22 34.1 15.0 84.0 
3-11 35.7 4.05 57.1 17. 1 105.6 

. ; . 
3-12 4.6 '1. 96 60.5 85.9 51.1 i·..,··.· 

~.---. . 3-13 10.4 2.20 57.4 
3-14 7.2 2.08 52.6 54.9 54.2 
3-15 14.0 2.36 51.6 '28.3 61.6 
3-16 22.2 2.56 51.7 16.5 66.8 
·3-17 20.1 2~57 53.8 '19. 7 . 67.0 
3-18 35.3 4. 51 59.3 20.6: 117.6 

. 3-19 0 1. 77 52.9 46.2 
,.· . 3-20 5.o· 1.89 56.4 .. 75.9 49.3 . . 

. 3-21 8.~ '• 2.07 55.2 46.9 54.0 ,: ,. 3-22 12.5 2.36 54.4 33.1 61.6 
3-23 18.7 2.65 53.8 . 22: 7· 69.1 
3-24 35.8 3.95 58.2 16.6 . ·'103. 0 

. 3-25 9.8 2.22 24.1 36.2 57.9 
3-26 . 8.6 ,·· .· . 

2.20 24.6 '42.4 57.4 
3-27 7.7 2.14 26.1 47.9 55.8 
3-28 6 . 7.. ; : . .· ~ . 08 26.3 _,: 54.6 54.2 
3-29 5.9 .. ,.:- '1. 98 27.1 61.1 51.6 . 
3-30 4.6 1.87 27'. 1 75.6 48.8 
3-31 0 1. 74 27.4 45.4 
3-32 0 1. 73 26.8 45.1 
3-33 5.6 1.98 27.2 64.8 51.6 
3-34 . 6.9 2.03 29.2 52.2 52.9 
l-'35 . 8.~~ 2.03 . 33.7 40.1 52.9 

.. "" ;. ~· ... ... .,..-.. ' ; ....... 
,. 

It i~ also suggested that there is a threshold heat flux for burnout to 
occur. The visual observation ,.i.n,:this-·study confirmed that the occurr:-ence of 
burnout at zero net flow is c:lds·'ely related to the flooding phenomenon at the 
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upper, end of the test·.section.·3,. 10-.15 The critical power to the test section 
can be estimated·using the Wallis correlation for flooding as follows,13, 16 

J
.*l/2 + .*1/2 = ·c 
g Jf (1) 

where 

(2) 

(3) 

The numerical value of Cis 0.725 for sharp edged entrances and 0.88 to 
1.0 for rounded entrances respectively. Assuming that the incoming liquid is 
saturated, we obtain, 

Q - A h . - fg Pg Jg (4) 

Equations (1) through (4) yield. the following result for ·the flooding limited 
power to the test section. 

Q = (5) 

From Eq. (5) the -critical power to the test section is estimated to be 1.0 to 
1.9 KW which agrees well _with the results shown 1n Fig. 6. 

A~ was mentioned in the previous section, the burnout at low mass velo­
cities occurred due to churn-to-annular transition .. The criteri~h for the 
transition has been deve.loped prev.iouslys, 1 7 based on the flow reversal 
within. the liquid film at the churn flow bubble section. Therefore,· 

. Jii;p· - . 
J ---'L- - o.·11 . g g~pD - ex 

. where 

ex = 1 - 0.813 m 

(c - l)j + ·o.35V~PD/pf 
0 . 

(6) 

0.75 
(7) 
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Here void fraction .a. i.s gfven· based on the drift· ve·l oci ty for. chu·rn-turbul ent 
flow .as: 

j 
·a = .----+.---,--,.....,.....-

+~e:n ,,4 . .(8) 

C
0 

is the dis.tribution parameter17 and can be given by 

(9) 

The energj balarice in the test s~ction is expressed by. 

(10) 

Using the relationship for j
9
, jf and j ,. and fro~ Eq. (lOL the following 

equations. can be derived, ·. 

j ·~ Q~p + (1 - ~hi ~P) G .. 
Ahfg~gP·f . hfg Pg Pf 

( 12) 

Now·~~ use th~ following. non-di~enSi6nal groups~ 

(l3). 

( 14) 

* D . D· =-. A ( 15) 

·where A is· the Taylor wa·ve length sca.le given.by, 

r-2: 
A =vgt;p- . ( 16) 
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Here, Ah is. the total heat transfer area. The non-dimensional group Eq. (13) 
is originally derived by Zuber 18 and Kutateladzel9 from the consideration on 
the hydraulic instability. Using Eqs. (13) through (16),Eqs. (11) and (12) 
can be rewritten as 

J. =J ~ 
g ~ Pg . . g 

(17) 

( 18) 

where· 

* Ah t.h. * J::q ___ ,G 
·, · A·. hfg ( 19) 

In this study, t.hi/hfq was large enough compared to ~ 0 /t.p, then the second 
term on the right h~na side of Eq._ (18) can be neglec~ed. 

(20) 

Finally, from Eqs. (6) and, (8) we obtain, 

J = .( 21 ) 

Equation (21) ~an be solved with the condition ci >am to giVe· 

(22) 

.. 
For low pressure steam-water flow, p· /pf c·an. be neglected in Eq. (2_2) and 
t.p = pf,.then. g · · 
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or more explicitly, 

16 

* A [!!.hi * (1 ) - C*] q =Ah hfgG +Co -0.11 VD 

In terms of the critical heat flux it becomes 

(23) 

(24) 

(25) 

' * Comparison of q predicted by Eq. (24) with the experimental data can be 
found in Fig. 7 which shows a reasonable agreement between them. 

IV. . DISCUSSION AN.D GENERALIZED CORRELATION-

A. Burnout Mechanism · 

Barnard et al. 2 D investigated dryout at low flow rate for an.upward flow 
of Freon-113 in a verti~al tube. They classified the burnout m~chanisms into 
five- types. When the flow passages are substantial.ly filled with liquid, the 
burnout wi 11 occur due to the. vapor production by boi 1 i ng which prevents 1 i q­
uid from reaching the· heated surface. This is the well-known pool boiling 
burnout. Flooding limited burnout occurs at zero net flow through the flow 
passage when the vapor flow prevents a sufficient downward flow of liquid. 
When the flow rate through the flow passage is not zero but very 1 ow, a 11 the 
liquid entering into ·the pass·age from the bottom will be evaporated and the 
vapor flow will prevent liquid flowing down from-the top. This type of burn­
out .is called a circulation and flboding limited ·burnout. As the flow. rate 
from the bottom increases,. the vapor flow becomes sufficiently high to prevent 
any liquid flowing down the flow passage from the top. In this case, the dry-

.out occurs when the vap'or quality approaches 100%. This is called a circula­
tion limit~d burnout .. For high~r flow rates, a substantial amo~nt of th~ liq­
uid will be entrained by the vapor flow., which causes dryout at vapor qualities 
.less than 100%. This is so called entrainment limited burnout. Th~ last two 
types have often been referred to as .a basic mechanism of burnout in annular 
two-phase flow. 6-9 . . · 

. However, the observation . in thiS study indicated the possi bi 1 i ty of burn­
but caused by the flow regime transition from.churn..;turbulent to annular flow 
as was discuss~d in the previous section. This typ~ of burnout occurred over 
the same range of mass ve 1 oci ty as ci rcul ati on limited burnout .. At present 
boundary' between these· different types of burnout cannot ·be pr.edi cted with 
high certainty. It will be interesting to. note that film dryout on the 
heated wall. did cause the burnout but liquid film still remained on the un­
heated wall in case of the annulus test secti.on during this type of burnout. 
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B. Generalized Correlation for CHF 

1. Pool Boiling Burnout 

Zuber18 and Kutatel adzel9 proposed essentially the same correlation 
for pool boiling burnout as follows: 

q = K hf _g 
P ·(-~) i/4 (--.----· Pf · ·)n 
g .-----z- p f + p . pg .. ·. g . 

(26) 

. .. 
Zuber derived this equation from the consideration on.:the.sta~ility of vapor­
liquid interface. 18 On the other hand, Kutateladze obtained it by correlating 
dat~ Using non-dimen~ional parameters. Thus he found that 

. . 

K = 0~14 and n ~ 0 

Then, Eq. ( 26) can be rewritten by using the non-dimension a 1 groups defi ried 
by Eqs. (13)-(16) as 

* q = 0.14 (27) 

2. Flooding Li~ited Burnout 

The heat flux at burnout caused by-flooding can be calculated by 
Eq. (5), which is expressed in a non-dimensional form as follows, 

(28) 

where . 

(29) 

.. 
In terms of the critical heat flux, this criterion becomes 

(30) 

A reasonable a~reement between Eq. (28) and the experimental data under vari­
ous conditions ' lO, 11 ' .. 20 . is shown in Fig. 8. As Block and Wallis 13 pointed 
out, the burnout he-at flux tends to be-con.stimt 'fc;>r small L/D which means that 
the burnout is limited by wall ·heat flux. ·Then it may be deduced that pool 
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boiling type burnout wi 11 occur in very short tubes. The transition from 
pool boiling type to flooding limited burnout can be calculated from Eqs. (27) 
and (28) as 

c2r; = o.l4 (31) 

Thus the.non-dimensional burnout heat flux q* for these two regimes can be 
given as a function of r; as illustrated in Fig. 8. 

In the previous section, Eq. (24) was derived as a burnout heat flux 
caused by ~hurn-to~annula~ flow transition. The criterion for the transition 
is based on the~~ssumption ~h~t liquid film flow changes the direc~{on from 
downward to upward at tr.ans1t1on. Then; when ~ = 0 1n Eq. (24), 1t should 
give the flpoding condition: Actually, when G = 0, Eq. (24) becpmes . 

* A 1 . . * . . (' . . . )'. 
q = Ah co-- o. 11 -{rt (32) 

Comparing Eqs. (28), (29) and (32), we obtain 

c 2 
= Uo ~ 0.11) (1 + ~P/P/ (33) 

For water under atmospheric pressure, the numerical value of the_ right hand 
side in Eq. (33) is 0.97 which agrees well ·with that of c2 given by Wallis. 

Furthermore, in a very rapid transient it can be considered that the 
flow may not develop to the floodirig condition. · In· such a case, the pool 
boiling type CHF criterion may still be used for- a sh.ort time period. 

3. Circulation and ·Flocidirig Limi~ed Burnout 

The physica·l model for this regime is illustrated in Fig. 9. Now 
we postulate that all the liquid entering into the.flow passage from the bot­
tom is evaporated and the liquid from: the top is limited by flooding due to 
high steam flow, resulting in a dryout on the heated surface. The heat bal­
ance can be expressed as, 

(34) 

and 

# ' - • ~ (35) . 

Here Pfjf is the liquid flux from the top and Pgj ~is the total evaporated 
mass flux from the bottom. From the assumption t~at all the liquid entering 
from the bottom is evaporated, we.obtain · 

·:::·. 
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(36) 

Using··non-dimenstonal gro~ps defined previously, Eq~. (1), (j~) .and (36) 
yield, . 

(37) 

Equati?n (37.) is a quadratic form of j*l/2 and has real s·olutiOtis if · 
. g . 

(38) 

Inequality (36) is met when 

.·· ... 
. (39) 

Equati6ns (1)-(3) require that 

.. *l/2. 
Jg = 

c 
(40) 

1 + ~Pgfpf 

. . * 
when G approaches to zero. Therefore, we arrive at the solution 

(41) 

Finally~ non-dimensional heat flux i.s derived by using Eq. (34), (41) and the 
def,inition of non-dime.nsional groups. · 

+ t.hi _L] 
h • 
fg w 

0. 
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4. Circulation Limited Burnout 

This type of burnout is characterized by 100% evaporation of the 
liquid entering from the bottom and no liquid flow from the top. Therefore, 
letting 

and 

·* c2 J = g 

·in Eq. (39), we obtain for the burnout heat flux, 

5~ . Entrainment Limited Burnout 

(43) 

(44) 

(45) 

There have been some attempts to calculate the burnout heat flux 
in this regime using annular flow model. 7-9 Whalley et al. 2 1 obtained an 

.encouraging result from their analysis. However, no generalized correlation 
has been presented in a closed form. An example of entrainment limited burn­
out was given by Barnard et al. for Freon-113. 2 0 They explained their ex­
perimental results successfully using annular flow model of Whalley et al. 21 

with a simple empirical equation for entrainment fraction.· Their data on 
mass velocity versus vapor quality at burnout are plotted in Fig. 10, com­
pared with the. flow regime map predicted by the authors.s The figure shows 
that the most of the burnouts occurred in annular-mist flow which is consist­
ent with the observation in Reference 20. The relationship between burnout 

·heat flux and mass velocity for Freon-113 is shown in non-dimensional form 
in Fig. 11. Some non-dimensional correlations also appear-in the figure. 

The Katto correlation was·developed from a wide variety of experimental 
data for forced convection burnout in ·round tubes using dimensional analysis. 22 

The L-regime_correlation is given by 

~ _· (crpf) 0.?43 D ~ 6hi) 
h G - Cl -2- [ 1 + 1. 16 -h -
fg G L fg 

(46) 

where c1 = 0.25 or C1 =· 0.34 for Freon, or in a non-dimensional form used in 
this study, 
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* _ 0 (Pf") 0.043 *0.914 ( · llh;) q - cl r PT G 1 + 1.16 -h-
g fg 

. . ~ 

(47) 

Eq~ati~n (4ij is similar to ~~; (45) as the term (Pfl./pg/L) 0· 043 is.close to 
unity over the experimental. range. This ag:rees with Kat:to•s·description that 
the burnout in L-regime is caused mainly by the dryout pf a.n annular. liquid 
film on the-heated surface when the fraction of liquid entrained in-the gas 
core is small. Another Katto correlation is, for H-regime, 

. l 

_ (P )0 .. 1,33(crp{) 1/3 1. + KH llh/hf _g_- 0.1 __9. . . g 
~ .... · Pf . , . 7l 1 + 0.0031 L/ 

. ( 48) 

where 

. ' 2 ' -6 
for~opf/G L < 3 x 10 , and 

(49) 

Equation (48) is expressed in an analogous form to· Eq. (47) as 

. * = . *l /J (~) lj{(Pf.) 0. 2 1 · +. KH llh;fhfg . 
. q O.l G. · ,L .. - Pg .1 + 0.0031 L(D .. 

(50) 

Katto explained that the burnout in H-regime is affected by 'hydrodynamic.in­
s tabi lity. Howe\/er, it ca~ be seen from the figure that- the entrainment­
limited burnout data of Barnard et a.1. 2 0 are well reproduced by these cor-
relations. The Kutateladze _correlation for low pressure, 2 3 .. 

'. *.. · 4ffp lip _ G- [ . ·.. (Pf) o.85 llhso] 
q = 0.023 2 'VG 1 + 0~4505 P . . -h-· 
. . . . pf ' . . .. · g . . fg. . 

(51 ) . 

is also compared with the experimental data in Fig. 11, whi.ch shows that Eq. 
· (51) ·predicts lower burnout heat fluxes over 'the ·experimentai range for Freon-

113 .. Here L'lhBO is the entha 1 py subcoo 1 i ng at burnout 1 ocati on. ·· 



27 

The broken lines in Fig. 11 exhibit the churn-to-annular flow transition 
boundaries predicted by Eq. (24). The equation was derived assuming .that 
6hi/hfq is large enough compared to Pg/6p. The test condition of Barnard 
et al.Zo satisfies this condition so that· Eq. (24) may be used as a first 
approximation. However, the figure shows that the measured burnout heat 
fluxes are far above the churn-to-annular transition boundary. The bold line 
in Fig. 11 corresponds to the onset of entrainment based on the criterion de­
veloped by Ishii et al. 24 According to the criterion, liquid entrainment 
will occur when the following inequalities are met, 

. for Ref < 1635, a~d 

for Ref > 1635 where N~ is a viscosity number defined by 

and 

N 
~ 

(52) 

(53) 

(54) 

(55) 

Inequalities (52) and (53) can be rewritten by using the definition of non­
dimensional groups Eqs. (13)-(16) and Eq. (10} as, 

J(G*- J)l/3 > 11.78 N2/l5 o*-l/3(Pf)l/6 
. ~ Pg 

(56) 

for Ref < 1635, and 

(57) 
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for Ref > 1635 where. J is defined. by Eq. ( 19). Inequa 1 i ty (56) can be solved 
numerically· by an .iterative calculation. A rough estimate, however, can be · 
obtained from the fo.llowing expression, though it gives only a necessary con­
dition for Inequality (56). 

* A q <-
A h 

(58) 

Inequality (57) also can be rewritten more explicitly as, 

* A_ [~-hi * -0.2] q >- --G +N 
Ah hfg l1 

(59) 

As shown in Fig. 11, Inequalities (56) and (57) predict an.on.set of entrain­
ment very close to the churn-to-annular flow transition for this case .. 

C. Discussion 

The experimental data obtained from .this study arecompared·with the gen­
eralized correlations described above in· Fig,' 12. Some other correlations 
for water also will be found in the figure. Those correlations 2 5- 29 ~re sum­
marized in Table 2. The Macbeth correlation2 5, 26 and the Lowdermilk corre­
lation27 were originallY developed for subcooled upward water flow in a round 
tube.· However, they were applied to a water flow in an annulus replacing hy­
draulic equivalent diameter by heated equivalent diameter which appears in 
the equation~. Their correlation consists of two equations, one is for low 
velocity regime and the other is for high velocity regime just as L-regime . 
and H-regime respectively of the Katto correlation for annuli. 29 Barnett2 B 
correlated experimental data for internally heated annuli assuming a Macbeth 
type of correlation, however, the applicable range is limited. to rather high 
mas~ velocities. 

From Fig. 12 we can see that the data are well correlated by Eq. (24) 
which was derived from the criterion for churn-to-annular flow transition. 
The Kutateladze correlation .is also· close _to the data· over the experimental 
range. On the other hand, those correlation~ listed in Table 2'pr~dict heat 
fluxes· much larger than experimental data, though the correlations· agree well 
with each other. As pointed otit in th~ previous section, these correlatioris 
may be used for entrainment-limited buinout. However, Fig. 12 indicates the 
existence of different mechanism ofdryout. The criterion over whichmecha­
nism should take place will be subject to further studies. It is·intere~ting 
to note at present that no entrainment occurred in this case according to the 
criterion of Ishii 24 as shown by the bold line in Fig. 12 while the onset of 
entrainment followed just after the churn~to-annular flow transition in.·the · 
case shown in Fig. 10. Observations in previo~s works6-9 revealed that the 

· entrainment and the deposition of liquid droplets could be a controllin~ fac~ 
tor for film dryout. In other words, we cannot expect droplet quenching in 
addition to the liquid film remained on the uriheated surface in this case. 

'• 



q* 

Ahi- 0.1249 
hfg -

I FLOODING 
102 -CIRCULATION 

.. 

KATTO 
LOWDERMILK et al. 
MacBETH 
BARNETT 

- .- .. 

1o3~~r-------~--~---------4-------------L-------------L------------~ 
0 . 1 1 0 G* 1 0 2 1 03 1 0 4 

Fig. 12. Comparison of Burnout.Correlations at Low Pressure and Low Mass Velocities 

# 

N 
1.0 



Source 

Macbeth 25 ' 26 

Table II 

Correlations for Burnout at Low Mass Velocities for Water 

Correlations 

-6 A, + c, D (G X 10-6)6hi/4 
Q X 1 0 = _:_ _ _:_--.--....,.-,,.----,--_.:._-

1 + c
1 

L 

Low Mass Velocity Region 

A
1 

= o.oo1o6 hfg o-0· 63 (G x lo-6)-n. 17 

c1 = o.o0344 o-1· 73 (G x lo-6)-1· 22 

High Mass Velocity Region 

A, = 1.12 o-0.211 (G x lo-6)0.324 

c1 = o.oo1 o-1· 4 (G x lo-6)-1·05 

where q: Btu/hft2, ·_ G: lb/hft2 

6hi, hfg: Btu/1g 

L, 0: in. 

Lowdermilk, et al.2 7 G/(L/0) 2 
< 150 

q = 270 0-0.2 (L/D)-0.85 G0.85 

G/(L/D) 2 > 150 

q = 1400 o-0.2 (L/D)-0. 15 G0. 50 

where L, D: ft, the others: same as above 

Applicable Ranges 

geometry: round tube 
steam quality: positive 

Low t·1ass Velocity Region 

D: 0.3 - 1~0 em 
L: 0.15- 3m 
G: 14 ~ 841 kg/m2;3 
P: 1 - 138 bar 
llhi: 65- 1400 kJ/kg 

High Mass Velocity Region 

0: 0.1 - 2.4 em 
L: 0.0254 - 0.86 m 
L/D: 8.5 - 50 2 G: 140 - 5750 kg/m /s 
P: -vl bar 

geometry: round tube 

D: 
L/0: 
6Tin: 
P: 
q: 

0.13- 0.48 em 
25 - 250 
0 - 80°C 
1 - 7 bar3 2.79 X 10 -41.6 X 

w 
0 



Source 

Barnett28 

Katto2 9 

.Table U (Cont':d) 

Correlations 

_6 _ A(hfg/649) + B6hi 
q X 10 - c + L 

A= 67.45 0~· 68 (G x 10-6)0· 192 [1 - 0.744exp{-6.512 D(G,x 10-6)}] 

B = 0.2587 o~· 261 (G X 10-6)0·817 

c = 185.0 01.415 (G X 10-6)0.212 

where the units are the same as the Macbeth correlation 

L-regime 

~ _ (op~) 0.043 Dh ( + 6hi) 
h G - 0. 25 -2- l 1 hf· g 
fg G L 

H-regime 

_ (69.2)1l.Opg/Pf(opf)-l/3 
KH - 0.057 L/D - 2-h . G L . 

Applicable Ranges 

geometry: internally heated 
.' annulus 

Di: 0.95 -.i.65 c~ 
00 : 1.4 ~ 10.16 em 
L: 0.61 - 2. 74 m 2 . 
G: 190 - 8430 kg/m /s 
6h.: 0- 0.958 MJ/Kg 
P: 1 41.5- 96.5 bar 

geometry: internally heated 
· annulus 

L-regime 

00 /Di: 1. 04 
L: 1.88 m 
L/D: 24.7 
P: 69.0 bar 
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Another factor that we should consider is the effect of system pressure 
on the flow regime transition. For example, the Barnett data for water at 
69 bars in an annulus with approximately the same hydraulic diameter as the 
present study can be well reproduced by his correlation, 28 which is very close 
to the Katto correlation29 as shown in Fig. 13. It is interesting to note 
that for this case the occurrence of slug-annular flow transition, instead 
of churn-annular flow transition, is predicted by the criteria. 5 Therefore, 
it may be pointed out that such burnout mechanism as was observed in the pre­
sent study may be a characteristic phenomenon for low pressure system. Fur­
thermore, in relation to the flo.oding limited burnout·, it is expected that a 
relatively large inlet flo~ restriction tends to lead to this mode of critical 
heat flux phenomenon. 

V. CONCLUSIONS 

An experiment has been performed at low flow rates of steam-water upward 
flow in an annulus and the data were compared with various correlations. The 
following conclusions can be derived from the discussions; 

a. Burnout heat flux at zero net flow can be predicted by flooding cor­
relation, which gives lower burnout heat fluxes for large L/D than those pre­
dicted by pool boiling burno~t correlation. 

b. Visual observation revealed that the burnout at low mass velocities 
occurred due to liquid film dryout upon the flow regime transition from churn­
turbulent to annular flow. 

c. A non-dimensional correlation for the burnout heat flux due to the 
flow regime transition has been de~ived from the criterion of Ishii. 17 

d. On the other hand, the conventional correlations for low mass velo­
cities well reprodu~e the data on circulation and entrainmenf limited burn­
out. 

e. Further studies are needed to establish the criterion over which 
regime of burnout should occur at given conditions of low mass velocities. 



qtl 

10 

104 

STEAM-WATER 

1 000psia(69bar). 

D:5.08mm 
Dh: 11.7 8mm 
L:4.572m 

FLOODING 

~------------~------------~------------~------------~~----------~ 
0.01 0.1 1 10 10 2 103 

Fig. 13. Comparison of Burnout Correlations at High Pressure 
(69 bar) and Low Mass Velocities 

w 
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