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POST-CHF HEAT TRANSFER DURING
STEADY-STATE AND TRANSIENT CONDITIONS I

by

K. K. Fung i

ABSTRACT

This review extends previous reviews of steady-state post-CHF literature
by Groeneveld, Gardiner, and Fung by including more recent data. A review of the
literature on transient post-CHF data is also included by extending the work of
Yadigaroglu.

INTRODUCTION

Post-CHF heat transfer is frequently encountered in the safety
analysis of nuclear reactors. It corresponds to the boiling curve section

to the right of the CHF as shown in Fig. la. As the wall temperature is

increased beyond the CHF, the surface will be wetted intermittently. This
regime is termed the " transition boiling". At temperatures above Tg,
only the vapor phase will be in contact with the heated surface. This is

the film boiling regime.

During film boiling the heated surface is cooled by radiation,
'

forced convection to the vapor and liquid-wall interaction. The vapor

can become highly superheated. The liquid is thought to be in the form of
i

(a) a dispersed spray of droplets, usually encountered at void

fractions in excess of 80%. The corresponding flow regime is
referred to as the " liquid-deficient regime" (Fig. Ib (1)) .

(b) a continuous liquid core surrounded by vapor annulus. This is

| the inverted annular flow regime usually encountered at void
fractions below 30% (Fig. lb (ii)) .

| (c) a transition between the above two cases, usually in the form

of slug flow (Fig. lb (iii)).

Steady-state post-CHF heat transfer has been the subject of

several review reports. Reviews of transition boiling were covered by

Groeneveld and Fung [1976], high quality liquid deficient regime by
Groeneveld [1975] and low quality and subcooled film boiling by

Groeneveld and Gardiner [1977). An exhaustive review of transient

l post-CHF heat transfer during the reflood phase of the LOCA was made

| by Yadigaroglu et al. [1975].

The purpose of this report is to consolidate the subject

information and to review the more recent developments.

_ - _ _ _ _ _ _ _ - _ - - _ _ _ _ - _ _ - _. __ _
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I. STEADY-STATE 1ST-CHF HEAT TRANSFER STUDIES

The most recent studies are listed in Table 1.1. They-are

separated by boiling regimes and are reviewed in the following
sections. For completeness, studies which we e reviewed in previous
reports are listed in Appendix 1.

I.1 TRANSITION BOILING

1.1.1 Recent Experimental Studies

Experimental studies were recently carried out 1. and

Britain, using a transient heat conduction quenching tec! .. Since

| the transients are very slow, the heat transfer process se considered
|

| as semi-steady-state. This method, as originally used by Newbold [1976],
Cheng [1976] and Fung (1976], consists of a short copper test block having

a central flow passage. The test section was heated initially to a high

temperature and then water at preset conditions was introduced. The
temperature transient of the block is recorded by thermocouples located
near the haat transfer surface. One of the drawbacks of this simple

set-up is that high axial temperature gradients, sometimes cor7 arable to
the radial gradient (Fung [1976]), exist due to the presence of dryout and
rewetting fronts at the entrance and exit. This renders the one-dimensional
assumption used in the data reduction questionable. Nevertheless, these
data still give some indication of the parametric trends. Improvements

have since been made by Newbold et al. [1976], Cheng et al. [1978] and
Ralph et al. [1977]. Newbold and Ralph used a composite test section
formed from four copper cylinders separated by thin plated nickel-chromium
alloy seals. In this way, the radial conductivity was much improved with

I respect to the axial conductivity. Cheng installed guard heaters just

upstream of the test section to arrest the propagation of the quench front.

To establish the relationship between these transient data and
those that would be obtained in a steady-state situation, Fung [1976] and
Cheng et al. [.978] carried out some steady-state runs in the film boiling

i and nucleate boiling regions. In these tests, the test section power

was carefully adjusted so that the surface temperature remained constant.

A
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TABLE 1.1: RECENT STEADY-STATE POST-CHF STUDIES [1978]

Authors Geometry Flow Conditions Comments

Cheng et al. Upflow in vertical 136 kg m 2's 1 of Study of surface

[1977] tube water at subcoolings effect on tran-

ID = 12 mm nominal of 0 - 28"C; sition boiling

Inconel-copper and atm pressure
SS-copper composite
test sections
Length = 57 mm

Ralph et al. Vertical tube upward 47 - 2170 kg m-2. s-1 Continuation

[1977] and downward flow 0.2 MPa 6 0.3 MPa of Newbold's
ID = 10 mm 10*C630*C subcooling exper iment
Length = 77 mm
Composite blovks

-1
Ragheb ID = 12.7 mm 34 - 675 kg*m 2,3 Determination

[1977] Length = 105 mm of water at sub- of transition

Copper block coolings of 0 to boiling
20*C and atm pressure boundaries

Gardiner & ID = 11.8 mm 50 - 250 kg* m-2 3 1 Steady-state

Groeneveld OD = 12.7 mm of water at sub- low quality

[1977] Heated length = coolings of 5 to film boiling

55.64 cm 50*C; atm pressure
Inconel tube

Bailey ID = 15 mm 50 - 1350 kg m 2 s-1 High quality

[1977] t = 1.5 mm of water at film boiling

Length = 5.4 m P = 14, 41 6 69 bar

Inconel tube

Turner 21 & 25 rod bundles 68 .680 kg m-2.s-1 High quality

[1977] De = 1. 5 6 1. 35 cm P = 14 - 96 bar film boiling

Length = 2.13 m
Inconel X-750

Yates et al. 25 rod bundle 135 - 540 kg m-2. g-1 Only 5 points

[1975] 1.67 m heated length P = 35 bar reported in

X = 0. 5 - 0. 82 film boiling

MacDonald Zircaloy-clad, UO2 775 - 2044 kg* m-2 's-1 In-reactor

[1977] fuel rod OD = 1.07 cm P = 2. 5 6 3.8 HPa tests of high

Shroud ID = 1.63 cm quality film

Length = 97 cm film boiling

___ .
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Some of the results of Cheng et al. are shown in Figure 1.1. It can be

seen that the transiant and steady-state data are equivalent to each

other. fung further concluded that, although the assumption of the one-
dimensional conduction in the data reduction method was not exact, the

reduced data nevertheless represented an average heat flux over the entire
length of the boiling surface.

Tests under a wide range of mass fluxes were carried out by Newbold,
Fung and Ralph (typically from 10 - 1000 kg*m-2 31). Cheng concentrated

only on the low flow range of 68 - 200 kgam 2*s 1 It is found that the

heat transfer improves with mass flux. A typical set of results of Newbold
is shown in Figure 1.2. Fung [1976] noted that the increase was more

-1' significant in the low flow region of 135 - 675 kg*m 2,3 Ralph et al.

[1977] also found that the increase was small above 400 kg*m 2.s 1 in the

upflow tests. The higher rate of incr ease near the low flow region is

probably due to the relatively higher increase f the inertial force over
the buoyancy force.

The effect of inlet mtbcooling was investigated in t.e experiments

of Fung [1976] and Cheng et al. [1978). Figure 1.3 shows the recent results

of Cheng et al. [1978). The heat flux in the transition boiling region is

found to increase with inlet subcooling. The results of Fung are somewhat

different. The heat transfer coefficients for two mass fluxes are shown
in Figures 1.4 and 1.5. They show that a saturated inlet condition has
the highest heat transfer coefficient. Near the CHF, data at higher inlet

subcoolings are lower than, and at best, approach this curve. Fung

suggested that the better heat transfer at saturated inlet conditions was
due to the higher vapor generation rate which resulted in a higher mixture
velocity.

All of the recent studies have been carried out in vertical flow.
In addition to the upflow tests common to all references cited above,
Newbold and Ralph also carried out some tests with downflow. They found
that, for the condition of higher subcooling, there was no significant
dif ference between upflow and downflow. Newbold further noted that for
conditions where saturation boiling existed, the heat transfer coeffi-
cients were lower in downflow. The lowest coefficient was observed

4

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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when the downward liquid velocity was very close to the rise velocity of a
single isolated bubble.

The effect of different surface materials has been studied in a
recent series of tests by Cheng et al. [1977). In order to retain the long

transition boiling period they,used a composite test section which con-
sisted of the usual thick copper cylinder, with a thin stainless steel or

inconel-tube soldered to the central bore. Some of the results are compared

in Figure 1.6. Several observations can be made:

(1) The boiling curves are shifted 60 higher superheat.

(2) There is a difference in the boiling curves B and C obtained

with stainless steel cladding of thickness 1.27 and 0.41 mm.

Since in the data reduction the interface was taken as a nodal

point and the boiling surf ace as the next one, discrepancies in

representing the temperature gradient might probably arise as the

| cladding became thicker. This is even more evident by comparing

| the boiling curves A and C, which are obtained with stainless

steel and Inconel claddings of comparable thickness. Here the

transition regions of the two curves are very close to each other.

dep nd on the surface material.(3) The TCHF "" min

The above observations are tentative, pending further verification by

experiments underway.

The boundary between the film boiling and transition boiling has
been assumed to be the T (Groeneveld and Fung [1976]) . However, the

| data of Newbold, Cheng and Fung show that just beyond the transition
boiling region the film boiling heat flux is independent of the surface

| temperature. This casts much difficulty in locating the T A recent.

experiment by Ragheb et al. [1978] demonstrated the relative extent of
liquid-surface contact in transition boiling with respect to film and
nucleate boiling. The test section used was similar to the one used by
Cheng et al. The liquid-wall contact was indicated by an electric probe
built into the boiling surface. The construction and installation details

of the probe are shown schematically in the insert of Figure 1.8.

(
:
,
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It consisted of a 1 mm zirconium wire insulated electrically from the' test

section by a zirconium-oxide film formed by autoclaving. A platinum
coating was applied to the tip in order to avoid corrosion in the high
temperature steam environment.

The signal from the probe during a quench of the test section is
shown in Figure 1.7. The reduced data are.shown as boiling curves in

Figure 1.8. Ragheb et al. interpreted the signal as follows:

(1) -Film boiling existed from'A to B, with intermittent dry
collisions showing up as spikes in the trace.

(ii) The region B to C characterized the transition boiling mode.
Liquid-wall contact area and duration increased as the wall
temperature decreased.

(iii) Beyond point C nucleate boiling was restored.

1.1.2 Prediction Methods

Most of the recent research efforts on transition boiling have

been concentrated on obtaining reliable data. Fung (1976] and Cheng et
al. [1978] compared their data with available correlations (Groeneveld
and Fung [1976]) and found that their data were best correlated by the
Berenson type correlation *with CHF and T " "" '# * * "'" " "'

CHF

varying from -1 to -1.5. A typical comparicon is shown in Figure 1.9.

To the knowledge of this author, only two new prediction methods
have come up since the review of Groeneveld and Fung [1976]. They are

briefly outlined below.

(i) Bjornard and Griffith [1977]

In this proposed correlation, the transition boiling heat transfer
is assumed to be composed of both nucleate boiling (wet wall) and film
boiling (dry val?) heat transfer. They are weighted by 6, the fraction
of wall area that is wet, to give

"
'T - T,*

4 y

, CHF-T,,
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|
n n n

9TB " 9CHF +
~ Sin
,2-

.,, -T
" "I"6=

~ min,CHF
,

(ii) Baum et al. {l977]

This is a theoretical model based on the oscillatory motions of a

liquid-vapor interface normal to a vertical heat transfer surface and is
applicable to low flow regime. The heat transfer during the liquid-wall
contact period is assumed to be due to conduction and convection rather
than by nucleate boiling. Solving the energy transport equation for the
liquid in the direction normal to the wall, subjected to a constant
temperature boundary condition, they found the following expression for
the wall heat flux during one contact:

( , ,

'v 7' l .2t''" v 1 + erf + eXP -hq = k (T -T) g- 2 ag g
L* /n o t 1,1 -

g, , ,

The heat transfer during the off-contact period is assumed to be by

conduction across the vapor film and is given by

T -T,, g
q =k

#v
r ,

[Re - Re '
*

where k=k 1+
v Re

' '

, .

k = thermal conductivity of vapor
y

Re = transition between laminar and turbulent film flow
(chosen to be 500)

2K K (T -T)
Re = - y g

'fg Y0v

_ _ _ _ _ _ _ _ _ _
.. . _ _ _ _ _
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K = 1000

K = distance from wall to oscillating surface

n = distance from wall to valley of wave.

The average heat flux is detcrmined by integrating the two components over
the area and duration of the oscillation, which are obtained from a wave

mechanics analysis.

They noted that their (pool) transition boiling data are best
predicted by doubling the heat transfer component during contact. Agree-
ment between the prediction and the data of Ramu et al. [1975) is shown
to be satisfactory (Figure 1.10).

|
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1.2 SUBC00 LED AND LOW QUAIITY FILM BOILING

I.2.1 Recent Experimental Studies

In the transition boiling experiments of Newbold [1976), Cheng
[1976], Fung [1976] and Ralph [1977], some film boiling data near the
minimum temperature were also obtained. They observed that just beyond
the minimum temperature, the film boiling heat flux was independent of
the wall temperature. This implies a decrease in the heat transfer

coefficient.

The technique of using a thick-walled copper cylinder is limited

to short test sections, due to the axial conduction problem. Another

method of obtaining flow film boiling data for subcooled water has

recently been used by Groeneveld and Gardiner [1978). This is the so 1

called hot patch technique originally used by Groeneveld [1974] to study
the effect of flux spikes on the CHF in Freon. It was discovered that, |

after steady film boiling was attained at the hot patch and the test

section power raised gradutlly, the dry patch propagated downstream into

the heated tube. It was immediately realized that this method could be

used to obtain film boiling for subcooled water.

The test section used by Gardiner and Groeneveld [1977] is shown
in Figure 2.1. The hot patch clamp was silver-soldered to the directly

heated test section. The original purpose of the hot patch was to provide

a dry patch location from which the vapor blanket could propagate down-

stream along the directly heated test section where steady-state heat

transf er measurements could be made. It was found, however, that the

spreading process was very slow in water and that excessive axial temper-

ature variations occurred. This approach was therefore abandoned in favor

of a much quicker and safer method.

The modified method employed the hot patch to stop and anchor a

rewetting front rather than to initiate a spreading dry patch. Initially,

the test section and the copper block were heated to temperatures well

above the minimum film boiling temperature. When the flow was introduced,

the high thermal inertia of the hot patch prevented the quench front from

propagating further downstream. As a result the downstream portion of the

. _ _ _ .



21

<f ;

-
,

:-

- -

%

%
d g

'

TEST SECTIDN ID = 11.8 mm'

3
" 00 = 12.7 mm

> 7}iERMDCour LE ;'

3 ,,

LIQUID-

>'
3 '

-

\
~

.

g ,

" SDV 1000 AHP[]y 1 -

,

00 DC SUPP Ly
-

,

VAPOR BLANKET== 3

aaL
,

.

'

g[hg, .
HOT PATCH

5 m. g r2.46 -[ .y.;y
'

(/ OD = 89 mrn1

47 g ,uv,,- ,,

' '

" "- . N
,, . 8 CARTRI DGE HE ATERS

" - 9. 47 rnm 0,D.
-

-

-
- 25ar EACH
'

i

/
i ,

FIGURE 2.1: SCHEMATIC OF TEST SECTION

DIMENSIONS IN CM UNLESS INDICATED OTHERWISE

(Gardiner and Groeneveld [1977])

______ - _-



__
. . .

.. - _ _ _ _ _ _ _ -

22

test section continued to experience film boiling at heat flux levels

well below the CHF for uniform heating, thus permitting the measurement

of steady-state film boiling temperatures.

The experiment of Gardiner and Groeneveld [1977) covered a wide
range of wall temperatures. They found that the wall superheat might have

a strong effect on the film boiling coefficient, hFB, depending on the
flow rate. Figures 2.2 and 2.3 show their data for two dif ferent flow

rates. Note that the scatter in the data is very small. It can be seen

that, at the low flow of 50 kg m 2 s-1, h was independent of wall super-
FB

heat. At the high flow of 125 kg*m-2.,-1, h at the 5.08 cm downstream
FB

. location decreased initially with wall superheat, but the trend was reversed
later. The decrease near the lower wall superheat range seems to confirm

the observation in the quenching experiments of Newbold, Cheng and Fung.
The increase in the higher wall superheat range is thought to be partly due

to the increased radiation heat transfer.

In general, an increase in mass flux is found to increase the heat

transfer in the film boiling region. Figure 2.4 shows the effect of mass

flux at two different locations. It indicates that the film boiling heat

flux increases with mass flux for all axial locations. The effect of mass
flux, however, is coupled with the effect of local subcooling through the

heat balance equation. The measurement of the local liquid temperature is
planned in the new phase of tests by Fung.

Figure 2.5 shows the effect of inlet subcooling. In general, a

strong effect was observed near the upstream end of the heated length,
but this effect diminished near the end, where the liquid probably had

become saturated. The positive effect of subcooling on h is thought to
FB

be due to the thinning of the vapor film when heat is being transferred
from the vapor annulus to heat up the subcooled liquid core.

Another observation that can be made from Figures 2.2 to 2.5 is

that the axial position has some bearing on the heat transfer rate. This
is suggested to be due to the cumulative influences of (a) local liquid
subcooling, (b) vapor film characteristics, and (c) hydrodynamic and
thermal boundary layers.

__. - _.
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Smith [1976] also adopted the hot patch technique to obtain data
in the inverted ar.nular and dispersed flow film boiling regimes, but he

1

was unable to maintain film boiling in his test tube usi.ng a single hot
,

patch. Instead, he had several copper blocks clamped to the tube. The

upstream part of the tube was heated to serve as a preheater. The copper

blocks, each of which was independently heated by cartridge heaterc, acted
as heat sources to the test section. By trial and error, he spaced the

hot patches so that the tube was not rewetted in between.

Most of the data Smith obtained were in the dispersed flow regime.

He presented his results in plots of heat transfer coefficient againct

local equilibrium quality. As shown in Figure 2.6, the heat transfer

coefficient first decreases to a minimum and then rises again. It was

postulated, to the left of the minimum, inverted annular film boiling
,

existed initially. Further downstream the vapor film thickness and the i

liquid core heated up to close to saturation, resulting in a decrease in

h At higher quality the flows broke up into slugs, with a furtherp3

decrease in h due to the higher enthalpy of the flow. Smith surmisedyg
that the minimum corresponded to the onset of dispersed flow film boiling.

1.2.2 Prediction Metho_d_s

The low flow, low quality film boiling data are usually compared

to pool film boiling correlations. Figure 2.7 shows a comparison between

Newbold's [1976] data and several correlations. It can be seen that the

predicted heat fluxes usually fall below the data. Ralph [1977] noted

that, for upflow, the measured heat fluxes were generally larger than
" those predicted by Bromley's and Berenson's correlations for pool film

boiling. However, the same correlations tend to overpredict the downflow

data.
.

Analysis of the data of Gardiner and Groeneveld is still underway

and no extensive comparison with correlation has been made.

There has not been any relevant new prediction method since the

review by Groeneveld and Gardiner [1977]. The model of Baum et al. [1977]
mentioned in the transition boiling section of this report is claimed to

be applicable also to inverted annular film boiling.

. _ _ _ _
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I.3 HIGH QUALITY FILM BOILING

I.3.1 Recent Experimental Studies

The dispersed flow film boiling regime has been investigated more
thoroughly than the inverted annular and slug flow regimes. Consequently
much effort is now concentrated on developing and refining prediction

methods based on the accumulated data bank.

Four experimental studies were carried out recently, one in single
tube (Bailey [1977]), two in simulated bundle strings (Turner [1977],

Yates et al. [1977]) and one with actual fuel rods (MacDonald et al.
[1977]). The experiment of Bailey was carried out in a 15 mm ID, 5.4 m
long Incopel tube. He compared the post-dryout wall temperature with

predictions by the Heineman and Dougall-Rohsenow correlations. Figure 3.1
shows a typical set of results. He noted that the Dougall-Rohsenow

correlation with an assumption of thermal equilibrium yielded a trend in
wall temperature that was different from the measured data. However, the
prediction was much improved when used in conjunction with an assumption
that there is no further droplet evaporation downstream of dryout. He

therefore concluded that the droplets in the post-dryout region took very
little part in the heat transfer processes, neither evaporating in the
steam nor impinging directly on the tube wall.

The film boiling data of Turner were obtained in three simulated

PWR 21 or 25 rod bundle assemblies. He compared the experimental heat

transfer coefficient to those predicted by the Dougall-Rohsenow, modified
Dougall-Rohsenow and Groeneveld correlations (Figure 3.2), and observed
that the modified Dougall-Rohsenow and Groeneveld correlations consistently

underpredict the bundle data.

As an adjunct to the 25-rod simulated bundle CHF tests, Yates
et al. [1975) obtained five points in the film boiling region. They
compared the experimental data with the correlations of Groeneveld [1969),
Dougall-Rohsenow [1963], and Berenson (1961] and found that, in all cases,
the heat transfer coefficient exceeded the predicted values.

.
.
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I

Macdonald et al. [1977] carried out in-reactor tests with PWR
type zircaloy-clad, 97 cm long, UO2 fuel rod "ach rod was tested in

its own coolant flow shroud. The results are saown in Figure 3.3. It

indicates that the Groeneveld correlation for film boiling in annuli tends
to serve as an upper bound for the measured wall temperature. The
calculations either agree well with the data or overestimate the observed

maximum cladding temperature. In three cases the correlation under-

predicts by up to 9%.

I.3.2 Prediction Methods *

Several phenomenological models to predict the heat transfer in

dispersed film boiling have been developed recently. Jones & Zuber [1977]
and Jones & Saha [1977] censidered the vapor-droplet interactions as a

| first order relaxation process having a forcing function proportional to

the local rate of heat input. A superheat relaxation number is correlated

based on the data of Forslund & Rohsenow [1966] and Bennett et al. [1967].
They demonstrated that this model is capable of predicting actual quality

(Figure 3.4a) and that it can be extrapolated to higher pressures as
i

shown by the comparison with Swenson's data in Figure 3.4b.
I

Sergeyev et al. [1976] developed a governing equation for the

change in actual quality by using a droplet heat transfer coefficient and

taking the driving potential (T -T ) to be proportional to (h -h).y g y

They derived the following equation

dX
* = K(1 - X )(X - X )(X /X )2dX * * * *
e

where K is a constant proportional to (PU)2/q" for a fixed pressure.
Simultaneous solution of the above equation and the vapor heat transfer
equation is shown to give good agreement with their experimental data
(Figure 3. 5) .

Chen et al. [1977] adopted the two-step model but instead of
,

solving the mechanistic equations they used a phenomenological approach.
The wall-to-vapor heat transfer is calculated based on the momentum

analogy and is expressed through the two-phase friction factor for the

i

_ . _ _ _ _ _ _ _ __ _
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1appropriate flow regime. The heat transfer to impinging liquid is j

considered to take place in three stages: pre-nucleatir,n stnge, bubble i

igrowth and disruption stage and finally the residual liquid film !

evaporation stage. The two components are weighted according to the
liquid contact area fraction, which is empirically correlated. Agree-
ment between data from several sources and the correlation is reasonably
good, as shown in Figure 3.6.

|

One of the premises in the development of this model is that
liquid-wall contacts exist throughout the dispersed flow regime. This j

seems to contradict the belief that only dry collisions take place beyond
the Leidenfrost temperature. It is true that the contribution to the i

total heat transfer due to liquid wall interaction is small at high wall i
i

temperature. Nevertheless the mechanism needs to be identified correctly.
! Probably the component of heat transfer due to droplet entering the thermal

,

-boundary layer should.be incorporated to make this model more compatible
with the physical phenomena.

A modification to the Groeneveld correlation has been proposed
by Bjornard and Grif fith [1977]. In the original Groeneveld correlation,

i
the vapor velocity is calculated by using the homogeneous void fraction
model, which is probably appropriate in the proposed mass flux range of

-20.8 to 4 Mg*m-2,3 In order to extend the applicability of this

correlation to low mass fluxes Bjornard and Griffith used the drift flux >

model, whic h, besides properly accounting for the influence of mass flux

and flow direction on the void fraction, will automatically transform into

the honogeneous model at high mass fluxes. The modified correlation

becomes

I k 'G De X
Pr .26 7l -1.06h = 0.052 A|

De p a "
g d f m,

rif f ux v i f rac i n (see the same reference for methodwhere a =

dfm
of evaluation).

In addition, to circumvent the singularities of this correlation
,

at low pressure, they proposed that a modified Dittus-Boelter correlation
,

,

be used for pressures below 1.38 MPa.
:
>

t
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I.4 DISCUSSION

The recent researches in steady-state post-dryout heat transfer

have been summarized in the previous sections. In general, it can be

seen that a large variety of correlations are available. Howev c, each

type has its own shortcoming.

Although theoretical models may eventually predict post-dryout

heat transfer for simple geometries, the requirement of the simultaneous

solution of several differential equations under well defined initial

conditions renders them impractical for use in thermohydraulic codes.

Purely empirical correlations have a limited range of applic-

ability. Their application beyond the bounds of their original data base
is usually questionable. Empirical correlations which take into account

the thermal non-equilibrium are more accuate but still have limited

applicable range.

Phenomenological correlations seem to be a compromise. They are
developed based on physical phenomena, with some empirically correlated
factors. They are less cumbersome to apply than the mechanistic model,
and should have a wider applicability, particularly to transient

conditions, than the empirical correlations.

,

Prediction methods based on tube data have frequently been found

to overestimate sheath terra. atures in fuel bundles (Groeneveld and
Cardiner [1977]). This has been suggested to be due to (a) improved heat

transfer due to the presence of rod spacing devices, (b) intersubchannel
flow oscillations, and (c) not fully developed film boiling. Present

subchannel codes are not yet capable of predicting the local flow and

enthalpy in partially dry bundles and therefore caution should be

exercised when using the local conditions correlations. The use of

experimental bund 3 e data, whenever availabic, is advised.
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II. TRANSIENT POST-CHF HEAT TRANSFER.

11.1 GENERAL

Transient post-CHF heat transfer is generally investigated in the

context of blowdown and reflooding. During a transient the heat transfer

not only depends on the instantaneous local conditions, but also on the

history of the development of the flow and boiling regimes. Furthermore,

it also depends on the thermal and hydrodynamic feedback between the heat
transfer surface and the rest of the system.

Experiments have been carried out both on simulated fuel strings

and on single channels. The bundle tests generated data that were

required for the safety analysis of reactors. Due to the complexity of

the geometry, local conditions are generally unknown and these data can

only be correlated based on system parameters. The single channel tests

are aimed at gaining more basic understanding of the heat transfer

mechanisms.

An extensive review of reflood heat transf er was given by

Yadigaroglu et al. [1975]. Appendix II, taken from their paper, lists the

available data at the time of their reviews. More recent experiments are

listed in Table II.1
1

11.1.1 Bundle Data

Most of the simulated bundle experiments were of the transient

quenching type with steady or stepwise-variable flooding rate. The

heater power was either kept constant or varied to simulate the power
decay after a LOCA. In most of these tests cooling water was introduced

under forced flow conditions, which essentially decoupled the system

hydraulics from the heat transfer. In order to study this feedback effect

some of the primary heat transport system components were also simulated

in the FLECHT-SET (Blaisdell et al. [1973]) and Siemens (Riedle & Winkler
[1972]) experiments.

__-
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TABLE II.1: RECENT TRANSIENTT POST-CHF STUDIES (1978)

!

** *# Initial Peak Inlet Cool- FloodingReference Geometry * Pressure CommentsDesign ,remperature Power ant Temp. Rate
(MPa) ('C) (*C)

Tube,

Farman & ID = 12.7 mm Stainless Initial - 590 2 - 3.47 250 - 290 1.35 - 3.375 Blowdown tests
2Cermak x 91 cm Steel 17.24 MW/m kg m-2.,-1 with constant

[1972] t = 3.18 mm Blowdown decay rate or decaying
Haste 11oy C rate 0.34 - 1 55 flow rate
t = 2. 54 mm 1.38 - 69 kg*m **s 1

MPa/s

Morgan et al. 9-rod bundle resistance Initial = 370 962 kW/m 290 3.375 Blowdown tests
[1972] OD = 11 mm heated 15 step- Mg m-2., 1

3 x 3 array varying
pitch = 14.4 ten

Lauer & Rod t = 31 mm .10 300 - 700 0 5 - 73 5 - 15 cm/s Bottom flooding
Hufschmidt 45 mm OD heated by tests

[1977} radiation
,

,*furnace s.

Tube
Groeneveld & IDi = 16.07 mm Inconel 600 .10 400 - 700 Voltages: 34, 35, 34 - 1500 Vertical upflow
Young ID2 = 12.70 nmi t1 = 0.76 mm Vi=0 17 kg*m 2.,_ tests

[1978] x 1.68 m t2 = 1. 59 tmn V2 = 0, 3, 5
Tube

Lee, Chen & IDi = 19.1 mm t1 = 1.65 oun SS .10 270 - 800 Up to 10 - 80 100 - 400 Horizontal and
Groeneveld ID2 = 19.1 mm t2 = 0.89 emi SS 5 kW/m* subcooling kg*m-2 s 2 vertical upflow

[1978] ID3 = 15.9 on t3 = 1.02 tma reflooding tests
Inconel

Chen, Lee & Li=4m
Croeneveld L2 = 3.5 m
[1978] L3=4m

Slow transient tests of Newbold, Cheng, Fung and Ralph are included in the " steady state" section of this report.

Subscripts designate different test sections.

.

._. - - _ _ _ _ _ - - _ _ - _ . __
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11.1.2 Single Channel Data

In these experiments, resistance heating of the test section was

used. After the test section had been heated up to a high temperature,

coolant was introduced and quenching was achieved by the propagation of

a rewetting front. During quenching, all three boiling regimes existed

simultaneously along the channel. The principal information extracted

from these tests is the rate of rewetting during a reflood condition.

Most authors did not report explicitly the PD0 heat transfer coefficients.

The experiment of Chen et al. [1978] contained a more systematic study of

the parametric effects on the heat transfer coefficient. Their report will

be reviewed in greater detail in the following section.

In the single rod reflooding experiment of Lauer & Hufschmidt

[1977] a thick-walled cylinder was used as test section. However, the

wall thickness was not as large as those used in the transition boiling

experiments of, for example, Cheng et al. Therefore, it is expected that

the effect of transient will be more significant.

11.2 PARAMETRIC EFFECTS

11.2.1 Effect of System Pressure

In general, the effect of pressure in reflooding heat transfer is

f ound to be in agreement with the observation that two-phase heat transfer
improves at higher pressure. Riedle & Winkler [1972] and Martini &
Premoli [1973] found that, at low pressure, a relatively small increase

of the pressure resulted in a large reduction of the quench time. This

suggests that the PD0 heat transfer coefficients improved more signifi-
cantly at low pressure. The BWR-FLECHT data (Fig. 2.1) show that the heat
transfer coefficient increased significantly with pressure up to some

pressure in the vicinity of 1.4 MPa (200 psia). Beyond this pressure, >

the trend seemed to be reversed. The increase of the PD0 heat transfer
coefficient with increasing pressure has been attributed to the increases

in vapor density and specific heat (McConnell [1972]), and to the higher
entrainment with increasing pressure (Cadek et al. [1971]). The reduced
influence at higher pressure has not been explained satisfactorily.
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11.2.2 Effect of Inlet Subcooling

In general, it was found that the quench time decreased with

increasing inlet subcooling. This implies a higher average heat transfer

coefficient over the film and transition boiling regions. However, the

effect of inlet subcooling on different boiling modes may not be the same.
For example, during the initial reflooding ctage in the PWR-FLECHT tests,

the mid-level of the bundle assembly was cooled by liquid deficient film

boiling and the heat transfer coefficient was found to increase with

decreasing inlet subcooling. This is shown in the initial 0.4 dimension-

less time in Fig. 2.2. The increase was attributed to the higher vapor

generation rate at the upstream location. Later when the quench front
,

propagated to near the mid-level, the heat transfer mode changed to

transition and inverted annular film boiling. At this stage, the lower

subcooling retarded the propagation of the rewetting front and therefore

the heat transfer coefficients decreased.

Lauer & Hufschmidt [1977] observed a very significant increase in

the heat flux with increasing fluid subcooling in both transition and film

boiling regimes in their reflooding test with a heated rod. Their data

are shown in Fig. 2.3. There is a sharp minimum film boiling temperature,

which increases with increasing inlet subcooling.

Chen et al. [1978] also found that the PD0 heat flux increased
with inlet subcooling (Fig. 2.4). However, the difference during film

boiling was found to be relatively small.

11.2.3 Effect of Depressurizationi

The effect of depressurization is a combined effect of change in
pressure and subcooling* In the two blowdown studies (Farman [1972] and
Morgan et al. [1972]), the PD0 heat transfer coefficients were found to

be significantly higher than those at steady-state.
|

j Farman [1972] measured post-CHF heat transfer coefficients during
.

i a blowdown test in a tubular geometry. The system was depressurized
while the flow rate was kept at an approximately constant value. Ile
found that the transition and film boiling heat transfer coefficients
were higher than those at steady-state conditions. No explanation for

*1f the coolant is at saturation temperature, depressurization will
result in flashing.
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the increase was given. In this author's opinion, this is probably due to

the higher vapor generation rate and higher turbulence as a result of

flashing.

Morgan et al. [1972] carried out blowdown tests with a 9-rod

bundle. They compared the measured wall temperatures with those predicted
by a computer code (CRAFT) and f ound that the best agreement was obtained

by using a film boiling heat transfer coefficient about twenty times larger

than those predicted by the steady-state correlation of Quinn [1966].

They suggested that the heat transfer process early in the blowdown phase

was dominated by a high degree of turbulence generated by bulk nucleation

rather than by a flow-dominated, boundary-layer phenomenon such as film
boiling.

II.2.4 Effect of Flow Rate

The effect of flow rate is coupled with the effect of subcooling.

At higher flow rates, the convective component of the heat transfer will

increase. Also the local subcooling at a fixed location will decrease

with increasing mass flux, resulting in a further improvement in heat

transfer. However, during a transient, the heat transfer process might be

dominated by the turbulence level. ;

1
'

In most of the teste, only the quench time was reported. It is

therefore not straightforward to deduce the effect of flow rate on the

heat transfer coefficients. Riedle & Winkler (1972] reported that the

heat transfer coefficient in the transition and film boiling regions in

their tests with a 340-rod simulated bundle assembly did not depend

strongly on the flooding rate. Chen et al. [1978] found that, during

reflooding of a heated tube, the critical heat flux and surface heat flux

in the transition and film boiling regions increased slightly with mass

flux (Fig. 2.5). Comparing Figs. 2.4 and 2.5, it seems that the effect of
mass flux (in the range tested) is less than that of subcooling. |

l

in the PWR-FLECilT program, some tests were carried out at stepwise
]

variable flooding rates. It was found that, with a step reduction in flow

rate as shown in the insert of Fig. 2.6, the variable flow heat transfer

coefficient was between the 6 and 10 in./s curve during the high flow part

,

_ _ _ _ _ _ _ _ _ _ _ _ . _ _
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of the run. For the later low flow part of the run, the heat transfer

coefficient of the variable flow runs agreed with those of the

comparabic 1 in./s constant flow runs when the time coordinate was shifted
as stipulated by Cadek et al. [1971]. However, as can be seen in Fig. 2.6,
there was a lag between the time of flow reduction and that of attainment
of heat transfer corresponding to the lower flow. In this author's opinion,

the lag is probably due to the use of time instead of wall temperature as
the independent variable.

Farman [1972] carried out some blowdown tests in tubes with a
flow decay rate ranging from 0.34 to 1.55 Mg*m 2 g_2 He noted that ne

significant effect on the relationship between the predicted and measured
heat transfer coefficients was incurred because of flow decay.

Flow oscillations observed in the FLECHT-SET A tests (Blaisdell

et al. [1973]) and the annular tests of Martini & Premoli [1972] and White &
Duffey [1974] had been found to enhance the heat transfer coefficient.
The origin of these oscillations had been traced back to the intense
vapor generation downstream of the quench front, and to the onset of

slug flow.

11.2.5 Effect of Initial Wall Temperature

Lauer & Hufschmidt [1977] found that the initial wall temperature
generally did not affect the quenching boiling curve unless the initial
wall temperature was lower than the rewetting temperature. It can be seen

in Fig. 2.7 that the boiling curve corresponding to an initial wall
temperature of 314*C is shifted to lower wall superheat, while others at
higher initial temperature are not significantly different from each other.
This suggests that if sufficient time is allowed for the transient hydro-
dynamic forces (e.g. due to the injection of coolant) to die down in the
film boiling rugion, then no effect will be felt in the transition boiling
region.

. _ _ _ _ _ _ _ _ _ _ - _ _ _ . . - _ _ _ _ . _
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Fig. 2.8 shows the effect of initial wall temperature in the

reflooding test of a heated tube of Chen et al. [1978). Here a strong

effect of initial wall temperature can be seen. However, the boiling

curves corresponding to initial wall temperatures of 650*C and 750*C
coincide with each other. This seems to agree with the observations of

Lauer & Hufschmidt that, at sufficiently high initial wall temperature,

there was no significant difference in the boiling curve.
l

11.2.6 Effect of Power Level

In all of the transient PD0 experiments the power was either kept

constant (including zero) or programmed to decay. In the 21-rod simulated

bundle assemblies tests of Campanile & Pozzi [1972], the PD0 heat transfer
coefficient was found to increase with power level.

Siemens et al. [1973] also reported that, at low flow (8.64 :m/s),j

the average PD0 heat transfer coefficient downstream of the one-third

elevation of their tubular test section improved with higher power level..

Chen et al. [1978] observed that the major difference caused by
[
'

the power input during the reflooding process was the shift of the boiling

i curve to higher temperature, as shown in Fig. 2.9. The shift was thought

to be due to the power generation rate but not to the change in . local sub-

cooling because, as can be evidenced from Fig. 2.4, the influence of sub-

cooling on the nucleate boiling region was negligibly small.

In some of the PWR-FLECHT tests, Cadek et al. [1971) investigated
,

| the effect of different power generation rate on the heat transfer coef-

ficient. Their results were plotted against time after flood (Fig. 2.10).

It cannot be deduced from this figure alone whether the boiling curves

|
(heat flux vs. wall temperature) are different. At higher peak power, we

| would expect that the wall temperature also increases. This will tend to
1

bring the curves shown in Fig. 2.10 closer to each other, if they are

plotted against wall temperature.

The effect of power decay rate was also studied in the PWR-FLECHT

tests. It was found that, with exponential decay rates differing in

time constants by a factor of 2, no measurable effect on the heat transfer

was observed. Cadek et al. inferred from this that the vapor generation

rate was not significantly affected by the power decay rate.

. - _ _ _ _ - _ _ _ _
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11.2,7 Effect of Flow Blockage

A comparison of the findings of several studies on the effect of
flow blockage during reflood is given by Lee (1977). A typical set of

data from the PWR-FLECHT program is shown in Fig. 2.11. It can be seen

that the flow blockage simulated by flat plates resulted in higher heat

transfer at the 1 in. downstream location from the blockage. Contrary to

this observation, Davis' [1971] data show that, at 0.5 in. downstream, no

flow blockage gave the best heat transfer, while a sleeve blockage
resulted in a worse heat transfer than a flat plate blockage (Fig. 2.12).

In the FLECHT tests, the positive ef fect of flow blockage on heat transfer
extended as far as two feet upstream and four feet downstream of the
blockage location, whereae in Davis' tests, the negative effect became
unnoticeable beyond 5.5 - 10.5 in. downstream.

The Lmprovement in heat transfer in the FLECHT test is attributed
to droplet atomization and increased turbulence. The discrepancies
between the PWR-FLECHT and Davis' data were thought to be due to the '

,

' differences in bundle geometry and operating conditions. Lee [1977)
concluded that Davis' experiment was not a representative simulation of a

| low velocity reflooding.
,

II.3 PREDICTION METHODS
,

|

Two approaches are currently being taken to predict the post-CHF
boiling heat transfer during blowdown and reflood. The first is the
global parameter approach in which empirical correlations derived from
data obtained in simulated bundle tests are used. Invariably, the corre-

lation based on FLECHT data has been used in the U.S. due to licensing
l requirements. The other approach is the so-called " instantaneous local

conditions hypothesis" in which the local conditions are calculated by a
loop code and then the heat transf er correlations are chosen accordingly.
The correlations used are generally derived from single channel data
obtained in steady-state experiments. Table 11.2 summarizes the
approaches taken by different authors.

___-_ - - _ _ _
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TABLE 11.2s PREDICT *0N METHODS FOR TRANSIENT POST-CHF HEAT TRANSFER

Reference C rrelations Comments
T i t

Hau Blowdown Por low flow Applicable to both

(1977]
h = (1- u)[hmod.Bromley + hLLau.T5) + a h

transition and
steam film boiling; see

reference for
k* p 0.25

2n/g([go
*

- 1#(p - o )hU
Btv=h 8ft 3.*F-8 flow rate; units

g g definition of low

cfh = 62ood.Bromley 1, p y 9,
g, _ g s

,
are British
Engineering

bisu.Tb = 14 56 P .M8 exp( - 0.003758 P * LT,) bt u' h* \f L* '.*F- 8
0

h = man h ' all evaluated withRo h W o1
h steam properties at

For high flow
, natural cone , saturatian temperature

q" = q"g F + q'g (1 - F ) (Chen 1977)g

Bjornard & Blowdown .T,ransition boilina Used in computer
Griffith 4 (g . f }q code "BELST"

ha.fakBF
a n

(1977) min

-T
W ain

,

CHF ' min,

his_ Boiling o is void
#(a) For high flow use modified Croeneveld correlation:

,y,g , ,,

h=0.052EfGDeI
k 0.686 drift flux

l -1.06Pr .26 y model
D'hg"dfe (see reference)

W

'O. 4

[c 1 (1- x)0 'Y = 1 - 0.1
.s

if p < l.38 MPa use modified Dittus-Boelter
k G De K

Pr .4oh = 0.023 1
De [g dim I

(b) For low flow

h = (1 - 3) h +ah (Hsu's recommendation)

McAdams corr. for turbulent natural convectionh = man ofcony h from (a)

Solbris 6 Reflood Tra ns it ion Used in computer
bhumway code "RELAP4"

3[1976j CKF - t 576/p730 e (McDonough et al.)i .y =

w CHF

(heat flux in stu h*84t-#. T in *F and P in psia)a

91 1 *

Low flow and high quality: Modified Bromley
High flow and high quality: Groeneveld

.

.
.

. . . .
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k
TABLE 11.2: PREDICTION METHODS FOR TRANS11;NT POST-CttF HEAT TRANSFER (Cont'd)

Conments
Ref erence C rrelati na

T i e

Deed in computer
Criffith 6 Reflood Transition

code "REFLU1"
Kirchner

(1976) Log-log interpolation between CHF 6 mistimum film boiling temperature

F 1,.}p

(a) Inverted Annulus
Modif ied bromley

(b) Dispersed Flow

2-ster model of Laverty & Forslund

bestinshouse, Reflood correlations derived from FWR-FLECHT data t.mpirical corre-

lation used forbabcock 6
W11 con, licensing purpose

Combustion
Engineering,

Acr oj e t
Nuclear Co.

._

hhuC Bellood Transition boiling Used in computer

(Goldmuld code "C1.ADFLOOD"
0.25(19721) g,33 , ,,

12u 6T L a
g a

(modified f.111on)

Film boil 1_ng

D it t u s-&oelt e r

CISE Reflood Film Sciling Transition
boiling ignoredi(Martini 6 (a) Annular usea in computerPremoll

(19721) h = h, + brad
*

1. L. + __L
ho f ,

h - Dittus-Boelterconv

kC
h = 7.72 (h in W/ca'*C, k in W/ce*C and G in g/ce's)"

g
(G K)0 72

(b) Dispersed flow

* h ,,y
+ h rad

h ~ Dittus-Boelter modified on the basis of CISE d,..conv

Hsu Reflood Tr_ansition 6 inverted Annular Film boiling
[1977)

Same as in blowdown phase

Disperled F1cw Film Boilina

' steam Y''
entrainment

q" = h, (T, - T

s,,e,, = mas %ttus-.eetter
kohsenow-Chet

I # Y
steam entrainment

n

steam (7 , - T ) + grad, wall-to-dropS *W g

+q
rad, wall-to-vapor
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11.4 DISCUSSION

There has been very little effort to incorporate the effect of

transient in post-dryout heat transfer coefficient. During a transient,

the heat transfer mechanism is probably dominated by the turbulence level
rather than by the boundary layer phenomenon. Evidences reviewed in this
report suggest that significant improvement in heat transfer will occur
during depressurization and flow oscillation. Therefore, we can expect
that correlations based on steady-state data will tend to underestimate

the heat transfer coefficient, resulting in an overconservatism in the

safety analysis of reactors.

Empirical correlations such as the one based on the P'a*R-FLECHT
data have only been correlated by the system parameters, due to a lack
of information on the local conditions. As such, they have a very limited

range of applicability.

1
'

Most of the single-channel experiments have been concentrated on
| the measurement of the rewetting rate. Future experiments should consider

the measurement of local conditions and the heat transfer coefficients,
t

|

|

|

_ _ .
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NOMENCLATURE j

CliF Critical heat flux

Cp Specific heat
De Hydraulic equivalent diameter, tube diameter
g Acceleration due to gravity

g Conversion factor
G Mass flux

h Enthalpy, heat transfer coefficient

i Enthalpy

k Thermal conductivity

L Length

Nu Nuseelt number (h D/k)
P Pressure

Pr Prandtl number (p Cp/k)
q" Surface heat flux

Re Reyncids number

t i.'me ; thickness

T .emperarire

U Velocity

V Veloci ;,y
f

v Velocity component of wavy interface normal to solid surface
X Q2ality

Y Miropol'skiy two-phase flow factor

Z Axial coordinate

!

Greek

a Void fraction

o Thermal diffusivity of liquidg

4 Surface heat flux
6 Droplet diameter, fracticn of wet wall area

p Dynamic viscosity

V Kinematic viscosity

p Density

a Surface tension

- - _ - . _ _ _ _ - _ _ _ - - _ - -
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l
AH Local subcooling, h - h

g

AT Local subcooling, T - T
g

Subscripts

a Actual value

CHF Critical heat flux

conv Convection

e Equilibrium value

f Film temperature, (average of wall and bulk temperature)
fg Difference between saturated vapor and saturated liquid value

hom Homogeneous

g Saturated vapor

i Initial

in Inlet

i Liquid

max Maximum

min Minimum

rad Radiation

s Saturation value

sub Subcooling

v Vapor

va Actual vapor conditions

w Heated wall

Abbreviations

] CHF Critical heat flux

DNB Departure from nucleate boiling

FB Film boiling

TB Transition boiling

DO Dryout

PD0 Post dryout

i
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APPENDIX 1

POST-CHF HEAT TRANSFER UNDER FORCED CONVECTIVE CONDITIONS

(A previous review which includes tables of steady-state
post-CHF data)
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ABSTRACT

This paper reviews the published information on transition boiling and film boiling
heat transfer under forced convective conditions. Transition bc,iling data were found to
be available only within limited ranges of conditions. The data did not permit the deriva-
tion of a correlation; however the parametric trends were isolated from these data.

A larger number of neat transfer experiments have been carried out in the liquid defi-
cient regime. Most studies were concerned only with simple geometries (tubes, annuti)
but recently the post-dryout behavior of reactor fuel bundles have also been studied. Pre-
diction methods in the liquid deficient regime for simple geometries were ,ound ta be
fairly reliable, especially for simple geometries at high flows and high pressures.

Littk information on heat transfer in the inverted annular flow regime was found to
be available; some data and correlations were available from cryogenic studies; extrapola-
tion to reactor conditions is questionable. Data from trcnsient studies are also considered
and recommendations for prediction methods are made.

NGMENCLATURE

A Constant

B Constant

C Constant

CHF Critical heat flux

C, Specific heat

De Hydraulic equivalent diameter, tube diameter
i
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f Friction factor

g Acceleration due to gravity

ge Conversion factor

G Mass flux

EO0[Gr Grashof number
'V .

h Enthalpy

h Heat transfer coefficient

k Therma | conductivity

L Length

Nu Nusselt number (h D/K)

P Pressure

Pr Prandtl number (y Cp/K)

O Surface heat flux

R Gas constant

5 Slip ratio, suppression factor

T Temperature

U Velocity

X Quality 1

Z Axial coordinate

a Void fraction i

$ Thermal expansion coefficient

7 Ratio of specific heats

G Surface heat flux

6 Droplet diameter

e Roughness height, eddy diffusivity, emissivity
'

v Kinematic viscosity

y Dynamic viscosity

r Shear

p Density

a Surface tension

AH Local subcooling, h, - h

AT Local subcooling, T, - T
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Subscripts

a Actual value

b Bubble, bulk, boiling

c Critical (thermohydraulic), convection

CHF Critical f. eat flux

e Equilibrium value

f Film temperature, (average of wall and bulk temperature)

fg Difference between saturated vapor and saturated liquid value

hosn Homogeneous

g Saturated vapor

i inside, inlet

f Liquid

m Maximum

max Maximum

min Minimum

o Outside, outlet

rad Radiation

s Saturation value

sub Subcooling

v Vapor

va Actual vapor conditions

vc Equilibrium vapor conditions

w Heated wall

A

Abbreviations

CHF Critical heat flux

DNB Departure from nucleate boiling

FB Film boiling

TB Transition boiling

DO Dryout

PDO Post Dryout

:
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INTRODUCTION

Fuel sheath temperatures in water cooled nuclear reactors are usually near the satura-
tion temperature of water. During an accidental increase in pow er or decreases in flow
and pressure, however, deterioration in heat transfer can occur when the surface temper-
ature increases to such a high level that the heated surface temperature can no longer sup-
port continuous liquid contact.This phenomenon is usually referred to as the boiling
crisis * and the corresponding heat flux as the critical heat flux or CHF. The boiling crisis
is characterized either by a sudden rise in surface temperature, caused by the heated sur-
face being covered by a stable vapor film (film boiling), or by small surface temperature
spikes, corresponding to the appearance and disappea.ance of dry patches (transition
boiling).

Due to the poor heat transport properties of the vapor, high heated surface temper-
atures are of ten encountered in the post-CHF er post-dryout region. Although nuclear re-
actors normally operate under conditions where dr'/out does not occur, accidents can be
postulated where dryout occurrence is possible. The most serious of the postulated acci-
dents is thought to be the loss-of-coolant accident (LOCA) caused by a rupture in the
primary coolant system. Accurate prediction of the consequences of a LOCA requires
presise calculation of fuel <oolant heat transfer during (1) the biowdown phase (when
the fuel channel is voided), and (2) the subsequent emergency < ore-cooling (ECC) phase.

Heat transfer regimes, encountered auring a LOCA or any other incident where the
fuel dries out, depend on the fuel sheath temperature. The boiling curve (fig.1) illus-
trates this dependence. In general, the heated surface is wetted intermittently in the transi-
tion boiling region while in the film boiling region the heated surface is covered by a sta-
ble vapor blanket.
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FIG. I. BOILING CURVE

*Other terms frequently used to denote the boiling crisis: "dryout"," burnout"and " departure from
nucleate boiling (DNB)."
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Due to the scarcity of transition boiling data and the high inaccuracies associated with
the available data, proposed transition boiling correlations are not considered reliable and |

icannot be extrapolated outside the range of data on which they are based. Instead,in a
LOCA analysis it is usually assumed that, when the critical heat flux is exceeded, the heat
transfer mode will change from the very efficient nucleate boiling mode directly to the in-
efficient film boiling mode (fig.1). This assumption ignores the contribution of the inter-
mediate transition boiling mode which is present due to the thermal inertia of the fuel.
Also,in analyzing the thermal behavior of a hot surface which is being rewetted (such as
may occur during emergency core cooling of a nuclear reactor) it is of ten assumed that
film boiling is followed immediately by nucleate boiling, again ignoring the transition
boiling heat transfer mode. In both cases, the assumption that film boiling rather than
transition boiling occurs will result in an over-prediction of the calculated sheath tem-
perature.

The post CHF sheath temperature can be predicted from empirical correlations or
from theoretical models. Sir ce the theoretical rtodels are rather complex and the physi-
cal mechanisms on which they are based are not yet fully understood, predictions are
usually based on empirical correlations.

In this paper various physical mechanisms governing post-CHF heat transfer are dis-
cussed. A survey of experimental studies and prediction methods is also presented for
each of the post-CHF regimes. Finally, our current knowledge of post-CHF heat transfer
is discussed and recommendations are made for tentative prediction metheds and for
areas requiring further experimentation.

PHYSICAL MECH ANISMS

Forced Convective Transition Boiling

As the name implies, transition boiling is an intermediate boiling region. Berenson |1]
has provided a concise description of the transition boiling mechanism: Transition boiling
is a combination of unstable film boiling and unstable nucleate boiling alternately exist-
ing at any given location on a heating surface. The variation in heat transfer rate with
temperature is primarily a result of a change in the fraction of time each boiling regime
erists at a given location.

The transition boiling section of the boiling curve is bounded by the critical heat flux
at D and the minimum heat flux at E. The critical heat flux has been extensively studied
and can be predicted by a variety of correlations. The minimum heat flux has undergone
less study;it is known to be affected by flow, pressure, surface properties, fluid proper-
ties and heated surface parameters,

in pool boiling or low flow boiling systems the boiling crisis is rcached when the flow
of vapor leaving the heated surface is so large that it prevents a sufficient amount of liquid
from reaching the surface to maintain the heated surface in the wet condition. The phe-
nomenon that limits the inflow of liquid is the Helmholts instability which occurs when
a counterflow of vapor and liquid becomes unstable. Zuber |2| and Kutateladze 13] have
derived equations for the CHF based on the Helmholtz instability theory; their predic-
tions agree with CHF values measured in pool boiling syste ns. At surface temperatures in
excess of the boiling crisis temperature, the heated surface will be partially covered with
unstable vapor patches (varying with space and time). The formation of such dry patches
will be accompanied by a drastic reduction in heat transfer coefficient; the corresponding
reduction in local vapor generation will permit the liquid to momentarily rewet the heat-
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..
. - __ - - _

76

ed surface. Liquid contact with the heated surface will be frequent at low wall superheats
but becomes less frequent at high wall superheats (Ruckenstein [4]). Bankoff [Sj and
Stock [6] have shown that liquid solid contact is of very short duration at high wall super-
heats: an explosive formation of vapor occurred when the liquid contacted the heated
surface; the subsequent vapor thrust forced the liquid away from the surface *. There is
no agreement in the literature regarding the question of liquid 4olid contact near the mini-
mum of the boiling curve. Hesse [8] and Stock [6] believed that the vapor film, which
may be in violent motion, will be maintained at wall superheats less than ATmin while
Berenson [9] and Ruckenstein [4] believed that liquid 4olid contact will occur up to

ATmin.
In forced convective boiling the critical heat flux is no longer controlled by Helmholtz

instability. Instead the boiling crisis is due to an agglomeration of bubble nucleation sites
(Collier [10], high subcooling), bubble clouding (Tong [11], slight subcooling or low
quality) or film depletion (Hewitt [12], annular dispersed flow). Ellion [13] studied
forced convective transition boiling in subcooled water and observed frequent replacc-
ment of vapor patches by liquid. Although this may seem similar to transition pool boil-
ing as described above, the introduction of the convective component willimprove the
film boiling component by reducing the vapor film thickness and changing the heat trans-
fer mode, whether dry or wet, from free convection to forced convection. This will result
in an increase in emin and might also increase ATmin (if ATminis hydrodynamically

controlled).
In the high quality region most of the heat transferred during transition boiling will be

due to droplet wall interaction, initially, at surface temperatures just in excess of the boil-
ing crisis temperature, a significant fraction of the droplets will deposit on the heated sur-
face but at higher wall superheats the vapor repulsion forces would become significant in
repelling most of the droplets before they can contact the heated surface.The repelled
droplets will contribute to the heat transfer by disturbing the boundary layer sufficiently
to enhance the heat transfer to the vapor. The heat transferred to the droplets was found
to depend on droplet size (Wachters [14], droplet impact velocity (Pedersen [15]), im-

7

| pact angle (McGinnis [16)) and surface roughness (Wachters [14]).These variables also
affect the minimum heat flux and corresponding surface temperature.

Minimum Film Boiling Temperature

Rewetting commences at the minimum film boiling temperature and, as a rule, rapidly
proceeds until nucleate boiling is established at a much lower wall temperature. Predicting
the minimum temperature as a function of the system parameters is thus very important
since heat transfer coefficients on either side of the minimum film boiling temperature
can differ by two orders of magnitude. Generally, the minimum film boiling temperature

i

I is defined as the temperature at the minimum heat flux.

l Two theories have been proposed for the mechanism responsible for initiating transi-

tion boiling (or partial rewetting). One theory says that the minimum temperature is a
thermodynamic property of the fluid (i.e. maximum liquid temperature) and thus is pri-
marily a function of pressure. The other theory suggests that rewetting commences due
to hydrodynamic instabilities which depend on the velocities, densities, and viscosities of
both phases as well as the surface tension at the liquid-vapor interface. During fast transi-

'Westwater {7 j did not believe that liquid 4olid contact occurred in transition boiling;he did observe
explosive formation of vapor when the liquid approached the heated surface.
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tions, where insufficient time is available to fully develop the hydrodynamic forces, re-
wetting is expected to be thermodynamica!!y controlled while for low flows and low pres-
sures, where sufficient time is available and the volumetric expansi.on of the fluid near
the wall is large, rewetting is more likely to be hydrodynamically controlled. Once re-
wetting has occurred locally, the rewetting front can then propagate at a rate which is
primarily controlled by axial conduction (e.g. Thompson [17]). Both theories can be
modified to include the thermal properties of the surface.

There is no general consensus on the ef fect of the various system parameters on the
minimum film boiling temperature urider forced convective conditions. These effects are
included in correlations for the minimum temperature which have been tabulated by

Gardiner and Groeneveld [18] .

Film Boiling

General. During film boiling the heated surface is cooled by radiation, forced convection
to the vapor and by interaction of the liquid and the heated surface. The vapor can be-
come highly superheated;its temperature is controlled both by wall-vrpor and vapor-
liquid heat exchacge. The liquid is thought to be in the form of;

(a) a dispersed spray of droplets, usually encountered at void fractions ;n excess of
80%.The corresponding flow regime is often referred to as the liquid-def'cient regime as
insufficient liquid is available to maintain a wet wall (figure 2a),

(b) a continuous liquid core (surrounded by a vapor annulus which may contain en-
trained droplets) usually encountered at void fractions below 30%.The corresponding
flow regime is sometimes referred to as the inverted annular flow regime (figure 2b).

(c) a transitior, between the above two cases, usually in the form of slug flow (fig. 2c).
Of the above pos.-dryout regimes, the liquid-deficient regime is most commonly en-
countered and has been well studied. Its post dryout temperature is moderate while for
flow regimes (b) ar d (c) the boiling crisis frequently results in a failure of the heated
surface.

Liquid Deficient Regime. In the liquid deficient regime the vapor temperature is con-
trolled by wall vapor and vapor droplet heat exchange. Due to the low superheat of the
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FIG.2. FLOW REGIMES DURING FILM BOILING. (a) LfQUID DEFICIENT FLOW REGIME,
(b) INVERTED ANNULAR FLOW REGIME, AND (c) SLUG FLOW REGIME
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vapor near the dryout location or rewetting front the vapor droplet heat exchange is
'

small and most of the heat transferred from the wall is used for superheating the vapor.
At distances further downstream, however, an " equilibrium" vapor superheat can be
reached,i.e. the amount of heat transferred from the wall to the vapor may approxi-
mately balance the amount of heat absorbed by the droplets (from the vapor) and used
for evaporation of the droplets.

Near a heated surface the heat exchange between vapor and droplets is enhanced due
to the temperature in the thermal boundary layer being well above that of the vapor core
(Cumo [19]), if the temperature of the heated surface is below the minimum temperature,
some wetting of the wall may occur resulting in an appreciable fraction of the droplets be-

j ing evaporated (Wachters [14]). At temperatures above the minimum temperature only
' dry collisions can take place (collisions where a vapor blankct is always present between

surface and droplet). Little heat transfer takes place to small droplets which resist de-
formation and bounce back soon following a dry collision (Wachiers [14), Bennett [20]).
However the dry collisions disturb the boundary layer thus improvirq the wall-vapor heat
transfer. Larger droplets are much more deformable and tend to spread considerably thus
improv'ng both the wall vapor and vapor oroplet heat exchange (Cumo [19), Wachters
[14]).This spreading may lead to a breakup intt, many smaller droplets if the impact !

velocity is sufficiently high (McGinnis [16} }. The vapor film thkkness separating the
stagnated droplets from the heated surface is difficult to estimate but must be greater
than the mean free path of the vapor molecules in order to physically separate the liquid

from the heated surface.
Attempts to evaluate the direct heat flux to the droplets due to interaction with the

heated surface have resulted in the postulation of many simplifying assumptions, e.g.
Bailey [21), Groeneveld [22} , Plummer |23] . These assumptions may be questionable
when applied to liquid deficient cooling. However, due to lack of direct measurement of
droplet wall interaction during forced-convective post-dryout conditions no other ap-
proach can be taken.

Inverted Annu/ar Dow. In the inverted annular flow regime few entrained droplets are
present as the bulk of the liquid is in the form of a continuous liquid core which may i

contain entrained bubbles. At dryout the continuous liquid core becomes separated from
the wall by a low viscosity vapor layer which can accommodate steep velocity gradients.
However, the velocity distribution across the liquid core is fairly uniform. Once a stable
vapor blanket has formed, the heat is transferred from the wall to the vapor and subse-
quently from the vapor to the wavy liquid core. Heat transfn across the wavy vapor-
liquid interface takes place by forced convective evaporation. This mode of heat transfer
is much more efficient than the single phase convective heat transfer between smooth
wall and vapor;hence it is assumed that the bulk of the vapor is at or close to the liquid

|
core temperature (i.e. saturation temperature). The low-viscosity, low density vapor flow
experiences a higher acceleration than the dense core flow. This results in an increased
velocity differential across the interface (which may lead to liquid entrainment from the
wavy interface). It may also lead to more interaction of the liquid core with the heated
surface through dry collisions and will increase the turbulence level in the vapor annulus.

| The resulting increase in wall-vapor and wall core heat transfer will lower the wall temper-
ature;if the wall temperature drops below the minimum film boiling temperature re-
wetting may occur. Rewetting can also occur at higher temperatures if it is caused by a
propagating rewetting front (Thompson [17]).

_ _ _ _ _ _ _ _ _ _ _ _ _ - _ . .. . . - _ _ _ _ _
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Slug Flow film Boi/ing. Slug flow filra boiling is usually encountered at low flows and
void fractions which are too high to support inverted annular film boiling but too low to
support dispersed flow film boi:ing. In tubes,it is formed just downstream of the inverted
annular flow region when the liquid core breaks up into slugs of liquid in an otherwise i

vapor matrix.The prediction of the occurrence of slug flow in position and tim. during |

bottom flooding ECC is important because considerable downstream cooling is obtained
from the resulting dispersed flow long before the quench front or collapsed liquid front
arrives.

Severai theories for the breakup of inverted annular flow into slug flow have been pro-
posed. Data of Chi [24j suggw. ta t the liquid core will break up into slugs which are
equal in length to the most unstable wavelength of interfacial waves. Subcooling tends to
stabilize the liquid-vapor interface, and thus inhibits the formation of slug flow. Smith
[25] measured the location of slug flow as the point of minimum heat transfer coefficient
in the film bailing region, in doing so, he is suggesting that the core is broken up by the
hydrodynamic forces of the vapor on the liquid. If the vapor velocity is high enough to
break up the liquid core then it is also high enough to considerably improve the heat
transfer coefficient. Kalinin [26) observed another possible mechanism for the onset of
slug flow in their transient tests. Immediately after the introduction of liquid to thek test
section, the sudden increase in vapor volume due to vapor generation at the leading edge
of the liquid caused a back pressure which decelerated the flow. The higher pressure and
lower flow rate caused a decrease in vaporization and the flow surges forward. This cycle
was repetitive with a liquid slug separating from the liquid cere with each cycle.

FORCED CONVECTIVE TR ANSITION BOILING

Experimental Studies

The most widely used system in forced convective boiling studies is a heat (Nx con-
trolled system where the heat output of an electrically heated element is increased gradu-
ally. Such a system however does not permit the measurement of transition boiling data
except at high flows and high vapor qualities (Fung |27j ). Instead, a variety of temper-
ature controlled systems have been used in transition boiling studies.

The earliest reported forced convective transition boiling study (Ellion [13|) utilized a
2.5 cm OD annulus, centrally heated by an electrical tubular heater and cooled internally
by a stabilizing fluid to avoid dryout temperature excursions. Although this technique is
potentially very promising, the choice of stabilizing fluids which have sufficiently high
heat transport properties is limited. The samc is true for systems where the heat is sup-
plied directly by circulating fluids. Both McDonough |28) and Ramu [29) used such sys-
tems using liquid metals. Peterson (30| used a more novel approach: in his forced convec-
tive study, heat was supplied by an electrically heated platinum wire whose temperature
was controlled by electronic feedback. More recently, transition boiling data have been
derived from temperature-time transients during quenching of high thermal inertia test
sections. Iloeje [31] obtained transition boiling data for water at high pressure from a
thick inconel test section while Cheng [32|, Newbold [33] and Fung [341 have done so
for atmospheric pressure using a thick short copper test sectiori. Newbold |33] and Fung
[34) indicated that some axial conduction was present in their test section due to rewet-
ting being initiated at the inlet and/or outlet of their test section. To eliminate this,
Newbold installed guard heaters on both sides of their test section.

A search of the literature produced only nine studies dealing with forced convective

_ _ _ _ _ _ __ _ _ _ - -
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transition boiling. Table 1 summarizes the studies; they all suffer from serious shortcom-
ings and cover only narrow ranges of conditions.The data are not considered sufficiently
accurate and plentiful to serve as a basis of deriving a correlation. The parametric trends
have been deduced from the data (Groeneveld (41]). In general, an increase in mass flux

increases the transition boiling heat flux and shif ts the wall superheat at the minimum
heat flux to higher temperatures. The effect of an increase in subcooling is similar but the
effect of quality is less clear: it is expected that at low wall superheats an increase in qual-
ity will have a negative effect on the transition boiling heat flux while at hisher wall super-
heats the reverse is true.

Table 1: Transition Bollitig Data of Water in a Forced Convective $y stem

|
' RANGE OF DATA

~

CEOMETRY REFEEENCE #
F Gi 10' 44 3D Subcooling

(*C) or
_ Mrs k p ''s a gy,,-2 gn,33,,

Aanalus E11 ton 113) C.110-0.413 0. 3 3- a . 49 1.47-1.96 2P-56'C 4 - controlled sistem
0.t4 cm ID with stabilizing

6.35 ch OD fluid. I.h = 7.62 re

Tube McDonough 5.51 0.27-2.04 0.32-3.78 subcooled haK used as heat ing

De = et al. [28] 8.27 end low fluid. 7, interred

0.386 cm 13.76 quality from heat transfer
corr'n for MaK. Data
no longer available.

Annulus Feterson 0.101 0.64-1.9) 0.41-1.99 * saturated Heat fluz controlled
0.013 cm ID [30] by electronic feed-

1.21 cm 0D back, 1.n = 5.08 cm

Tube Flunsaer [231 6.89 0.07-0.34 0.06-0.27 X = 0. 30 - Transient test

De = 1.00 1.H = 10.16 cm
1.25 cm

Annulua komu 6 Hg used he heating
1.37 cm ID Weise.an 129] 0.112-0.206 0.02-0.05 0.03-0.26 K=0- fluid. K not

0.500 reported. Limited2.54 cm OD
range in Tw

kod wentinFhouse 0.103-0.620 0.05-0.25 0.01-0.27 0-78'c Transient test.

Bundles F1.LMIT tT r X unknown.
sub

De = Cadec k e L
1.27 cm al. [64)

Tube Cheng & Ng D 103 0.19 0.016-0.158 0-26*C Transient 6 steady

De = [32) state test, high

1. 27 c.m ir.e r t i a , Copper
Llock,1H = 10.16 cm

Tube Fung [34) 0.101 0.M 8-1,35 0.008-1.89 0-76*C similar tests to

De = 1. 2 7 cm Cheng 6 Ng [32]

Tube NewbcAd et 0.303 0.016-1.25 0.016-0.940 0-60*C Similar tests to

De = 1.21 cm al. [33] Cheng & Ng [32) how-
ever guard beaters
were employed to
redure axial
c onduc t ion

_ _ _ _ _ _ . _ _ _ _ _ . . _ . . _ _ . _ _ _ _ _ _ . _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___
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Prediction Methods

Despite the scarcity of transition boiling data, a large number of correlations have been
proposed (Table 2). They may be divided into three groups:

.

(i) Correlations containing boiling and convective components, e.g. Ramu [36|,
Mattson 137) and Tong |38] . These correlations usually have the form

h = A exp (-bot,) + h D
a Re Pr'

De v v

where the first term represe.'ts the boiling component (which becomes insignificant
at high wall superheats) and the second term represents the convective component.
The correlations are usually claimed to be valid both in the transition boiling and
film boiling region.

(ii) Phenomenological correlations e.g. Iloeic (39| : Tong and Young [40| . These cor-
relations are based on a physical model of heat transfer in the transition boiling
region. Because of an inadequate physical understanding they still contain many
empirical constants.

(iii) Empirical correlations e.g. Ellion [13), Berenson [9] and McDonough |28]. These
correlations all have a very simple form and generally cannot be extrapolated out-
side the range of data on which they are based. Some of these correlations are based
on the conditions at the boiling crisis (CHF and TCHr).
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Table 2: Transition Boiling Correlations for Water

RANCB 0F AFPLICABILITT FOR WATER

E"#3
F G I 10' Subcooltag *C T GeometryUA " IE'IIEII

4-2 -2.. ,, e e er %.at, we >

Based es date obtelmed in
0

m AT* .6
- 0.110 = 0. )) - 20 - %"c Annulue steady atste teste with9 * 6. 562 m 10

0.613 1..t (1.72 ce) 7.5 en heated length and a
secondary stan111 stag fluidEllion (13)

I

|

I#I'' S.51 - 0.2 - 0 e.64 T - Tub. 30 e L/0 e, 62, a ..d on datefM * 7h gy
w CUF 13,79 2.04 to.18 cm) f rom a heat flus controlled5%

systes
skDonough |20}

'* Fool belltas serrelationi
e of a * -3 (Peterson (301)'T e * -1 (Groeneveld (6ll)[g, * T - eCitr

be eon tel
|

|
-

6.se 0. 3a - 221 - aeree. .ith deca f mn , ,, ,, .1000 e=,( - 0.00s af,)y S.n e sa 0.tna t65) e.d sennett \101|
, ,,, * #*'* *
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0.8

e
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Table 2: Transition BoHing Correlations for Water (cont'd)

RAER Of AFft2CA81Lif1704 MTl3
3

f T,t@eti 4il AMD REFIItuC13 F G e 10 Sances.fing * Geome t r y Ceeq3 art 1

GEP 6 43 D' s* ee 928Ilt9 I *C (Del

B di
t gt y. ..,I Af }

--'.g
g?B 3Cp G l-I

I - A'., e., tiu ,ei .:eec s.se o.61 - s. t - e. r Te 3-ei e, . d i.,et.ed
,. t i. ies mt t, .,4 ..

nI I
t.f t s(- - .47,. A u - .i 4 - u, i+

,

- ,0. .

I A} I d 11e 3.32) r.e e'1 + ( t - I ) 6, q t .IJI
ie e

nS a

af r &T li
o ! . if IIg.ib,,, * o g { t - a, - g.h JL. c

s

di 61 wee by

I $7
-

g,*- * 3. v. to '{s.,i . . 4, . o. gQ
,,n, , . . .

- 7 341g?g |
-

}
,et ,t a

. e 4erre t.t t e ...t . ..1 t.d es s.s eau se
ases41t Los heillag regism, tAete the 8irst

1ste 44tmet es .

A e seemet ric eavenster s can be esaleeted f ree date
st htsh es11 oggerheat see new qweitt y. there

the seceed tore dansaetse

l heele | }9)

'ee 64+a c.41 - e.2 1.s1 S.se < T.n. me..e deu er a st ( 20)
' "T 4 45 S.14 AT, 4 sad Eva et al . Ill) .

g l3'8Sf c a jg (v + $ #** ##'" *

HL d 1,'faN tA
e, e

13- 0.68 - D.15 - 1.10 5. 14 i AmmeLue & seeed en deu of
e'" a 6.02)(T -7j'N*'e | na * 5 (1-d ) i 9 61 4.21 1s tod bundle

Crocoeveld [731 Polos.in (6P1
*'*

$df)9.6] L
= * .e4 see.eu et t. ii i .( 1 n.

rea etter * 29.25

e

ih 3,
T

oa

10+|di[e- (1, - I laa
g

m = 1.0 f or Af, e 2WF or C/ict,y,,
1 = 44, C tc.11 e G/19 )

g 3

-- * C,(0.OS * G112*N
e

f ee 6/16' 5 0. 7 C e -0.14, C,* 4.49
3

9 5 i G/10 123 C * -0. 5 ' , C, e -0. 253

4 7 * C/10 * 9. 5 I and - ebtained 6, innear

e ast er pelat tan

- G Ell .S- .(AT ) I *
*

| I e
- 0;e * Lap t

gg

f
'.!

. dk ) s

Tag & vawns [40)

hat,' s,03 - r,)n , 3 e u., - c,)g

h = 0.62 | y, j 0.133 - 8.01 - 12 - 4) 100 red Correlaties based as PJJit!yg
2 0.620 0.23 da ss . Deeste, mens of b ,[ 47, b, j y

beted en Teo ket'a lasta4 kitty.

Rehtlees of & and 5 setse & emp t - 83T )
a pt-eted 69 tes sad serveLated

O. S $4 #F -- 2****s te and f ees I ta l .
,

*3 9 * IIII03e ). 733 e la

see 1621

__.. . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .. _



- _ _ _ _ _ _ _ _ .

84

l

Comparison of Data with Correlations
'

i

! A limited comparison of some of the correlations with th; data was carried out by

f
Groeneveld and Fung [41] and Fung [34j. In general, correlation of the low pressure
data was not unreasonable /f a Derenson type correlation was used (i.e. assuming CHF and

;

TcHr are known). A value of the exponent n between -1 and -2 seemed to give the best
fit to the data. A comparison of some of the correlations and the FLECHT data is present-
ed in figure 3. Hsu's (42] correlation is tentatively recommended as it is based on simu-
lated fuel bundle data and also agrees with the data of Ellion [13j.

INVERTED ANNULAR AND SLUG FLOW FILM BOILING

Experimental Studies

Most of the experiments in these flow regimes have been carried out on cryogenics and

refrigerants. Recently, because of the interest in LOCA h:at transfer, some of these
studies have also been carried out in water. Due to the high CHF in these flow regimes,
post-CHF temperatures are very high. Hence experimental data can unty be obtained in
temperature controlled systems (Smith [25j, Ellion 113) or from transient tests (Newbold
[33], Cheng [32), Fung [34j ).

Table 3 presents a summary of the studies carried out. As in transition boiling, the
data obtained in water are not considered reliable but have been used to derive the para-
metric trends (Gardiner [18|). As expected, the heat transfer coefficient increases with
mass flux because of the higher turbulence level and more intense liquid-wall interaction.
An increase in subcooling also improves the heat transfer, presumably due to a thinning
of the vapor film because of the subcooled liquid absorbing heat to the detriment of evap-
oration. The e'fect of wall superheat on the heat transfer coefficient was expected to be
insignificant. ewbold et al. [33j , Cheng and Ng [32) and Fung [34j , however, observed
a constant film boiling heat flux over a wide range of wall superheats (e.g. figure 4) which
implies a reduction in heat transfer coefficient with an increase in wall superheat.

Prediction Methods

Because of scarcity of water data at low qualities and subcooled conditions, most pro-
|

posed correlations are based on cryogenic or refrigerant film boiling data only. The corre-
| lations and their range of applicability are tabulated in Table 4. They may be subdivided

into:
(i) Correlations applicable to pool boiling and low mass velocities (e.g. Bromley |43),

Berenson [44), Andersen [45|). These correlations basically have the form:

p,(p g . p,)ig'[8k
h =A f(U,A) + h,2e

c
. p v A Tsai _

which was originally derived by Bromley [43J from Nusselt's classical analysis of
filmwise condensation. The latent heat i k is usually modified to include the vaporf

superheat while the velocity effect is included theoretically or empirically through
f(U,A) where A is either equal to the diameter, critical wavelength or the most un-
stable wavelength.

|

______-__________ _ - - - -



-_- ______ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _.

a

85

Table 3: Low Quality Film Bolling Experiments

AUTHORS CEOMETRT F1.0W CONDITIONS MAIN OBSERVATIONS

For U/r 3 < 1.0, h is independent of velocityBromley, LeRoy, Vertical flow N-hemane, CC14 e

and Robbers (75) over a horizontal benzene. ethyl g
cylinder alcohol were used, and f or U/v3 > 2.0, he is proportional to 11 .
0.D. - 9.8 am Mass flumes of 0 to

- 12.6 mm 6.56=103 kga-2,-1
- 16.2 em were t ested.

Murphy, Karmode, Hor 1: ental plate Hemane, benzene, Noted a moderate increase in the heat transfer
and Zahradnik and methanol were coef ficient with velocity.

[76] us ed . Mass fluzes
of 0.67= 103

*
to

4.04 =103 kge-2s-1
were tested.

Rankin 177) Vertical tube Fr eon-113 sud No effect of velocity in film boiling region.

1.D. - 26.9 mm methanol at mass

kga"g3
Ilength - 1.22 m fiumes of 0.365

*1to 4.04= 103 s

Dougall and Vertical tube 0. 4 5 = 103 No effect of velocity on fi1R boiling.to

Roasewow 147) 1.D. - 10.2 sa 1.11= 103 kgm-2 * 1s
- 4.6 nun Freon-113

length - 386 sa

3 kgs-2,-1 Subcooling increased the heat transfer coef-Motta and Vert ical flow 0 - 6. 56 = 10
Bromley (78) over horizontal of N-hexane, CC14, ficient by as such as a factor of 4 The

c y lind e r s benzene, and ethyl ef f et t of subcoulir<g increased with increased
0.D. - 9. 8 sus sicohol with velocity.

- 12.6 an subcoolin&s of
- 16. 2 en 0 - 45'C

6.32 * 10 - 18.9 5 103 Tenfold increase in heat transfer at highest3Kalinin 126] Downward flow in
a vertical tube kgs-2,-1 of nitrogen subccoling over saturated conditions.

I.D.- 4 mm with 0 - 38'c sub- Threefold increase in heat flux over mass flux
to 20 asa coolings in range tested.

Length - 100 esa tranatent tests.

Ellion [13) l'pvard flow in a 0.336= 103 to 1.53 No effect of sabcooling or velocity on film

vertical annulus * 103 kym-2 -1 of boiling heat transfer.s

0.D. - 63.5 na water with 2fi'C to
1.D. - 6.4 nun 56*C subcooling.
length - 76.2 sus

-

Fung [34) Upward flow in a 0.068m103 to 1.15 Heat flux increased f ourf old at highest sub-

kge-2 "I of cooling over saturated conditions. Heat flusvertical tube = 103 s

I.D. - 12.7 no water with 0 - 76*C increases tenfold at highest flow.

leng t h - 101. 6 na subcoolings in

transient tests.

Cheng anJ Eg Upward flow in a 0.19 5 103 kg.-2 -1 Heat flux increased einfold for highest sub-

112] vertical tube cf water at sub- cooling. Noted a sudden dip in the boiling
1.D. - 12. 7 mm cooling of 0-26*C curve near the minimum film boiling tempera-

length - 57.15 aso in transient tests. ture at 26*C subcooling.

Newbold [3}] Vertical tube 0.016= 103 to Order of magnitude increase in wall heat flus
3 kge-I *1 over mass flus range tested,upward and down- 1. 24 5 = 10 s

ward flow. of water in tran-

1.D.-10au sient tests.

length - 77 mm

saith [25] Vertical tube 0.025 = 103 to Too few data points at the same subcoolings
1.D. - 12. 5 aus 0.152 = 103 kgn-2s-1 and pressure to draw any conclusions on
length - 1.22 e of water, velocity effect.

_ . _ _ _ . _ .__ _ _ _ _ _ . _ _ _ . __________ . __
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(ii) Modified Mc Adams type correlations e.g. Kalinin [46] . These correlations are basic-
ally of the form

Nu = a Reb p'r .F where F is often a function of quality or sheath tem-
perature.

(iii) Phenomenological prediction methods, based on mechanisms governing this type of
heat transfer. Examples of this are Dougall Rohsenow's [47] rnodel which used a
universal velocity distribution in the vapor flow, Chi |48] who used a time averaged
pool boiling and convective boiling correlation to represent heat transfer during slug
flow.

___ __
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Table 4: Low Quality and Subcooled FHm BoHing Correlations
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Groeneveld [22) and Kaufman {49j developed a semi-theoretical model predicting
variation of local parameters such as vapor velocity, liquid velocity, film thickness, etc,

These models are not iry their final form because of lack of data to verify that the model's
assumptions are correct.

Comparison of Data with Correlations

Tk pool film boiling case has been well researched and one can predict heat transfer
coefficients with a good deal of confidence. For flows over external surfaces, Hsu (42j
has shown that Berenson s [44| correlation employing Bromley's [43| empirical constant
of 0.62 gave reasonable agreement with the F LECHT data. Caution should be exercised,
though,in applying this correlation to cases of high velocities or subcooled liquids. The
correlations, proposed to fit data obtained with flowing cryogenic or refrigerant fluids,
may not be valid for low quality film boiling in water. The void fractions of the data upon
which these correlations are based are not well documented and the form of the correla-
tions suggest that they may only be suitable for dispersed flow film boiling.

Most correlations predict heat transfer coefficients which are approximately inc'epend-
ent of wall superheat while recent results have shown the heat flux in the film boiling
region to remain constant over a fairly wide range of wall superheats. Further work re-
mains to be done to incorporate this feature in the correlations.

LIQUID DEFICIENT HEAT TRANSFER

Experimental Studies

Heated surface temperatures in the liquid deficient regime are usually much lower
than those obtained in the inverted annular flow regime, especially if the temperatures
are obtained at high flows, high pressures and high qualities. Hence experiments can be
carried out on the simple heat flux controlled systems such as direct electrical heating of
a sheath without excessive danger of test section overheating. Table 5 summarizes the re-
ported experiments. Most of the experimental effort has gone into studies of simple ge-
ometries (tubes, annuli); the studies by Bennett [20) and Herkenrath [501 are the most
extensive ones.

The data obtained in bundles are analyzed assuming one-dimensional homogeneous
flow. Some of these data were obtained from in-reactor experiments; such experiments
are very scarce but provide valuable information on sneath thermal behavior. However,
caution must be exercised in interpreting post CHF bundle results, especially from in re-
actor tests because of effects of rod spacing devices (e.g. Era 151 j , methods of thermo-
couple attachments, limited number of thermocouple locations and uncertainties in axial,
radial and peripheral heat flux distribution (in-reactor tests). In a previous paper, Groene-
veld |60] has lie a nur ser of reasons such as above, which render the experimental re-
sults unsuitable (ion development.

Prediction Meth
,

General. Post dryo. temperatures for steady flow can be predic'ted from a semi-theore-
tical model or from empirical equations. The semi-theoretical model was initially develop-
ed independently by the UKAEA (Bennett [201) and MIT (Laverty [531). In this model
all parameters are initially evaluated at the dryout location. It is assumed that heat tran:
fer takes place in two steps: (i) from the heated surface to the vapor, and (ii) from the

_ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ -
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Table 5: Post Dryout Data

RANGI 0F DATA
CEDMETRY REFERENCE copetENTS

j 3
P 4430

ha s"goe" S
04 I De

HPe kW e-2 rs

Tube Parker [81) 0.204 0.01 - 0.06 0.05 0.10 0.89 - 1.00 2. $4 50 ce heated length
sewetting of wel17

lenne t t [20) 7.03 0.30 1.90 0.40 - 5.30 0.25 - 1.00 1.27 275 ce hesied leasth

selley [21) 16.3 - 18.3 0.08 - 0.00 0.67 - 2.70 0.20 - 1.00 1.28 U-tube

Easys (Sej 7.03 0.80 - 1.30 0.70 - 4.10 0.15 0.90 1.27 tosine heat flus
d i s t r i but ion

Blehop |82. 53) 17.0 - 21.9 0.30 - 2.00 0.70 - 3.25 0.10 - 0.95 0.254. 0.508

Neller { $6) 7.03 0.50 - 0.85 0.70 - 1.00 0.62 - 1.00 1.57 Also sensured wepor euperheet

*olaeth (67) 7.03 0. $ 5 - 1.10 0. 70 - l J5 0.80 - 1.00 1.37 Also measured Waper superheat

br ew t [84 | 5.09 0.38 - 1.50 0.47 - 3.00 0.40 - 1.00 0.65, 0.9)

Ser t elet t i (81. af ; 7.13 0.10 - 1.60 1.00 - 4.00 0.40 - 0 90 0.50. 0.90 han-steady temperatures

Era lill 7.13 0.10 - 1.30 1.10 - 3.00 0.10 - 1.00 1. 6
c

tarkenrath ($0! 16.1 - 2 5. $ 0.10. J .05 0.70 - 3.25 0 - 1.00 1.0, 2.0 trata in graphical form

Svenson 21.1 0.18 0.37 0.93 * 1.35 0.70 - 0.90 1.07

$c te ld t 188) 21.9 0.32 085 0.42 0.10 - 0.90 0.8 Date in graphical fore
vertitel and hortaantal flow

. *
l.ee 189) 14,3 - lu.3 0.30 - 1.40 1.00 - 4.00 0.30 - 0.70 0. 9 . 1. 3

Miropol'sk!!y (90) 4.06 - 22.4 0.25 - 1.10 1.00 - 2.00 0.20 - 1.00 0. 6 Data must be derived f rom
g r a phe

Parerne 191] 13.5 2.0 3.47 1.36 - 3.40 0.009 - 0.909 1.27 Transtant blowdown testo

Jannsen 192) 0.71 - 7.13 0.03 - 1.00 0.1) - 1.00 0.60 - 1.60 1.26

Annulus Polonik (93J S.60 - 9.88 0.60 - 2 20 1.00 - 2.56 0.15 - 1.00 0.1$2. 0.10%

Polueth 196] 7.03 0.71 - 2.30 0.35 - 2.70 0.15 - 0.65 0 . 3 18 teoults af f ected by spacere

tennet t ($8) 3.57 - 7.03 0.60 - 1.80 0,70 - 2.70 0.20 - 1.00 0.31

Ere !Sil 7.13 0.1.3 - 1.04 0.80 3.80 0.30 1.00 6.20. 0.50 Ef fects of spacers was studied

Era [72) 5.09 0.20 - 0.60 0.60 - 2.20 0.20 - 0.90 0.30 Uniformly and non-uniformly
heat ed

Groeneveld (73) 4.18 - 8.46 D. SO - 1.40 1.35 - 4.10 0.10 - 0.50 0.405 Two heated sectlens esperated
by unheeted section

Bundles llench (66. 93) 4.15 9.58 0.45 - 1.90 0.39 - 2.70 0.20 - 0.90 1.03 2-ted

Konsen111er 196) 4.18 - 9.08 0.15 - 1.00 0 .39 - 1.35 0.30 - 0.70 1.12 3-r od

Groeneveld (351 6.42 0.33 - 1.16 1.10 2.20 0.30 - 0.60 0.344 3-tod. ef f ect of crud
in-reactor espet teent

Adorni {97) $.09 - S.60 0.20 - 1.50 0. sp . 3. a0 0.20 - 0.90 7-rod. mainly unsteady

temperatures

Mataner {98. 99) 7.03 0.80 - 2.35 0.70 - 2.70 0.1'. - 0. 60 0.830 19-rod, metaly unsteady
toeperatures

McPhersen (100) 11.J - 22.1 0.60 - 1.45 0.70 - 4.10 0.28 - 0.53 0.700 26-rod. ominly unsteady
temperatutes

Mattrer {101) 3 46 - 8.46 0.78 - 1.15 0.70 - 1.40 0.23 - 0.38 0.670 19-rod sessented bundle

Groeneveld (631 6.93 - 10.4 0.08 - 1.20 0.63 - 1. 3$ 0.3S - 1.00 16-red, to-reactor esperiment

- - . . . . . . _ _
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FIG.S. VARIOUS PREDtCTIONS FOR POST DRYOUT PAR AMETE R5

vapor to the droplets. The heated chant el is subdivided axially and the axial gradients in
droplet diameter, quality, vapor veloc',ty and droplet velocity are calculated at each node.
Using a heat balance, the vapor superleat can then be evaluated at each node.The condi-
tions at the downstream nodes are found by stepwise integration along the heated chan-
nel. The wall temperature is finally found from the vapor tempenture using a superheat-
ed steam heat transfer correlation. Bennett's approach agrees with post dryout measure-
ments obtained in steam-water at 70 bar in uniformly and nonuniformly heated tubes

(Kecys (541). Bailey |21), Groeneveld |22], and Plummer |23] have suggested improve-
ments in the original model by including droplet wall interaction, by permitting a gradual
change in average droplet diameter due to the breakup of droplets and by including vapor
flashing for large pressure gradients.

Empirical post dryout correlations may be subdivided as follows;their relative predic-
tions are shown in figure S.

_ _ _ _ _ _ _ _ - - _
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ThermalEquilibrium. These are correlations which assume that the liquid is in thermal
equilibrium with the vapor, and the heated surface is cooled by forced convection to the
vapor only.These correlations are basically forced convective correlations where the
vapor velocity is evaluated by assuming either homogeneous flow (i.e., S = 1, Dougall
[47] or by using a suitable slip ratio correlation (e.g., Quinn 155]):

- -b
P,*U,'De

Nu = a (Pry)cv
_

My ,,

. _

where U, -
- X+#! S(1 -X) (1)

Pv'a Pv Pg
_ 7_

This type of correlation assumes that the vapor is at saturation,i.e. X = X,. This assump-
tion does not agree with experiments (Mueller [56j , Polomik { 57], Bennett [58]) except
for the following cases:

(i) at high mass flows where the liquid-vapor heat exchange is very efficient

(ii) near the dryout location where the vapor has had insuf ficient time to become
superheated

(iii) in the inverted annular flow regime.

This type of correlation is useful since it predicts the lower boundary for the post-dryout
temperature.

No &aporation after Dryout. These are correlations which assume that no evaporation
takes place in the post-dryout region, and the heated surface is cooled by forced convec-
tion to the vapor only. Although here the same forced convective correlation is used as
above, the predicted sheath temperature is much higher since the vapor becomes progres-
sively more superheated.The degree of vapor superheat can be determined from a heat
balance. The no evaporation assumption also results in the Reynolds number remaining
virtually constant in the post-dryout region. This type of correlation is pessimistic except
at lower flows (Bennett (20]);howeser it can be used to predict an upper boundary for
the heated surface temperature.

ThermalNoncquilibrium. These are correlations which predict the degree of thermal non-
equilibrium. Values for the actua! vapor temperature or actual quality in the post dryout
region can be generated from existing post-dryout data provided the assumption of forced
convective cooling only of the heated wall in the post dryout region is correct. This ap-
proach has been used by Tong [40), Quinn [55), Plummer [23| and Groeneveld |59J.

Groeneveld's [59] nonequilibrium prediction method is based on six sets of experi-
mental data and has been found to agree with other sets of data. It also has the correct
asymptotic trends: (i) the thermal nonequilibrium gradually disappears when Xe is in-
creased above 100%, (ii) an increase in mass flow reduces the thermal nonequilibrium,

(iii) when X, is negative (subcooled film boiling) X, becomes small but remain positive.
Because of these features its range o' applicability is considered vdder than other non-
equilibrium correlations.

Empirical Forced Convective Post-Dryout Correlations. The correlations of Table 6 are of
this type. They generally predict a heat transfer coefficient which is based on the temper-

|

_ _ _ _ _ _ _ _ _ _ _
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Table 6: Post-Dryout Correlations
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Table 6: Post-Dryout Comtations (cont'd)
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ature difference between wall and saturation. They are simple to use but have a limited

range of validity and should not be extrapolated outside the recommended range. If ex-
trapolation is unavoidable, one should check that the predicted temperatures fall between
the maximum and minimum post-dryout temperatures as discussed above,

Comparison of Data with Prediction Methods

Theoreth a nost<lryout models such as those by Bennett [20], Bailey [21), Groenveld
122] and raummer [231 stili require some refinements but may eventually oredict post-
dryout heat transfer for round tubes with greater accuracy than empirical correlations.
The models, however, require reasonably accurate values of the dryout quality, especially
at the low mass flows. The usefulness of the mudels in predicting post dryout temper-
atures in annular and bundle geometries may be limited as the film flow on the unheated
surface and the flow and enthalpy distribution in partially dry bundles are unkown. Also,
the model requires the subdivision of the heated channel length in a large number of
nodes, which may be too time consuming for thermal hydraulic computer codes.

Four empirical prediction methods were discussed in the previous section; the methods
described under Thermal Nonequilibrium are considered the most accurate. They have a
much wider range of applicability inan the post dryout correlations of Tabte 6 but are
more difficult to use. Figure 5 shows schematically the relative temperature predictions of
the four prediction methods. Note that curve A, based on the " thermal equilibrium after
dryout" assumption represents a lower boundary while curve B, based on the "no evapo-
ration af ter dryout" assumption represents an upper boundary for the post dryout
temperature.

Most correlations of Table 6 are based on only a few sets of data covering a fairly nar-
'

row range of experimental data. The data sets (Table 5) contain many data that are not
reliable. The sources of errors have resulted in post-dryout temperature measurements
lower than what this author considers to be fully developed film boiling. In the derisation
of equation 18 (Groeneveld [60]) care was taken that the data subject to possible errors
were not included. This could be the reason why Groeneveld's correlations seem consena-
tive compared to some other post-dryout correlations (Slaughterbeck [61)).

DISCUSSION

State-of the Art

Forced Cornectise Transition Boiling. Table 1 shows that the available data coser onty
narrow ranges of conditions; of the available data sets, none can be considered sufficiently
reliable to be used for descloping a correlatio- Caution must be exercised when using the
correlations of Table 2 since (i) the correlations do not agree with each other, and (ii)
their data base is highly questionable. In comparing data with correlations differences of
an order of magnitude were frequently encountered. A lack of understanding of the phy-
sical mechanisms governing forced convective transition boiling does not yet permit the
development of an analytical heat transfer model.

The scarcity of data is primarily due to the difficulty in measuring transition boiling
data. The latest approach of using high thermal inertia test sections made of copper is
promising but still requires further refinement to ensure a uniform axial heat flux distri-
bution.

Inverted Annular flow and Slug Flow Film Boiling. The situation in this heat transfer
regime is only slightly better as visual studies on cryogenics and refrigerants have helped

_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ - _ _ - _ _ _ - _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ __
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our understanding of the mechanisms governing this type of heat transfer. Still reliable
data for water are lacking because of the complexity of using temperature controlled sys-
tems. Another possible approach is the so-called hot patch technique; P Sas been used by
this author (Groeneveld 162]) to measure post-dryout temperatures in Freon 12.

The prediction methods cannot be expected to be accurate for water except at low
flows where use of the pool boiling correlations seems easonable. Present correlations
also do not adequately account for the effect of subcooling and flow. For the inverted
annular flow regime the development of an analytical n odel seems feasiN;, provided de-
tails of the velocity distribution in the liquid and vapor phase can be obtained.

Liquid Deficient Regime. During the past ten years much progress has been made in un-
derstanJing the physical mechanisms governing this type of heat transfer. In an ideal ex-
perimental setup such as a vertical, uniformly heated round tube, semi theoretical models
have been reasonably successful in predicting the post dryout temperature distribution.
These models require empirically derived constants; they are generally considered useful
especially for predictions outside the data base provided the assumed physical mechanisms

are still valid.
Table 5 shows that, even in this relatively well studied post CHF heat transfer regime,

data are nonexistent at low flows, low piessures and low qualities. This again is due to the
excessive high post CHF temperatures encountered when using the conventional heat flux
controlled system. Despite the many suggested correlations, no satisfactory method of
predicting post-CHF temperatures is available at these conditions, even in simple
geometries.
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i

Post <HF Heat Transfer in Rod Bundles
.

Most post CHF experiments have been carried out on simple geometries such as tubes
or annuti (e.g., see Tables 1,3,5.) Experimentation in bundle geometries is much more
cumbersome because of (i) large and expensive loop facilities, (ii) extensive instrumenta-
tion of the bundle, and (iii) increased likelihood of heater failure. Direct Application of
post {HF test results to bundle geometries would be warranted if it were possible to pre.
dict local flow conditions throughout the bundle. However present subchannel codes are
not yet capable of predicting the local flow and enthalpy in partially dry bundles.

Because of questionable correlations, especially in the transition boiling and subcooled
film boiling regime, the use of experimental data rather than correlations is advisable. The
lack of available film boiling data is illustrated in figure 6: except for data at high pres-
sure, high flows and reasonably high qualities, virtually no data are available. Caution ,

must be exercised when using correlations in the region where no data are available. |
Prediction methods based on tube data have frequently been found to overestimate

sheath temperatures in fuel bundles. This is not surprising as

(i) Tubes do not contain rod spacing devices (warts, grid spacers) which usually result
in improved downstream heat transfer (e.g., Era (51]). Frequent grid spacers (short
spacer pitch) also prevent high vapor superheats, thus reducing sheath temperatures.

(ii) Partially dry bundles could result in a subchannel type oscillation due to large dif.
ferences in friction pressure gradients in wet and dry subchannels (e.g., Groeneveld

[63]).
(iii) Film boiling experiments in bundles are of ten termimted at a power level just above

the dryout power to reduce the chance of heater failure. At such low power levels
film boiling heat transfer is not yn fully developed (Groeneveld [63]).

Virtually all post CHF correlations are based on steady state data while frequently the
correlations are applied to transient conditions. Post CHF heat transfer is expected to be
somewhat higher during fast transients as compared to steady state conditions because of
the higher CHF, more intense mixing and low vapor superheat.

CONCLUSIONS AND FINAL REMARKS

1. Post-CHF heat transfer correlations developed for the liquid deficient regime can be
used with reasonable confidence except at low flows and low pressures. Correlations for
the transition boiling region, and for the low quality or subcooled film boiling region
should be suspected because of the lack of a reliable data base.

2. Present thermohydraulic reactor analysis usually ignores the transition boiling heat
transfer mode. Instead, it is assumed that, during reflood the film boiling mode will sud-
denly be replaced by the nucleate boiling mode (or vice versa during dryout occurrence).
In both cases the assumption that film boiling rather than transition boiling takes place
will result in an overprediction of the calculated surface temperature.

3. Stable film boiling can only be maintained if the heated surface temperature is
above the minimum film boiling temperature. The minimum film boiling temperature,
however,is not constant but depends on the properties of the liquid, the surrounding at-
mosphere, and on the heated surface properties. The velocity, impact angle and liquid
mass approaching the heated surf ace also affect this temperature.

4. In general, rewetting of a heated surface can only occur if the wall temperature is

_ _ - _ _ _ _ _ _ _ _ - . _.
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i below the miniwium film boiling temperature. If a liquid front exists somewhere on the
heated surface, then conduction from the dry to the wet surface can be very efficient in ,

reducing the dry surface temperature locally and permitting the liquid rewetting front to
propagate.

5. Improvemen. in the post-CHF temperature pr ediction in bundles may be made if the
subchannel flow and quai;ty could be predicted. However present subchanne: rodes need
extensive modification befere being applied to partially dry bundles.

6. To remove the uncertainty in the prediction of post CHF heat transfer the follow-

ing studies need to be carried out:
- measurement of vapor superheat or degree of nonequilibrium during film boiling

in tubes
- measurement of liquid temperature (subcooli; g) during film boiling in tubes
- development of analytical heat transfer mo6i for inverted annular flo w film boil-

ing
- measurement of boiling curve at low pressures, low flows and subcroled condi-

tions.
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APPENDIX 11

TABLES OF TRANSIENT POST-CHF DATA (Yadigaroglu [1975])

(a) Bundle Data

(b) Single Channel Data

(c) References
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(a) Transient Post-CHF Data in Rod Bundle (Yadigaroglu [1975])

Eundle Heater Rod tie ssel Pressure initial man Peak power Inlet coolant Floodin't rate Femarks

Reference Geometry * Design ** 9eometry rod surface generation temperaturei
te nperature

psia (Lar-a) *F(*C) 6W/ft(6W/m) *F(*C) in./s(mm/s)

hiR-F t EChi 7s7 and 10mit 4.2=4.? in. Sut, coating . Flow blocka9es

[5-12} bundles (107x107 # 15 40 800-2200 0.69-1.40 16-139 0.6-10 also simulated i

d=0.422(10.71 and 5.393 m (1-6.2) (430-1200) ( 2. 2 7- 4.6 ) (9-105) (15-457) |

p=0.563(14.31 5.309 in. decays constant and
t =12( 3.66) (150=150 pe) variable in

Simulates heated flow two steps

PWR bundle hodstn9

i WR-F L E CHT
Low clad
m +erature 1940 253-754 0.7- 1.2 139-171 1-6(25-150)
tests [14] (1.3-4.1) (123-401) (2.3 4) ( 59-17) constant and

decays variable in
two or three10x10 bundle
steps used FLECHT-Sti

d=0.422(10.7) %ase- A Bedep=0.563(14.3) F: taithrome
of Kanthal/ 14.7. R 0 I W, W 0.4-0.7 82- MG M .35 qsn ]t=12(3.66)PyR-FLECar $,33g,5,ggg

Top injec- B:8 (1.1.24) (533.760) (1.3-2.31 (28-82) (0.95.2.2
in.(ise, iso decays 1 tre/s)tion Simulates Pi:R ss-and tr- nrt) heated

Tests (la] bundle clad ficw housin<;

M -FLECHT (6- 1942 712-1402 0.4-1.0 153-195 Cold flooding simulated PWR'

1.1h (1.3-4.3) (378-761) (1.32-3.3) (67-91) rate variable primary system-5CT Phase 4
[14] decays in ti.o stews: with one loopr

9 and 1 or and no steam
4.5 and I generator

WR-FLECHT-
(230 and 25 simulateo en-SET Phase B1

[16] 20.60 940.1100 1.74. c4.1.05 150,235.270 or its and 25) tire PWR pri-

(1.4.4 1) (505.595) (2.4.2.8.3.5) (65.113.132) 9 ana 1 ma ry s ys tem
t m vs f230 n d 25)t

Transient Tests
WR-FtECHT 7m? tundle F:Nichrome 5.273=5.278 15-300 1300-2150 0. 41 -0. fst,5 0.63-6.05 include

(59.62-66) d=0.570(14.5) / M-;0 in. (1-20.7) (700-1180) (1.35-2.18) (16-153) steady-state

p=0.733(19.75) ss-clad (134x134 n:1 detays 100 constant refloodin9 and
i+12(3.66) cosine inss13ted (35) combined

bo t torn-re f l ooc-simulates apf:1.37 flow channel Steady-state Tests
8WR/5 bundle rpf:1.21 atm in9 and spray

0.04?-0.55 cooling tests
(0.14-1.8)
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(a) Cont'd.

Bundle Feater Rod bessel Pressure initial man Peak power inlet coolant Flooding rate Remarks

Reference Oponetrf Design ** geometry rod surface generattor, te@eratare t
tesperett r !

psisfhar-al *F(*C) nW/f t(km/ :) *F(*C) in./s(mm/s)

|Transient Tests 1

FIAT-SORIN, 21 rods 5: inc onel 3.0e in at m 1470-1830 0.12-0.63 ? 0.2.0.4.0.6 Include |Campanile (square pitch) uniform (77,3 m ) 10 (800-1000) (0.39-2.1) (5.10,15) steady-state
and Porti d=0.386(9.8) insulated rs,; tant reflooding
(73] p=0.507(12.9) + ion bousing experiments.

t = 3.89( 3 184 ) 5teady-state Tests Conditions i
fr2M0 5-1.3

(j,g,3,3) maximam clad-
ding limit
searched

SIEMC':S A.O. , 340 ru$s F: ?,Mgo Flow channel 15-87 930-1470 0.42-0.84 77-149 1,2-5.1 Heated bun-
Riedle and (square pitch) i ncnne1 <1 ad of octagonal (1-f : (560-800) (1.33-2.77) (25-65) (30-133) die is parallel

winkler d=0.423(10.75) cosine stape constant with dcwncomer;

[74} p=0.563(14.3) apf: 1.43 surrounding bottom and con-
t=9.5(2.900) rpf: #1 the bundle tined top-and

Sieulates (3 zone) bottom-reflood-
Siemens FWR ing tests;

bundle investigated g

effect of dis- O
charge line u
restriction.

Transient Tests:

5fitachi Ltd. 7s7 butndle F: Nichrome 5.273n5.273 ata 600-1280 0.13-0.33 59-131 1.06-4.5 Include
Ogasaware et d=0.570(14.5) ss-clad in.(134=134 (315-693) 0.42-1.26) (15-25) (27-115) steady-state

at[76] p= 0. 7 38( 13. 7 5) cosine mm) flow decays reflooding

t=12(3.66) apf #1 bousing tests

simulates BwR/5 rpf=1.24
Steady-state tests:

bundle (4-rone)
D0- .g3)

t or subcooling when indicated*d = rod OD in- (rui) "

p = pitch in. (sva) 5: skin-heated rods
t = heated length ft (m) F: ftlament-type heaters (Filament / insulation)

ss: stainless steel cladding
tr: rircaloy cladding

acf: a s' peaking factor
rpf: r...o1 pea 41ng factor
Uniform or cosine asial heat flux distribution

_ - _ _ _ _ _ _ _ _ -
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(b) Single Channel Transient Post-CIIF Data (Yadigaroglu [1975])'

Peated
Chaenel H=ater Initial Mau Peak Power Inlet Coolant

liefereace Geometry * Des 19n ** Pressure Surface i*ererature Gereratton temperature t Flooding Rate Remarks

psia (bar-al "F ('C ) kW/ft (kW/m) 'F (*C) in./s (m/s)

Sie-*cs, Tube 5: Inconel 625 14.5. 51. 73 1020, 1290, 1470 0.56. 0.66 s120 Cold flooding Bottom and top-reflooding
Schaeider o=0.543(13.8) t=0.0236(0.6) (1. 3.5, 5) (550, 700 en0) (1.84,2.18) (s50) rate tests.

and 1*9.8(2.985) 0.079 in. constant and 1.7. 3.4. 5.1 Downtover and simulated
The ,as (tm ) thick stepwise (43, 85, 130) containment voluma
(74.75) At,0 jacket decayed pcwer included in apparatus.

pr6sdedon tests Oscillations observed
heater.
Uniform

CIM - Tube 5: Stainless
i

Partini 50.828(21.0) steel'

and t +13. 2 (4.0) t=".079(2.0) atm 727 - 1252 0.72 - 0.88 77 - 194 2 - 16
Preact i Uniform (386 - 678) (2.4 - 2.9) (25 - 90) (50 400)
[61]

Annulus 5: Stainless Pressure drop esc 111ations

dp0.530(13.5) steel atm 1160 1350 0.67 - 0.78 82 - 196 2 - 40 cbserved in spite of forced

d,=0.828(21.0) Exterval (630 - 740) (2.2 - 2.25) (28 - 91) (50 - 1000) flooding-rate condition.

t =13.2(4.0) surface
haated cely
t*0.079(2.0) 68 - 290 1330 - 1470 0.68 1.07 84 - 304 8 - 16 Two quench fronts always
Uniform (4.7 - 20) (720 - 800) (2.25 - 3.5) (29 - 151) , (200 - 400) observed

w
Grenchte. Anrulus Heated red in O

*
Andreoni unheated
and annulus
Courtaud dp0.787(20) 5: 5taialess atm 750 - 1650 0.19 - 1.15 68 - 194 0.8 - 7
{78,79] d,==1.18(30) steel (400 - 900) (0.63 - 3.8) (20 - 90) (20 - 180)

1 3.3(1.0) unifor,

dp0.787(20) 'atm 750 - 1650 0.57 - 1.15 58 - 194 1-7
l d,*=1.2(30) (400 - 900) (1.9 - 3.8) (20 - 90) (25 - 180)
l t 11.B(3.6)

op.402(10.2) F: Rantha1/Ma0 atm 750 - 1300 0.29 - 0.49 '68 2-7
d 5.727(20) lacocel clad' (400 - 700) (0.% - 1.6) b.20) (50 - 180)

0t =13.2(4.0' Uni f am

Grencele, Tute 5: Inconel (ts.5.43.5. 570,1100.1650 0.39.0.65. Inlet:Subcool- 2.0.3.0.4.7,

Andreoni, dro.539(13.7) t=0.17(4.C) 87) (300,600,900) 0.91 ing 7. 0

Courtaud t=10.7(3.275) Unifor9 3.3.6) (1.29,2.15, 36, 90, 144 (50.75.120.
ewd ceruar 3.0) (20, 50, 80) 179)
[60]

Certral Annulus F: Stainless atm 752, 1292, 1832 0.59 68. 140 0.4 - 7.3 Test section in parallel

Electricity d(0.56(14.2) steel (400,700,1000| (1.93) (11 - 186) with downcomers variable
Gaeerating d * 0.76(19.3) Boron nitride test section. Out-

Board. t*=1.50(.457) t=0.025(0.635) let resistance (range from
White end sllita shroud Uniform K 15 to 26,0001 Oscillation

Duffy observed Comparison to

(77} forced-flooding rate
experiments.

*d(*annulusIDin.(ava)
t= heated length ft (m) **5: Skin heated rods t= heater (clad) thickness in. (m) t or inlet subcooling

.

rod CD in.

Uniform or cosine antal heat flux /(es:stati . )
d (m) F: filament-type heaters (Tilament when irdicated
0 distribut on

~ ^-
_ _ _ _
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