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by' .
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ABSTRACT

An experimental study was performed on critical heat flux
(CHF) .at Tow 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 quaTity CHF criteria at low flow, corresponding
to the annular flow film 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 FLON
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 cond1t1ons 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 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.

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 natural circulation condi--
tions. Data have been obtained for water from an annulus test section at Tow -
pressure. The data indicated that a premature burnout occurred due to flow
rcgime transition from churn-turbulent to annular flow. It has been shown
that the burnout observed in the experiment is similar to a flooding-Tlimited
_ burnout, although the loop circulation has been maintained at a near natural
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 dryout and rewetting 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



of 1iquid 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 mechanism 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 Tow pressure system with relatively high inlet flow
restrictions. However, at the present boundaries between different CHF mech-
anisms are not well established. . Hence, finding of this new. premature burn-
out mechanism is quite important. If this mode of CHF has to occur, the cool-
ab111ty of a heated surface at low flow rates can be drastically overpred1cted
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 natural 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 1ittle 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
s1gn1f1cant consequence as exemplified by the Three-Mile Island accident un-
der the small LOCA (1oss of-coolant accident) condition.

A number of different accidents can lead to cooling of a reactor core by
natural convection boiling. These are small LOCA's for 1ight water reactors,
loss-of-flow accidents due to pump failure with mismatched decay heat, loss-
of-heat sink accidents both for Tight water and liquid-metal cooled reactors,
and loss-of-piping integrity for loop type liquid-metal cooled reactors. Re-
gard]ess of, the initial stages of these accidents, a similar condition which
is basically the decay heat removal by the natural convection boiling can de-
" velop. For example, in case of a pump 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 follow. During th1s period, some flow.instability may
occur! which may cause a premature burnout.? Eventually a stable natural con-
vection may be attained. However, a burnout can occur.before the decay heat
becomes sufficiently low if the per1od of the flow coast down 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. .



The purpose of this study is to provide 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 Tow 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 1imiting
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.* 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“ 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 f1berg]ass material except the test section.

The test section is made of a 86 cm—]ong, 2.045 cm-0D, directly'heated,
Type 304 stainless steel tube and a 0.9 m-long, 2.5959 cm-ID transparent
. Pyrex pipe. Twenty-two 0.762 mm-0D, Chromel-Alumel thermocouples were spot-

- welded onto the inside wall of the stainless steel tube as.shown in Fig. 2. o
. The detail of the test section was already described in Ref. 4. &

The downcomer consisted of a 180 cm-Tong, 15 cm-ID stainless steel tube
flanged at both ends,'equ1pped with a cooling coil of a 12 m-long, 3 mm-ID
copper tube, @ 5 kW immersion heater, a steam release valve and a water sup-

p'ly - : . ‘ ’ -

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
test section induced by the pump during forced convection experiments. The
- cold leg consisted of two parallel flow paths, one for natural convection and
the other for forced convection. A pump capable of de11ver1ng up to 0.5 ¢/
min of water was ‘installed in the 1atter cold leg.

B. Exper1menta1 Procedure

Before starting the measurements, the water in the test 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, dc power supply. To protect the test section from physi-
cal burnout, nine temperature controllers were set to trip the power at a
heated-wall temperature of 200°C. The detail of the controllers a1504appear
- in the literature.* 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 several centi-
meters .above the hot leg which 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
carr1ed out under atmospheric pressure : '

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 upper end of the heated
wall, the temperature at the location of TC 22 was recorded also by a Honey-
- well strip chart. A Tlarge abrupt increase in the temperature trace was rec-

. ognized as an ev1dence of dryout as we11 as the actuat1on of the power trip -
circuit.

ITI.  EXPERIMENTAL RESULTS

A.  Flow Regimes

In order to observe flow regimes over a wide range 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-wall 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 proportional to the reciprocal
of the temperature rise along the test section.

At an early stage of the heatup, the initiation of boiling occurred sud-
denly with a Tlarge slug bubble, followed by intermittent bubble formation.
During this period, highly agitated inlet flow was observed as shown in Fig.
3. As the flow approached steady, smaller bubb]es were generated more fre-
quent]y, resulting in-a more stable flow.

No significant d1fference 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.>
Bubbly flow was scarcely observed 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, slug-like bubbles were entirely deformed and less
periodic and liquid bridging was typically 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 str1p chart as 'shown in F1g 5.

As the steam. qua11ty increased, the liquid br1dg1ng became less frequent
Falling liquid film as well as c11mb1ng 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



INCEPTION OF BOILING

-

R R R R E LR T U BRI R L A n R R RABENE
.lH.W.EF'fOF fr ol nl EHLN
g 00 EuiR) BEER aak o Ens BERRS B RRZESRARRA=ARY A}
L =1 R MEhAL y [I;l!”i
FEIRENEERR 8 i Sgeiad | [l
] | ; I T ~THTHH }
:il ,‘x L] o l + 1l b

!- l i~+— ] TT | AR R EREEs

| POWER ON 1.56 kW

HEATED-WALL
TEMPERATURE TC22

FLOW RATE

Fig. 3. Heated-wall Temperature and Flow Rate Traces at an Early Stage of Heatup



kg/m2/s

MASS VELOCITY

10
BUBBLY
SLUG
CHURN
BURNOUT
10°F
10
1
0.0001 . 0.1

EXIT QUALITY

Fig. 4. Test Conditions Plotted in a Flow Regime Map Based on the Criteria of
Ishii and Mishima®



DRYOUT DRY PATCH DRY PATCH

e

|!I
| e TC22
f- - HEATED-WALL
it st d TEMPERATURE
1
|
e
o il FLOW RATE
=l
R - B
| e
gl

TIME

Fig. 5. Typical Heated-wall Temperature and Flow Rate Traces Resulted in a Dryout



10

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.®-° 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 Tow 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 °e % KW/m?2
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 4 B 4 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 1.84 215 - 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 V77 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 2:63 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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o - " Table 1. (Cont'd)

© Dryout Measurements - Natural and Forced Convection

Mass Dryout Inlet Exit Dryout
Run Velocity Power Temperature Quality Heat Flux
No. kg/m2/s KW , °C % KW/m2
2-53 7.8 1.91 - 47.5 44.4 49.8
S 2-54 5.7 1.85 48.6 62.2 . 48.2
Forced _ ‘ ‘ oo : . “
Convection 3-1 18.5 3.4 25.2 27.0 88.9
: 3-2 30.6 3.64 30.4 13.3 94.9
i 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 2.80 130.3 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
N 3-12 4.6 1.96 60.5 - 85.9 . 51.1
& 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
i .. 3-19 0 - 1.77 52.9 - 46.2
o 3-20 5.0° 1.89 56.4 ~.75.9 - 49.3
’ - 3-21 8.3 - 2.07 55.2 . 46.9° 54.0
N 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. ., . 2.08 26.3 ;. 54.6 54.2
3-29 5.9 -~ 1.98 27.1 C61.1 - 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 - 451
3-33 5.6 1.98 . 27.2 64.8 . 51.6
3-34 . 6.9 2.03 29.2 52.2 52.9
3-35 - 8.6 2 1 52.9

PN .. . s

03, 337 40

It is also suggested that'there‘is a threshold heat flux for burnout to
occur. The visual observation in.this.study confirmed that the occurrence of
burnout at zero net flow is closely related to ‘the flooding phenomenon at the
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upper- end of the test-section.3s 10-15 The critical power to the test section .

can be estimated using the wa111s correlation for f1ood1ng as follows,13, 16

*1/2 172 ' ' o . '

Ig je'"=¢C S T oM
where

* Pq o S '

g 7 Jg \gEeD | (2)

L pf,

3¢ = Jf @D (3).

The numerical'va1ue'of C is 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,

= A F 4

Equations (1) through (4) yield the fo110w1ng resu]t for ‘the flooding Timited
power to the test section. ‘ . ,

2 : _ :
C hng pggApD . , .; R - (5)

[ oo 7]

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 in Fig. 6.

As was mentioned in the previous section, the burnout at low mass velo-
cities occurred due to churn-to-annular transition.. The criterion for the
transition has been developed previouslySs 17 based on the flow reversal
within the liquid film at the churn flow bubble section. Therefore,

29l om (@ >0 ) | v (6)

jg gapD : —-m
. where . , :
N ——  Jo.75
(C -1)j + O.35\/gApD/p :
=1 - 0.813 (7)

PEVF

1/18
3 +0. 75\J0AoD/r~f<A 980D° )
1
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B Here vo1d fract1on a-is g1ven based on the dr1ft ve10c1ty for churn turbulent
f]ow as: . . : . .

CJ+T€°A°)”4.'. I ‘(g)

°f

o =
‘Co is the d1str1but1on parameter17 and can be given by
C 12-02\/0/0 forap1pe | 4 o (9)
‘The energy ba]ance in the test sect1on 1s’expressed by
:"' . '-~+-'. A . 'A . | . 'A )
Q (gfg,pg ig Ah1 A . o (10)

Using the re]at1onsh1p for jg, g and iy and from Eq (10) “the fol]ow1ng

equat1ons can be derived, ~9

BE? ‘"AHQ ,-—'ﬁh" & an
-9 MrgPg g g n
S [ ah; SR ,

. Ap i opp ) G : C . : ;
3 #f1 - L) & o ©(12)
' Ahfgpgpf < - Mg pg) °f . B ‘

' NOWZWe'use thg fo]]owing,non-djhensipnal groubs;,
q = ——1 T (13)
hfg Ah Apgng . -
ces - B C(1e)
.-VJ\ A - : : o :
'ogg p

-where A is the Taylor wave length scale given .by
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_Here, Ah is the. total heat transfer area. The non-dimensional group Eq. (13)
is originally derived by Zuberl® and ‘Kutateladzeld from the consideration on
the hydraulic instability. Using Egs. (13) through (16), Egs. (11) and (12)
can be rewritten as ' :

j o= lﬂé&._ . _— 2 (17)

, g pg : . . X .
Py #\ | | '

- faese) S

f f g :
where:
« A b . ' |
Jzq r"VG.—- R - -9

In this study, Ah: /h was large enough compared to p_/Ap, then the second
term on the right hang side of Eq. (18) can be neg]ec%ed

5.7y [rg0e 0 ‘ _ o - (20)

S Pg PE . SRR
Finally, fkom Eqs. (6) and:(8) we obtain, . S
\j — - 0.1\ . o (2

\c ‘JA"+/———9
0 pf pf

‘Equation (21) can be so]ved with the cond1t1on a > o to‘give

pf\/_- "prp -011\/_

= §- C. obe B

g -
: 2 CoAp

Nerors / 1/2
] pf\/_ zpfp-on\/_~-o4—9-npfp

. (22)
C B |

For 1ow pressure steam- water flow, p /pf can. be neg]ected in Eq. (22) and
Ap = pf, then .
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.J:*;=c—-0”\/ o N )
or more explicitly,

- - | i - ,
- %__[%_l &+ (%—-- 0.11)\/5_] . . (28)

h | fg o}

In terms of the critical heat flux it becomes
oA | s+ (o) n, vemw| . | (25)
G TRy MM G \Ty T O] MegVegtedd ) |

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

IvV. DISCUSSION AND GENERALIZED CORRELAT ION-

A. Burnout Mechan1sm

Barnard et al.20 investigated dryout at low flow rate for an-.upward flow
of. Freon-113 in a vertical tube. They classified the burnout mechanisms into
five types. When the flow passages are substantially filled with 1iquid, -the
burnout will occur due to the vapor production by boiling which prevents 1ig-
uid from reaching the heated surface. This is the well-known pool boiling
burnout. Flooding Timited 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 low, all the
1iquid entering into the passage 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 flooding 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 vapor quality approaches 100%. This is called a circula-
tion Timited burnout. For higher flow rates, a substantial amount of the lig-
uid will be entrained by the vapor flow, which causes dryout at vapor qualities
less than 100%. This is so called entrainment limited burnout. The last two
types have often been referred to as.a basic mechanism of burnout in annu]ar
two- phase f]ow -9 . :

However, the observat1on in this study 1nd1cated the poss1b111ty of burn—
out caused by the flow regime transition from.churn-turbulent to annular flow
as was discussed in the previous section. This type of burnout occurred over
the same range of mass velocity as circulation limited burnout. . At present
boundary’ between these different types of burnout cannot be pred1cted 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 section during this type of burnout.
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B. __Genera]ized Correlation for CHF

1. Pool Boiling Burnout

Zuberl® and Kutateladzel® proposed essentially the same corre]at1on
for poo] boiling burnout as follows:

g S O

Zuber derived this equation from the consideration on the. stab111ty of vapor-
liquid interface.!® On the other hand, Kutateladze obtained it by corre1at1ng
data us1ng non-dimensional parameters Thus he found that

= 0,14 and n élp

Then, Eq. (26) can be rewritten by us1ng the non- d1mens1ona1 groups def1ned
by Egs. (]3) (16) a .

q =0.14 . f S (e

2. F]ood1_g L1m1ted Burnout

The heat flux at burnout caused by f]ood1ng can be calculated by
Eq. (5), which is expressed in a non- d1mens1ona1 form as follows,

* 2 : | o | S,
q =C%¢ | | S - (28)

~where .

NS

g = - 5 . - (29)
Ah(] +.§,pg/pf) :
In terms of the critical heat flux, this criterionibecomes o
p e \Bghodd |
G = & . (30)

h (]‘f pg/pf)

A reasonable agreement between Eq. (28) and the exper1menta1 data under vari-
ous conditions 11> 20 45 shown in Fig. 8. As Block and Wallis!3 pointed

out, the burnout heat flux tends to be constant for small L/D which means that

the burnout is Timited by wall heat flux. Then it may be deduced that: pool-
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boiling type burnout will occur in very short tubes. The transition from
poo](bo;11ng type to flooding 11m1ted burnout can be calculated from Eqs (27)
and (28) as

=04 . o | (31
Thus the.non-dimensiona1 burnout heat flux q* for these two regimeé can be
given as a function of ¢ as illustrated in Fig. 8.

In- the previous section, Eq. (24) was derived as a burnout heat flux
caused by churn-to-annular flow transition. The criterion for the transition
is based .on the ‘assumption that liquid film f]oy changes the direction from

downward to-upward at-transition. Then, when G 0 in Eq. (24), it should
give the flooding cond1t1on_' Actually, when G = 0, Eq. (24) becomes -

q*;ﬁ—<é_..?-b.11>\/§ . o (B

h\o

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

2 =<L- o.n) (1 + 4o 76,02 . | (33)
o Co - : g f o B
For water under atmospheric pressure, the humerical value of the right hand
side “in Eq. (33) is 0.97 which agrees wel]‘with that of c2 given by Wallis.
Furthermore, in a very rapid trans1ent it can be cons1dered that the
. flow may not develop to the flooding condition. In such a case, the pool

boiling type CHF cr1ter1on may still be used for a short time periOd.

3.. Circulation and F]ood1ng_L1m1ted Burnout

The physical model for this reg1me is illustrated in Fig. 9. Now.
we postulate that all the ‘1iquid entering into the flow passage from the bot-
tom is evaporated and the 11qu1d 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, A : '

Q= A( fg g g + oh, G) o | (34)

and

Here pgjf is the 1liquid flux from the top and o J c is the total evaporated_
mass flux from the bottom. From the assumption tﬁat all the liquid entering
from the bottom is evaporated, we obtain :
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6=

pgdgc (36)

Us1ng non- d1mens1ona1 groups defined prev1ous]y, Egs. (1), (35) .and (36)
yield, _ .

x *1/2 G ° 2 : :
-\/pg/pf) g - iy P 2= [ecta0 6

Equatiqn (31) is a quadratic_form of j;]/z and has real solutions if °

(0 -y €V . | -

Inequality (36) is met when

_ o\ . ) :,“' K .
x [ G 1 B o o :
Jg = Jg 'v-;:- Vpg/pf. >0 R | S A (39)_

Equations (1)-(3) reqeire that

- *1/2 ¢

J A — (40)
T ol |
when 6" approaches to zero. Therefore, we arrive at the solution
* T x .
*1/2. . \/ \/o /og - VO /o ) : \lpj/‘(DfD') (a1)
J, )

9 ) sl - ‘Vp s

Finally, non- d1mens1ona1 heat f]ux is derived by using Eq (34), (41) and the
definition of non-dimensional groups. : .

RO il N2 -4 gq/ofxfl - (Voglng - 1) 6y /(o0 )/c2 )2
: 1+ o /os 1 -4l

"tg Vo~ | ’. - o ...  (4'2).”
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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 : :

* ' | »
¥ J* G ‘_ ) ‘
J¢ <Jg - —\]?)\/og/pf =0 | : . | (43)

and

Kxo 2 . ' | .
Jg = o , | (44)

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

'» Ah, '
_G* ‘-l + _h__l_ . ) ) (45)
h fg : : '

5. . Entrainment Limited Burnout

*

q =

>|J>

There have been some attempts to-calculate the burnout heat flux
in this regime using annular flow model.7-9 Whalley et al.2l obtained an
.encouraging result from their analysis. However, no generalized correlation
has been presented in a closed form. An example of entrainment Timited burn-
out was given by Barnard et al. for Freon-113.20 They explained their ex-
perimental results successfully using annular flow model of Whalley et al.2!
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.3 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 4

. fope\ 0.043 ah, | | |
Fes = <_2£> L <1 *1.16 ﬁ—1> (46)
fg GL fg

where Cy = 0.25 or Cy =:0.34 for Freon, or in a non-dimensional form used in
this study, :
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* peA\ 0.043 & - Ahg :
q = CT’%(pr) g0 M (ere ) . (47)
S , g - ’ fg . . 4 .

Equat1on (47) is similar to Eq (45) as the term (pfA/pq/ 0 043 45 close to
unity over the exper1menta1 range. This agrees with Kagto s ‘description that
the burnout in L-regime is caused mainly by the dryout of an annular Tiquid
film on the heated surface when the fraction of liquid entrained 1n the gas
core is small. Another Katto correlation 1s, for H reg1me,

- <fg>°"]=33' )1/3 1+ KH th, /h o
g = 0.1 c (48)
fgo - \PF/. <52[- *
where
K = ] 8 L/D -5 pg/pf ;
H 130
for,opf7G2L <3 x10°°, and
. ‘ - ok (49)
o\ "5 eqglfes foeg\ -1/4
KH'=0.075‘<%%—) 9 f<_2i) . o
. : _,l B - AGL :
for opf/GzL >3 x 1070 .
' Equatidn (48) is expressed in an ana]ogdus form to'Eq{ (47)-as
o 0.2 1+K Ah/h - L
q = 0.1 G*1/3 ( ) 1/3 H . : (50)
_ og) T¥O o071 L/D P

Katto exp1a1hed that the burnout in H-regime is affected by hydrodynamic in-
- stability. However, it can be seen from the figure that the entrainment- -
1imited burnout data of Barnard et al.20 are well reproduced by these cor-
relations. The Kutate]adze corre]at1on for low pressure B

8 Ap [0\ 0. 85 Ah _— o
g% = 0.023 > 29 6" [1+o4505(f> | hBo (1)

is also compared w1th ‘the exper1menta1 data in Fig. 11 which shows that Eq.

- (51) ‘predicts lower burnout heat fluxes over the: exper1menta1 range for Freon- o

113. Here Ah BO is the: enthalpy subcooling at burnout: 1ocat1on
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The broken lines in Fig. 11 exhibit the churn-to-annular flow transition
boundaries predicted by Eq. (24). The equation was derived assuming .that
ah;/hgeq is large enough compared to pq/8p. The test condition of Barnard
et'al.Jo satisfies this condition so %hat'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.2* According to the criterion, liquid entrainment
will occur when the following inequalities are met,

- Hed D |
-f—ﬂ-,/—9-> 11.78 NO0-8 pe;1/3 | (52)
o r i f
for Ref < 1635, and

Hed P : '
_%;11 /Ef" Ng-s (53)

for Ref > 1635 where Nu is a viscosity number defined by

P - o (s8)

H \/ pfo)\

and

0l : '
Re, = 1 (55)

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

| ’ | 0.\ 1/6 |
306" - )13 5 11,78 N2/15 p*-1/3 <—i) (56)
for Ref < 1635, and
J> N9-2 . * (57)
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for Reg > 1635 where:-J is defined by Eq. (19). Inequality (56) can be so]ved
numerically by an:iterative calculation. A rough estimate, however, ‘can be °
obtained -from the following express1on, though it” g1ves on]y a necessary con-
dition for Inequa11ty (56) : A

{8\ w qe3c10d o w1 PRl
| <] +h_1> g¥ .1.63 :319 N121/5 -1 p_.f_ (58)
fg L R IR

o)
A

h

Inequality (57) also can be rewritten more_exp]icitiy as,

. h 0. L
q > 2— h_ G + N 0.2 . : _. (59)
h | fg I

As shown in Fig. 11, Inequalities (56) and (57) predict an onset of entra1n-
vment very close to the churn-to- annu]ar flow trans1t1on for th1s case.

- C. D1scuss1on

The experimental data obtained from this study are. compared-with the gen-
eralized correlations described above in Fig. 12. Some other correlations:
for water also will be found in the figure. Those correlations25-29 are sum-
marized in Table 2. The Macbeth correlation?3, 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 rep]ac1ng hy-
draulic equ1va1ent diameter by heated equivalent diameter which appears in
the equat1ons Their correlation consists of two equat1ons, one is for low
velocity reg1me and the other is for high velocity regime just as L-regime
and H-regime respectively of the Katto correlation for annuli.2?® Barnett?28
correlated experimental data for internally heated annuli assuming a Macbeth
type of correlation, however, the app11cab1e range 1s 1imited. to rather h1gh
mass 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 exper1menta1
range. On the other hand, those corrélations listed in Table 2 predict heat
fluxes much larger than exper1menta] data, though the correlations agree well
with each other. As pointed out in the previous‘section, these correlations
may be used for entrainment-limited burnout. However, Fig. 12 indicates the
existence of different mechanism of dryout. The criterion over which mecha-
nism should take place will be subject to further studies. It is-interesting :
to note at present that.no entrainment occurred in this case according to the
criterion of Ishii2% as shown by the bold 1ine in Fig. 12 while the onset of
entrainment fol]owed just after the churn-to-annular f]ow transition in the
case shown in Fig. 10. Observations in previous works®-2 revealed that the
- entrainment and the deposition of liquid droplets could be a controlling fac--
tor for film dryout. In other words, we cannot expect drop]et quenching in
add1t1on to the 11qu1d film remained on the unheated surface in this case.
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" Table II

Correlations for Burnout at Low Mass Velocities for Water

Source

Correlations

Applicable Ranges

Macbeth25® 26

Lowdermilk, et al.27

Ay + €, D (6 x 107%)

T+ C1 L

Ah./4
q x 10_6 = 1/

Low Mass Velocity Region

-0.63 ( -n.17

A G x 1078

1° 0.00106 hfg D

c, -1.73 (g 1076)1-22

0.00344 D

High Mass Velocity Region

A -‘.]2 0-0.2” (G x 10'6)0.324

1
-1.05

c, = 0.001 0% (6 x 1076)

1
_ 2 2
where q: Btu/hft™, G: 1b/hft
Ahi’ hfg: Btu/lg
L, D: in.
6/(L/D)2 < 150
g = 270 0702 (1/p)0-85 (0.8
6/(L/D)2 > 150

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

geometry: round tube
steam quality: positive

Low Mass Velocity Region

D: 0.3 -1.0cm
L:  0.75-3m
G: 14 - 841 kg/m“/3
P: 1 - 138 bar

ahy: 65 - 1400 kJ/kg

i
High Mass Velocity Region

D: 0.1 - 2.4 cm

L: 0.0254 - 0.86 m
L/D: 8.5 - 50 2
G: 140 - 5750 kg/m~/s
P: 21 bar

geometry: round tube

D: 0.13 - 0.48 cm

L/D: 25 - 250

ATin: 0 - 80°C

P: 1 -7 bar3 3 3
q: 2.79 x 10° -41.6 x 10° KW/m

o€



.-Table 11 {Cont'd)

- Applicable Ranges

Source Cokrelations
Barnett?28 « 1076 - A(hfg/649) + Bah; geometry: internally heated
q T+ 1 . annulus
A =67.45 00:%8 (6 x 1078)0-192 [1 _ 0.7a4exp(-6.512 D(6-x 107°))]  Dj:  0.95 - 9.65 ci
- . D,: 1.4 -10.16 ¢cm
LY  0.61-274m ,
B = 0.2587 D} 281 (6 x 1078)0-817 G: 190 - 8430 kg/m’/s
. : Ahi: 0 - 0.958 MJ/Kg
P: 41.5 - 96.5 bar
C = 185.0 D1.415 (G x ]0-6)0.212
where the units are the same as the Macbeth correlation
Katto29 L-regime ' geometry: internally heated
. ’ . - annulus -
: ope\ 0.043 D sh, .
ﬁg_ﬁ = (.25 —fﬁ fb' 1+ Efl L-regime
fq GL fg
. : ) Do/Di 1.04
H-regime L: 1.88 m
. L/D: 24,7
P: 69.0 bar

otz (39) 0.133 (op_f>1/3 1+ Kyah/heo
thgG e 2 T+ 0.008T L/D,

11-00'/0 ope\ -1/3
K, = 0.057 (f-?%) g f(%)
h . L) .

1€
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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 corre1at1on,28 which is very close
to the Katto correlation?9 as shown in Fig. 13. It is interesting to note
that for this case the occurrence of stug-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 flooding limited burnout, it is expected that a
relatively large inlet flow restriction tends to lead to this mode of critical
heat flux phenomenon. ' ‘

V.  CONCLUSIONS

An experiment has been performed at Tow 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 burnout 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-dimensioha] correlation for the burnout heat flux due to the
flow regime transition has been derived from the criterion of Ishii.l”

d. On the other hand, the conventional correlations for low mass velo-
cities well reproduce the- data on circulation and entra1nment 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.
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