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SUMMARY
This is the final report for the period between July 3, 1979

and September 5, 1980 on the results of a continuing study being
conducted at the University of Ottawa, under a research contract with
Atomic Energy Control Board of Canada, entitled "A STUDY OF THE PROCESS
OF REWETTING OF HOT SURFACES".

Reported herein are the results of an analytical study based on a
system approach which gave substantial agreement with experimental data
for bottom flooding in a single tube. The experimental results for both
confined and unconfined top-flooding in a single tube, bottom flooding
in annular test-sections with a center heated core and a visual study
are also presented.

RESUME

C'est le rapport final pour la période entre le juillet, 1979 et
le 5 septembre, 1980 sur les résultats de l'étude en cours s'effectuant
à l'Université d'Ottawa, contracté avec la Commission de Contrôle de
l'Energie Atomique, intitulé "Une Etude sur le Processus de Remouillage
des Surfaces chaudes".

C'est un compte rendu sur les résultats de l'étude analytique fondé
sur Vapproache systématique qui donne une bonne concordance avec les
données expérimentales pour l'inondation au dessous d'un tube simple.
Les résultats expérimentales sont présentés pour l'inondation, tant
enfermé que libre, faite par dessus dans un tube simple, l'inondation
par dessous dans une section éprouvée annulaire avec un noyau chauffé
dans le centre et, également, une étude visuelle.
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NOMENCLATURE

A Surface area; Radius ratio, D./CL

Ad Channel cross-sectional area, cm2

Cp Specific heat of pipe material, J/Kg°K

d Pipe wall thickness, m

D Diameter of test tube, m

De Wetted parameter, cm

Dx Element size, cm

f Function

F Reynolds number factor, Re/Re,

G Mass flow velocity, Kg/m2-s; irradiation, W/m2

g Gravitational constant

h Heat transfer coefficient, cal/s cm K, w/m2°K

J Radiosity, W/m2

H- Latent heat of vaporization, cal/g

K Thermal conductivity of test tube, w/m°K

a Length of element, cm

L Distance from the rewetting front, cm

Nd Droplet flux, #/s

p System pressure, psia

P Power input per unit volume (heat generation rate), w/m3

Pr Prandtl number

AP Difference in vapour pressure corresponding to AT, psf

Q Total heat transferred, W

q Heat flux, w/m2

(v)



Re Reynolds number

S Slip ratio

S Suppression factor

t Time, sec =

T Temperature, °K

T Temperature difference between rewetting temperature and
q saturation temperature, °C

T Temperature difference between coolant temperature and
saturation temperature, C

T Temperature difference between wall temperature and water
saturation temperature, C

AT Superheat, T - T

U Rewetting velocity, mm/s, m/s

V Velocity, cm/s

W Mass flow rate; total radiation (aT4)

Z Axial distance from the inlet, m

a Void fraction

aR Radiation absorbtivity

<5 Droplet diameter, cm

e Emissivity

8 Angle of test-section orientation; 9 = 0 horizontal

v Viscosity, g/cm-s (poise)

TT1~Tr7 Non-dimensional parameters

p Mass density, Kg/m

a Stefan-Boltzman constant, ca

cr Vapour-liquid surface tension, dynesycm

X Vapour quality

(vi)



Superscripts

C Convection

R Radiation

Specific, linear

Specific, area

— Flow rate in g/cm«s

Subscripts

a Axial

c Convective; coolant

crit Critical

FB Film boiling

g Value for vapour

i Inner

i Value for liquid

o Outside

is Loss

NB Nuclear boiling

q Rewetting

ra Radiation

s Value at saturation

TB Transition boiling

v Value for vapour

vc Value at vapour temperature

VL From vapour to liquid

VW From wall to vapour; Value at wall temperature

(vii)



w Value at wall condition

WL From wall to liquid

WV From wall to vapour

(viit)



1. INTRODUCTION

When reactor coolant escapes due to loss of integrity of the cool-

ing system, the cladding temperature of the nuclear fuel elements may

increase beyond the safe design temperature because of decay heat from

the fission products and the energy stored prior to the accident. The

resultant damage to the reactor and the overall consequences of the ac-

cident are dependent upon the extent of the break in the cooling system

and on the emergency core cooling system provided.

The maximum surface temperature of the fuel cladding during the

accident can be higher than "the rewetting temperature" [i] of the coolant,

and the heat transfer mechanism involved becomes quite complicated. Re-

wetting of hot surfaces occurs when the coolant re-establishes contact

with the dry, hot surface.

In order to predict the rewetting velocity, various theoretical

models based on one, two [2] and even three dimensional analytical [•]

and numerical studies [3] have been proposed, but all these models require

the knowledge of the rewetting temperature and the heat transfer coef-

ficient distribution in the vicinity of the propagating rewetting front.

In the final progress report for the period of May 18, 1978 to

May 31, 1979 on the study of rewetting process carried out by the present

investigators under a research contract of Atomic Energy Control Board

of Canada, the following conclusions were made:

(i) A three-dimensional numerical method based on an inclined

rewetting front advancing at a uniform velocity to simulate

- 1 -
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a horizontal channel showed that, for a thin wall flow

channel, both the axial and circumferential heat con-

duction are less important than has been assumed and

that the precursory cooling should be included in any

analysis related to rewetting phenomena,

(ii) The experimental work showed that the rewetting is

definitely affected by flow stratification due to the

channel orientation with respect to the gravitational

field and confirmed that the axial heat transfer re-

wetting front is less than has been assumed,

(iii) Blockage of up to 50% of the local flow area by both

orifica and venturi type flow seemed to enhance rewet-

ting for constant coolant flooding rates in a single

channel and a reasonable correlation of the "apparent

rewetting temperature was obtained as a function of 9

variables.

Reported herein are the results of continuing analytical study

based on a system approach and experimental investigation on the process

of rewetting of hot surfaces by flooding at the Department of Mechanical

Engineering, University of Ottawa, during the period between July 3,

1979 and September 2, 1980, under a research contract of Atomic Energy

Control Board of Canada (Contract Serial Number: Department of Supply

and Services of Canada 07SU.87055-9-4024).
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2. ANALYTICAL STUDY

To provide a basis from which to interpret the observed behaviour

and to test a thesis that the effect of the "rewetting temperature" in

the rewetting analysis is much more dominant than other parameters, an

analytical model based on different flow regimes involved in the rewet-

ting process of bottom flooding has been made, as this mode of flooding

is the simplest.

The prediction of the rewetting-front velocity by the various ana-

lytical [4"ll] and numerical studies [12,13] still requires the knowledge

of the "rewetting temperature" and heat transfer coefficient distribution

near the front. The "rewetting temperature" is also required to predict

the temperature-time trace using a system approach. However, very little

work has been carried out to measure or predict the values of the "rewet-

ting temperature", and both dry-region and wet-region heat transfer coef-

ficients, directly.

In the preset study, the apparent "rewetting temperature which was

empirically correlated from experimental data using dimensional analysis

for vertical circular channels under the bottom flooding conditions [1]

was used.

A computer program was established to predict the temperature-time

trace curve at various axial locations of the vertical circular channels

under the bottom flooding conditions by dividing the rewetting process into

six heat transfer regions and using appropriate, calculated heat transfer

coefficient h for each heat transfer region. Computed temperature-time

trace curves obtained using experimental "apparent rewetting temperature"
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and correlated "apparent rewetting temperature;" were compared with experi-

mental temperature-time trace curves.

Rewetting velocity u is obtained from two temperature-time trace

curves at different locations of the test tube by knowing the "rewetting

time" and the location of the temperature-time trace curve, because re-

wetting velocity u is the propagation rate of the rewetting front

along the test section in the direction of the coolant water flow, defined
AZ..

as ui. = Â t " where uii ^s t*le rate of tne rewetting front propaga-

tion between two particular thermocouples of interest, AZ.. is the axial

distance between the thermocouples, and At., is the time interval taken

between the two rewetting fronts. Experimental convective heat transfer

coefficient, h, was calculated from the temperature-time trace curves

obtained using one dimensional energy balance and compared with the

values of various h used in the computation.

2.1 PHYSICAL MODEL

There are many computer codes available, and review of the

papers [14,15] show that their prediction of rewetting process is not

closely compatible to experimental results. It was noted that use of in-

correctly assumed value of rewetting temperature seems to be one of the

main sources of error in their analysis. Martini and Premoli [14] used

a constant value of 420°C as the prefixed rewetting temperature while

Clements et al. [15] used 280°C. As stated previously, the present model

was mainly proposed to check the validity of the concept of apparent re-

wetting temperature, T , that has been correlated, and also to see the
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importance of including appropriate heat transfer coefficients for

various flow regimes with the apparent rewetting temperature in the

analysis.

To predict the temperature-time trace curve of rewetting process by

a system approach, the rewetting process at a given location in the flow

channel is divided into six heat transfer regimes, as shown in Fig. 1,

namely, SINGLE VAPOR PHASE, DISPERSED FLOW, INVERTED ANNULAR FLOW,

TRANSITION BOILING, NUCLEATE and SINGLE LIQUID regime. In each heat

transfer region, an equation to give appropriate values of heat transfer

coefficient, h, was selected from various sources or modified.

In the computation, test tube is subdivided in many axial nodes.

The thermal transient of each node is calculated from the energy balance

made. Wall temperature, when it reaches a value of the apparent rewetting

temperature, T , prefixed in input and when vapor quality is less than

0.7, drops very sharply to near saturation temperature by nucleate boiling

and transition boiling heat transfer.

The computer program was written in FORTRAN-IV language for IBM-360/

computer. This model is applicable to the emergency core cooling system

which injects cold coolant to core bottom in the final phase of the loss

of coolant accident.

In connection with adopted heat transfer scheme, a satisfactory

evaluation of heat transfer coefficient and rewetting temperature is re-

quired, since they m&y strongly affect rewetting front velocity. The

values of the apparent rewetting temperature used in this model are either
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derived from experiments, or calculated from rewetting temperature cor-

relation equation obtained from our experiment.

2.2 REWETTING TEMPERATURE, T

The "rewetting temperature" is the maximum temperature where

the actual contact between the coolant liquid and the surface is possible

and the wet region heat transfer process starts. The "rewetting tempera-

ture" is also known as calefaction, sputtering, quenching temperature or

the temperature corresponding to the minimum boiling heat flux. However,

it is extremely difficult to determine the exact "rewetting temperature"

in a given temperature-time trace.

For the present study, the apparent rewetting temperature was found

by taking the intersection of the gradients of the trace before the point

where there is a rapid fall in temperature and at the steepest portion

of the fall as shown in Fig. 2. This technique is also used by other

workers [8,14,16], and corresponds to the definition of "upstream wall

temperature" unaffected by axial conduction as used by Yu et al. [17].

The apparent rewetting temperature so defined cannot be the Leidenfrost

.temperature (the minimum heated surface temperature required to just

sustain the stable film boiling process). Therefore, the prediction of

the "rewetting temperature" based on hydrodynamic theories such as pro-

posed by Berenson [18], and on thermodynamic theory such as proposed by

Spiegler et al. [19], cannot be applicable for the "apparent rewetting

temperature '.
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We have shown [1] that the "apparent rewetting temperature" can be

correlated from experimental results using dimensional analysis with

seven dimensionless parameters. The evaluation of the linear correlation

coefficient of e&'..'.• ^«"ameter further indicated that only five parameters

affect the fin-'i results. The final correlation of the "apparent rewet-

ting temperature" us ^ n the analysis of the bottom flooding rewetting

process is given as

T °*107 0 162
T q = 1 9 . 5 1 x T w s x ( ^ ) x ( ^ - ) " -

K.p2-T - ° ' 0 9 8 9 . -0.163
* ( - W 3 - > X ( f ) + Ts

It was shown that the correlated values by Eq. (1) fall within ± 10%

of the experimental results. The reduced chi-square of the correlation

was 0.013.

2.3 HEAT TRANSFER COEFFICIENTS

As stated in Section 2.1, the rewetting region is divided into

six heat transfer regimes. They are:

1. SINGLE STEAM PHASE REGION

2. DISPERSED FLOW REGION

3. INVERTED ANNULAR FLOW REGION

4. TRANSITION BOILING REGION

5. NUCLEATE BOILING REGION

6. SINGLE LIQUID FLOW REGION.
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In each region, an equation to give appropriate values of heat

transfer coefficient, h, was selected from various sources or modified

and/or derived.

2.3.1 SINGLE LIQUID FLOW REGION

This region (region 6 of Fig. 1), is nothing more than a

liquid forced-convection flow. The conventional convective equations can

be used for predicting heat transfer behaviour.

Convective heat transfer coefficient h varies depending on the flow

conditions, which can be characterized by the Reynolds number, Re. In a

long tube, the flow could be assumed laminar when the Reynolds number is

below about 2000. In the range of Reynolds number between 2000 and 10,000,

the transition from laminar to turbulent flow is thought to have taken

place. The flow in this regime is called transitional. At a Reynolds

number of about 10,000 or over, the flow can be assumed to be fully turbu-

lent in practice [20]. Although flow encountered in the present study

could not have fully developed, it is reasonable to use the values of heat

transfer coefficient for the fully developed fluid flow as the alternative

needlessly complicates the analysis. For laminar flow, convection heat

transfer coefficient for constant heat flux, h, is given as [20]

h _ 4 8 Ka m

h~TTD- (2)

For fully developed turbulent flow in smooth tubes for heating, the fol-

lowing heat transfer coefficient is recommended by Dittus and Boelter [21]

h - 0.023 {j£ Re0'8 Pr0'4 (3)
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A linear interpolation between laminar and turbulent heat transfer coef-

ficient expression is made to give heat transfer coefficient for transi-

tional flow where Re is between 2000 and 10,000. The heat transfer rate

per unit surface area of tube, q ^, is q = h(T - T ). All the proper-

ties used in the equations are evaluated at the water temperature.

2.3.2 NUCLEATE BOILING REGION

This region (region 5 of Fig. 1), is also called saturated

forced convection boiling region where heat transfer due to convection and

nucleated boiling occurs simultaneously. Convection boiling is defined

as being the addition of heat to a flowing liquid in such a way that pro-

gressive vaporization along a tube occurs and two phases of saturated

water and steam coexist. Nucleate boiling is characterized by the forma-

tion of bubbles from fixed sites randomly distributed on the surface.

Actually, the term nucleate boiling is derived from the fact that bubbles

are formed at the nucleation sites. The presence of nucleate boiling

gives rise to a considerable increase in the rate of heat transfer from

the hot surface, compared to the rate for normal single-phase mechanism

of heat transfer.

One of the most acknowledged of many proposed correlation for nucleate

boiling heat transfer coefficient is that of Chen [22], based on the super-

position principle where as the total heat flux is the sum of contribution

from convection and bubble nucleation. The correlation developed by

Chen is at present considered by many authors [23,24] to be the best

available for the saturated forced convective boiling regions and is
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recommended for use with all single component non-metallic fluids. The

Chen correlation was shown to fit a wide range of data with fair accuracy.

The range of data include those for water in the pressure range of 1 to

35 atm. with liquid flow velocities up to 14.7 ft/sec. (4.41 m/s) heat

flux up to 760,000 Btu/hr.ft2 (2,400,000 watt/m2) and quality up to 71%.

Other fluids included are methanol-cyclohexane, pentane, heptane, and

benzene, under 1 atm. pressure, liquid velocities of 1 to 3 ft/sec, a

heat flux range of 2,000 to 17,000 Btu/hr.ft2 (6,300 to 53,600 watt/m2)

and quality up to 12% [23].

The correlation was proposed to account for both the microconvection

due to boiling and macroconvection due to flow.

h - hmic + hmac <4>

where
.0.79 r 0.45 0.49 0.25

n * * P* 9{: V 0 2 4 °75hmic ~ °- 0 0 1 2 2 -0.5 0.29 u 0.24 0.24
°s va Hfg pvu

Hfg pv

Two-dimensional functions, suppression ratio S and convection enhance-

ment factor F, are to account for the suppression of bubble growth due

to flow and for the increase in convective turbulence due to the presence

of vapor. S and F were obtained as functions of a two-phase Reynolds

number and the Martinelli parameter, respectively, and are defined as

AT* °-99

c ATe
Sp
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where Re = p' is effective Reynolds number for two-phase fluid and

Rea is Reynolds number for liquid fraction. ATe is effective superheat

with flow and AT is the difference in the wall and saturation tempera-

ture. S and F could also be obtained from graph as in Figs. 3 and 4.

AP is the saturation pressure difference corresponding to the difference

in saturation temperature AT.

2.3.3 CRITICAL HEAT FLUX

When the heat flux applied to a surface in contact with a

boiling liquid is progressively increased, a point is reached at which

the continuous contact between the liquid and the surface is lost. This

heat flux is called "burnout" heat flux or "critical" heat flux. When

this "boiling crisis" takes place, the heat transfer coefficient is

greatly reduced because of the low thermal conductivity of the vapour

intervening between the liquid and the surface. This phenomenon can be

most easily demonstrated in pool-boiling conditions using an electrically

heated wire, and the consequence is the dramatic melting, or burnout,

of the heater. A reduction of the heat transfer coefficient also occurs

under forced-convective conditions if the heat flux is increased beyond

a critical value. The term "burnout" in forced convective boiling is

mostly used to describe the boiling crisis associated with the reduction

of heat transfer coefficient and changing the heat transfer mode to tran-

sition boiling from nucleate boiling. The critical heat flux point is

shown in flow diagram (Fig. 2) as C.H.F. between transition boiling

region and nucleate boiling region.
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The technical importance of the critical heat flux condition has

led to the development of a bewildering variety of correlations. Milioti

[25] catalogues fifty-nine correlations and detailed comparisons of a wide

range of correlations reveal considerable differences. Since most correla-

tions are based on empirical data their validity can be assumed only when

the conditions are within the range of the experimental conditions, and

there are only few which fall within the experimental conditions of the

present experimental range (i.e. single tube geometry, 1 atm. pressure,

and maximum mass velocity of 40 g/cm2s). The most general of the correla-

tions suggested to date is that by Macbeth [26] who compiled data from

world-wide sources and arrived at a set of correlations for water boil inn

inside round tubes and rectangular channels of uniform heat flux for the

pressure groups of 560, 1,000, 1,550 and 2,000 psia. Macbeth's correlation

is based on a hypothesis proposed and tested by Barnett [27]. This hypo-

thesis, which is called "local conditions hypothesis", suggests that the

critical heat flux is solely a function of the mass quality at the point

of the overheating. Macbeth had suggested that it was desirable to divide

the critical heat flux data into two regions depending upon the mass

velocity magnitude and different correlations were proposed according to

the velocity magnitude. For the low-velocity regime, a nearly linear

relationship between q_r,-* and quality x exists, and the correlation

is independent of pressure.

qc.rit = °- 0 0 6 3 3 Hfg D"0>1 '
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for round tubes, where qcrit is in (Btu/hr.ft2), and G in (Ib/ft2.hr),

D in (in.) and H- in (Btsi/lb). The present experimental conditions is

very close to the applicable region for this correlation, but the boundary

is not very clear in the low pressure region. To check its validity,

q .. of Macbeth correlation was calculated using typical parameter

values and compared with our experimental q .. values obtained.

Macbeth correlation gives qcrit value of 2.43 x 106 Btu/hr.ft2(7.66 x 105

watt/m2) for typical value o-" G(20 g/cm2s), D (1.39 cm) and quality

x(0.01), whereas our experimental %r-s* value is around 0.65 x 105

Btu/hr.ft2 (2.05 x TO6 watt/m2). This indicates that maybe our experi-

mental velocity range is too high to use the Macbeth correlation of low-

velocity regime. Analysis of data in the high mass velocity region is

difficult because the pressure effect is more complex than in the low mass

velocity region. However, the range of system pressure in Macbeth corre-

lation for high velocity regime is too high for our experimental conditions

which is 1 atm. pressure, and neither low-velocity regime nor high velo-

city regime Macbeth correlation could be used for this analysis.

An alternative to the Macbeth correlation which has the advantage

of being continuous with respect to the variable "system pressure1 with

apparently little or no loss of accuracy is the correlation proposed by

Biasi et al. [28]:

for the low quality region, and
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q _ 1 . 7 8 x 1Q3 . h(p) fi , (g)
qcrit Dn e G0.6 V *J ^>

for the high quality region, where n = 0.4 for D >_ 1 cm, n = 0.6

for D < 1 cm and

f(p) = 0.7249 + 0.099-p-exp(- 0.032 p) (10)

h(p) = - 1.159 + 0.149-p-exp(- 0.019 p) + ̂ 99_ ?2 (11)

The correlation is evaluated in C.G.S. units and valid over the range of

variables, which includes our experimental conditions except system pres-

sure. The recommended system pressure for the correlation is from 2.7 bar

to 140 bar, whereas our experiment was carried out at near 1 atm. pressure.

Since the system pressure for the experiment is close to the recommended

pressure range for this correlation than other correlations, qcrit value

was evaluated to check its validity, extrapolating the system pressure to

1 bar, and the value of the calculated q .. is about 3 ti<nes our experi-

mental qcr:t valua. This shows that this correlation could not be used

outside its recommended system pressure range.

As a last resort, to get the reasonable critical heat flux correla-

tion, earlier form of Macbeth correlation was studied [24j. In the earlier

Macbeth correlation, for the high velocity regime, the correlation for a

round tube is in the form,

qcrit x 106 = A - C . D . ( G x 10"
6) Hfg-x/4 (12)

fg-

where A =yQ-D • -(G x 10"V 2 and C = y3

The computer optimized values of yQ to y which were obtained from

the high velocity critical heat flux region in the pressure range of 15 psia
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are y 0 = 1.12, yx = - 0.211, y 2 = 0.324, y3 = 0.0010, y4 = - 1.4 and

y5 = - 1.05. This correlation gives Qcri-t value of 0.68 x 106 Btu/hr.ft2

(2.14 x 106 watt/m2) for mass velocity of 20 g/cm2'S, which is very close

to the experimental qcrjt value of 0.65 x 106 Btu/hr.ft2 (2.05 x 106

watt/m2). Check with other mass velocities also confirmed the closeness

of calculated q .. value to the experimental. Therefore, this earlier

Macbeth correlation which present more complex high-velocity regime Macbeth

correlation is modified as given in Eqn. (12), is used in this study. The

unit of qcri-t is in (Btu/hr.ft2), mass velocity G in (Ib/ft2.hr), tube

diameter D in (in.), and latent heat of vaporization Hf in (Btu/lb).

2.3.4 TRANSITION BOILING REGION

The critical neat flux condition results in a drop of one or

two orders of magnitude in the value of heat transfer coefficient as com-

pared with the values obtained in the nucleate boiling. Tim decrease is

a consequence of the fact that the h-:at transfer surface is no longer

completely wetted by the liquid phase, but wetted by intermittent contact

of large liquid droplets carried in the vapour stream. This heat transfer

regime is called transition boiling region (Region 4 of Fig. 1). and a

convenient way of treating transition boiling is to consider that, at any

moment, the surface is partially wetted and partially covered by vapour.

The total heat flux is then qtot = qwet • awfit + q<Jry • a d r y with

a. + a t = 1. The difficulty is to find proper expressions for the

area functions a t and a. . One possibility is to work from the film

boiling end, and Tong and Young [29] proposed an empirical correlation in

the form of q. t = q,R + q™ where q™ is the transition boiling heat
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flux which equals the measured total heat flux minus the film boiling

heat flux, in Btu/hr.ft2 (or, watt/m2) and qFB is the film boiling

heat flux, in Btu/hr.ft2 (or, watt/m2).

Tong and Young observed that the heat transfer coefficient imme-

diately after boiling crisis consists of two components: nucleate-

boiling component and film-boiling component. The magnitude of nucleate-

boiling component depends strongly on wall superheat, but weakly on mass

velocity. The film boiling component is of convective nature and it can

be evaluated by Dittus-Boelter type equation. Tong and Young, noting that

the chance of liquid droplets hitting the wall in a transition boiling is

large at a low quality and at a high steam production rate, derived fol-

lowing correlation empirically.

(13)

where qNB is the nucleate boiling heat flux or the measured total, heat

flux based on the instantaneous local conditions, in Btu/hr.ft2, AT t is

the wall superheat (i.e. ATSfl. = Vwaji - T J) in °F, and i is the

channel length in inches.

In correlating film boiling heat transfer coefficient, the Dittus-

Boelter equation was developed for single phase convection. The film

boiling heat transfer coefficient proposed by Tong is

(14)
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where De is wetted parameter and S is slip ratio. Slip ratio S is

the ratio of the gas phase velocity to the liquid phase velocity, (V /V^)

and could be expressed as following in terms of the mass quality and the

void fraction

Combining the above two equations (Eqs. (13), (14)), the complete

equation of the transition boiling heat transfer correlation becomes,

2/3 AT <. 1+0.0016AT .

0.8

X P V / P Q
 + S(l-x) P J O . °'8

 uCD 0.4

2.3.5 INVERTED ANNULAR FLOW REGION

Inverted annular flow shown as Region 3 in Fig. 1, or sometimes

called film boiling, is characterized by a thin vapor film covering the

heating surface and liquid in the centre core, thus would appear to be an

inverse of annular flow. Heat transfer by direct contact of the liquid

core with the wall is not expected because the wall temperature is high

enough (above rewetting temp.) to forbid the wetting of a surface.

The vapour-liquid interface is not smooth, but irregular. These

irregularities occur at random locations but appear to retain their

identity to some degree as they pass up the tube with velocities of the
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same order as that of the liquid core. The vapour in the film adjacent

to the heating surface would appear to travel at much greater speeds.

The heat is transferred from the wall to the vapour and subsequently

from the vapour to the wavy liquid core. Heat transfer across the wavy

vapour-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 vapour, hence it is as-

sumed that the bulk of the vapor is at or close to the liquid core

temperature. Since the vapour has a low thermal conductivity relative

to the liquid, film boiling requires a large temperature difference between

the solid surface and liquid;

For simplicity, only heat transfer between wall and liquid core is

considered. In this region, heat transfers between wall and vapour,

vapour and liquid core are neglected because of small amount of vapour-

volume and vapour temperature being close to the liquid core temperature.

Due to the high wall temperature encountered in this zone, heat transfer

by radiation to liquid core is accounted for.

Radiative heat transfer to liquid core is taken as concentric

cylinders and radiative heat flux is derived as

W

(See Appendix 1 for derivation).
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For corrective heat transfer between wall and liquid core, Clement

et al. [15], used Bromley type equation of stable film boiling on a

vertical tube for their development of reflood codes FLIRA [15] and

PSCHIT [15]. The same equation is adopted in this study, after a critical

evaluation of the equation was made. The Bromley type equation is recom-

mended for low flow and high quality inverted annular flows. The convec-

tive heat flux from wall to liquid core of Bromley type is

qq
WL u.y4d(_ uv-(Tw "

0.4AT-Cp
where \' = H- [1 + — u J- Tte total heat flux from wall to liquid

f 9 L Hfg J

core is, therefore,

2.3.6 DISPERSED FLOW

The flow pattern in this region (Region 2 of Fig. 1), is

characterized by dispersed liquid droplets flowing in a continuous vapor

medium. It is usually encountered at void fractions well above 80% and

is often referred to as the liquid-deficient regime [26,27]. This kind

of flow regime usually appears downstream of inverted-annular flow regime,

when the liquid core disappears as a result of evaporation or droplet

entrainment.

Heat transfer in this flow regime is generally poor but still suf-

ficient to help reduce the fuel cladding temperature down to rewetting

temperature during reflooding. Heat transfer by direct contact of the

droplets with the wall is not possible because the wall temperature is
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higher than the rewetting temperature. Dispersed-Flow heat transfer can

be predicted from empirical correlations or from semi-analytical models

based on consideration of the heat transfer mechanisms between the wall,

the vapor, and the droplets.

The semi-analytical mechanistic models attempt to evaluate separately

the various modes of heat transfer. The wall is cooled by radiation, by

forced convection to the vapor, and by interaction with the droplets.

Such models require specification of a number of flow parameters, e.g.,

droplet diameters and velocities that are not readily known but must be

adjusted to fit the data.

Experimental evidence [28] of high vapor superheat exists. The

vapor temperature is controlled both by wall-to-vapor and vapor-liquid

heat transfer, therefore, thermal non-equilibrium may be present.

It is assumed for this study that droplets are spherical with uniform

distribution in a cross section of the channel. At any time the droplet

flux Nd = 6 G ^ " x L M is conserved and the number of droplets per unit

of volume is given as '^ S1 (see Appendix 2 for details).

Three types of heat transfer are considered in this region. They

are convective heat transfer, radiative heat transfe., and heat transfer

between phases. Convective and radiative heat transfers are between wall

and liquid, and wall and vapour. Heat transfer between phases is for

vapour-liquid interphase.
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For convective heat transfer between wall and vapour, Clements et al.

[15] used Colburn equation. In the laminar vapour fipw (Re < 2,000), the

heat flux is given as

j = 3.656 ^ ( T w - T v ) (18)

If the vapour flow is turbulent (Re >_10,000), then the heat flux from

the wall to vapour is given as

K 0.8 0.33 °'467
0.023 ̂ R e v Prv [ Jj£ ] (Tw - Ty) (19)

where, Re is vapour Reynolds number, (Rey = *^ ) Pry is vapour

Cp «u
Prandtl number, (Pr =--»ï—- ), uvc is dynamic viscosity of vapour at

vapour temperature, and u is dynamic viscosity of vapour at wall

temperature. For 2,000 <_ Re < 10,000, linear interpolation between the

above two equations is used.

Forsiund [29] has proposed an expression for convective heat transfer

between wall and liquid droplets which does not strike the walls.

Forslund's equation is:

_ , r 6-G.(1-x) t Kvw •C _ , r 6-G.(1-x) *t* . Kvw

•(Tw - T,) (20)

r 7 Cpv*(Tw • Ts) , " 3

where X" = H- [ l + ^ r v
u
 w — ] and K1 is an arbi t raryrg *- i.\i »f *

constant. Forslund used K1 value of 0.2 for nitrogen, while Hynek [30]

used K = 1 for water. So, in this study, Forslund equation is used with



- 22 -

K = 1 for convective heat flux between wall and liquid droplets.

Radiative heat fluxes from wall to vapour and liquid droplets are

considered. Heat flux equations for radiation between wall and vapour,

and wall and liquid droplets are approximate solutions with a few general

assumptions because of complications involved for exact solutions. It

is assumed that wall is opaque, diffusely emitting and reflecting, and

also that droplets are spherical and their temperature, diameter and

distribution are uniform over a cross-section of the channel. The ap-

proximate solution of radiation between wall and droplets is obtained by

multiplying the number of droplets in the unit volume to the radiative

heat flux from wall to one droplet, with the assumption of vapour having

transmissivity of 1, and no interaction between droplets. The radiation

heat flux from wall to liquid droplets is derived as

)

M i ( 1 i)( hz ) * «3M- 1_ _ i)( hz
ew Ac

where A2 is the surface area of the droplet (A2 =irfi
2), and A is the

inside surface area of the tube (Ac = TT-D-JI).

For the radiation heat flux between wall and vapour, vapour is as-

sumed to have uniform temperature over a cross section, emission is

taken as isotropic and scattering is neglected, while a box model enables

to account for the spectral absorption. Heat flux between vapour at tem-

perature T and the walls of a black-body container at T is given as

v w
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where e is the emissivity of vapour evaluated at T and e is

emissivity of vapour at vapour temperature T . Kreith [20] gives an ap-

proximate solution for non-black body container whose emissivity is

larger than 0.7 as

4 = ̂ vw Tw " evc Tv ) ̂ 4 ^ <23>
where e is the emissivity of the enclosure surface. In this study,w

even though the emissivity of wall material is less than 0.7 (around 0.4 ~

0.7) [20], Kreith's approximation is still used, because of lack of infor-

mation on radiation between vapour and Grey walls, and also its simplicity.

The heat transfer between phases by convection is given by Lee-Ryley

[31]. The heat flux from vapour to liquid droplet is given as

r K * 1/3

4 = i - C 2 + Q-74Red Prv 3 (Tv - V (24)

where Re. is Reynolds number of liquid droplet,

Therefore, the total heat flux from wall to liquid droplet is

r Rwhere qjj. and cQ. are given in Eqs. (20) and (21) respectively, while

the total heat flux from wall to vapour is

q j v - qjjv - qw
R
v (26)

where q£, is given in Eqs. (18) and (19) and
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2.3.7 SINGLE STEAM PHASE REGION

In this region, only single phase steam flows in the channel,

so this is just a vapour forced convection flow.

Because of high temperature difference between wall and vapour,

radiative heat transfer as well as convective heat transfer is considered

in this region. For radiation heat flux from wall to vapour, same type

of equation as in dispersed flow is used with the absence of liquid

droplets. Thé radiation heat flux from wall to vapour is [20] already

given by Eq. (23).

Convection heat transfer coefficient h varies depending on the flow

condition. In laminar flow where Reynolds number is less than 2,000, con-

vection heat transfer coefficient h is given as

h = î T n ^ for constant heat flux.

For fully developed turbulent flow (Re > 10,000), Dittus and Boelter [21]

equation gives h = 0.023 ?p Re ' Pr " . A linear interpolation between

laminar and turbulent heat transfer coefficient expression is made to give

heat transfer coefficient for transitional flow where Re is between

2,000 and 10,000. The convective heat flux from wall to vapour is

%\i = h(T - T ). The total heat flux from wall to vapour is
w v w y

2.3.8 VOID FRACTION

The void fraction is commonly taken as the fraction of volume

occupied by the gas phase. The one-dimensional flow assumption means
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that the void fraction a is the fraction of flow area occupied by

the gas phase.

a -jjS. and l-o = A Z / A (29)

where Ag and A are the cross-sectional areas occupied' by the gas

and liquid phases respectively and A is the total cross-sectional area

of the channel.

In boiling and condensation, it is convenient to use the fraction of

the total mass flow which is composed of vapour or liquid. Thus, the mass

quality x is defined as
W W.

x w » i x w

where W and W are the mass flow rate of the gas and liquid phases

respectively and W is the total mass flow rate of liquid and gas.

Using the definition of slip ratio, S = U /U , one can obtain the
g z

following useful relationship:

In this study, the mass quality x is calculated with the heat flux

from the wall to liquid, but void fraction a is an unknown value unless

it could be calculated from a relationship which involves mass quality x

and void fraction a.

For the homogeneous case (S = 1 ) , a becomes

a Ï

1 + ?» (• "

(31)
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This, however, would not be useful for general purposes.

In the last few years, Bankoff [32] has suggested that the slip

ratio was equal to

where K' was an empirical constant. For vertical flow of steam-water

mixtures, K1 was taken to be a function only of pressure: K1 =0.71 +

0.0001«p where p is the fluid pressure in psia. For 1 atm. pressure

(p = 14.7 psia) K1 becomes 0.71147. Substituting K1 value into Eq. (32),

and combining with Eq. (30), the relationship between void fraction a and

mass quaiity x is

0.71147

«=^—~ (33)

1
Pg

A simple check reveals that either this equation is not suitable for low

pressures or not applicable to wide ranges of mass quality x- Eq. (33)

gives a = 0 when x = 0> but when x becomes close to 1, a becomes

0.71147, which indicates for large mass quality x> a value tends to be

wrong.

Baker [33] has given an empirical equation to allow for the influence

of mass velocity on the void fraction in vertical up flow:

X Y -.(Y - Y1'3) ( '

where Y = 0.021 ( — ) G 0" 5 8 6 and 6 is the mass velocity in Kg/m2-S.
pg

This equation is valid over the range 7.5 < Y < 300 and G < 950 kg/m2S.
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Checking with various flow rates, this equation gives reasonable value

of a with quality x- Also, it shows that void fraction a increases

as mass velocity increases for a given mass quality x- However, Y-values

for G-values of 100, 200, and 400 Kg/m • S (our experimental ranges) are

793, 1,275 and 2,052 which are over the range of Y for Baker's equation,

even though 6 values are well within range. There are only two varia-

bles which affect Y value for a given G value, namely p and p . p
iL Q JO

is almost independent of pressure but p depends very much on tempera-

ture and pressure, and if p is considerably large, then Y value will

be small for given G value. Thus, this equation would probably be better

applied to very low mass velocity or very high pressure.

Martinelli-Nelson [34] assumed that a thermodynamic equilibrium

exists at all points in the flow and LocHiartMartinelli [35] correlation

was arbitrarily applied to atmospheric pressure steam-water flow. As a

result, void fraction a as a function of mass quality and absolute

pressure of steam-water flow was given in graphical form. In this study,

the graph by Martinelli-Nelson was used for relationship between void

fraction a and quality x- This graph shows quality down to 0.006

only, so lower quality values were reasonably extrapolated. Twenty-three

points were obtained from the graph and those twenty-three pairs of void

fraction and quality are listed in Table 1.
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2.4 COMPUTATION

2.4.1 TEMPERATURE-TIME TRACE CURVE

The main objective of this computation is selecting ap-

propriate heat transfer coefficient h from six heat transfer regions,

thus with prefixed rewetting temperature, T , predicting the temperature-

time trace curve of a single vertical tube along its entire axial posi-

tions.

From trial computations, as will be discussed, it seems that using

the element time interval of about 0.1 sec. is most optimal considering

the convergence and the computational time. The element time interval is

the time taken by the elemental volume of water to pass that certain ele-

ment completely. For mass velocity G of 20 g/cm2s or larger, this •

element time interval would be obtained with element length, DX, of about

2 cm, while with mass velocity G of 10 g/cm2s, the element length is 1 cm.

When the length DX of larger than 2 cm was used in the computation for

mass velocity G of 20 g/cm2s, the instability in heat transfer between

wall and coolant gave unreasonable values (i.e. wall temperature drop-

ping to lower than coolant temperature). While a smaller length of DX

(i.e. 1 cm, 0.5 cm) takes too much computational time (up to CPU of 40

min. on IBM 360/65) with a minimal difference in the results. The dif-

ference between the results using element length, DX, of 2 cm and 1 cm

for the above example is less than 1%, but the difference in computational

time is more than 3OO5S. When mass velocity G is 10 g/cm2s, using element

length, DX, of larger than 1 cm (i.e. 2 cm) gives unreasonable value in
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temperature-time trace, while smaller length of DX(i.e. 0.5 cm) takes

more than double the computational time with less than Mo difference in

results. This shows that the element time interval of about 0.1 sec.

(i.e. element length, DX, of 2 cm for G _> 20 g/cm2s, and DX of 1 cm for

G — 10 g/cm2s) is a reasonable value to choose, considering the accuracy

of the results and the computational time.

The initial wall temperature distribution of the computational model

was chosen to be as close to the experimental initial wall temperature

distribution as possible. The experimental initial wall temperature dis-

tribution is not uniform, but is different along the axial distance. To

get the same wall temperature profile for the computational model as the

experimental temperature profile, 4 axial points along the tube were

chosen. Two of these points were chosen near each end and the other two

were around the middle about 1 m apart. At those 4 points, the initial

wall temperature T and the experimental rewetting temperature T

were obtained. The initial wall temperature distribution of the computa-

tional model is calculated by interpolating along the channel between the

4 experimental wall temperatures at the specific axial points.

The experimental rewetting temperature distribution along the axial

distance is also calculated using the same method (interpolation between

the 4 rewetting temperatures), whereas the correlated rewetting tempera-

ture distribution along the channel is calculated using the proposed

empirical correlation given by Eq.(l).
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In the computation, each element is taken as a control volume,

and heat balance between wall and coolant water is established in that

control volume using appropriate heat transfer equation according to the

heat transfer region.

At the inlet of the channel, when the coolant water is introduced

to the first element, the flow is single phase liquid flow. If the wall

temperature is less than the rewetting temperature, then the heat transfer

region is assumed to be either the Nucleate Boiling Region or the Wet

Region according to the wall temperature. If the wall temperature is

higher than the rewetting temperature, normally the flow is assumed to be

one of the inverted annular flow, dispersed flow, or single phase steam

flow. However, whan the mass duality is 0, none of the three regions

(Inverted Annular Flow, Dispersed Flow, Single Phase Steam Flow) has

physical meaning. So, when the wall temperature is higher than the rewet-

ting temperature, and the mass quality x is 0 (it occurs usually at

the inlet of the channel), the haat transfer mode is assumed to be

nucleate boiling without the microconvection effect due to boiling. In

other words, only macroconvection occurs due to flow, and the heat trans-

fer coefficient would be

° 8 J 0 - 4 ^ F (35)

This choice is based on the assumption that because of high wall tempera-

ture, and no actual contact between wall and liquid, boiling is not pos-

sible and convection due to flow is the only heat transfer mechanism.
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Also, this gives better result compared to various other trials.

Besides this special case, normally in each element, the heat

transfer between the wall and either water or vapour, depends on the heat

transfer region which is assigned to each element. The particular heat

transfer region is determined by the wall temperature, and the flow con-

ditions in the element.

When the mass quality x of the flow is 1, (i.e. single phase

steam flow), the heat transfer equation of the Single Steam Phase Region

is used to calculate heat transfer from the wall to the vapour. Dispersed

Flow is assumed to exist when the mass quality of the flow is larger than

0.05 and less than 1. Inverted Annular Flow Region is selected when the

wall temperature is greater than the rewetting temperature and the mass

quality is less than 0.05. The vapour quality x is an important factor

in distinguishing the Inverted Annular Flow Region from other regions.

Here, it was assumed that if vapour quality x is 0» then because of no

void fraction, the Inverted Annular Flow Region does not exist. Transi-

tion Boiling starts when the wall temperature is below the rewetting tem-

perature and the heat flux in the Nucleate Boiling Region is larger than

the critical heat flux. If the wall temperature is less than the rewet-

ting temperature and vapour quality is less than 0.7, then Nucleate Boil-

ing Region is selected.

Single Phase Liquid Region exists only when the wall temperature is

less than 115°C for the present study and the water temperature is less

than 100°C. In the Nucleate Boiling Region, if the heat flux from the
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wall to coolant liquid is greater than q_r^t (critical heat flux) then

the heat transfer mode is changed from Nucleate Boiling Region to Tran-

sition Boiling Region and heat flux is calculated again using heat trans-

fer coefficient from transition Boiling Region.

In each element, coolant water was heated and its new temperature

and vapour quality as well as the new wall temperature were calculated

using appropriate heat transfer equations according to the flow region,

and then flow moves to the next element. The heat flux from the wall to

the coolant was calculated, and as the first attempt, the heat flux was

used to increase the water temperature until it reaches 100°C before any

vapour was generated, and the wall temperature was decreased accordingly

by the amount of hea.t flux lost. After the water temperature reached

100°C, the mass quality x was increased by the heat flux. However,

this causes a problem such that controlling the rewetting process by the

rewetting temperature is not possible, because single liquid flow with

mass quality zero reaches certain elements before its wall temperature

drops to the rewetting temperature. The liquid flow with mass quality

zero decreases the wall temperature substantially compared to the inver-

ted annular flow does, and the process resembles the rewetting when the

wall temperature is higher than the rewetting temperature. This produces

a large error in the final results.

After serious consideration, some modifications were made in such

a way that after the water temperature reaches a certain level, the vapour

starts to form and the water temperature and the mass quality increases
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simultaneously. This idea is based on the assumption that there exists

a temperature gradient across the water body. In other words, the water

temperature immediately adjacent to the wall or vapour phase is 100°C,

but the water temperature inside the liquid core is not necessarily 100°C,

and in this study, the water temperature means the average water tempera-

ture. From trial computation, use of average water temperature of 70°C

seems to give good results. Therefore, in the computation, water tempera-

ture was increased to 70°C without any nucleation of vapour using calcu-

lated heat flux, and after water temperature reaches 70°C, the water

temperature and the mass quality (i.e. amount of vapour formed) were in-

creased simultaneously until the water temperature reaches 100°C, using

part of the heat fluxes from wall to liquid for each process according

to the region.

The computation shows that in Nucleate Boiling Region^ using 67% of

the heat flux to increase the water temperature while remaining 33% is used

to increase the mass quality gives better result compared to other trials.

In Transition Boiling Region, half of the heat flux is used for the water

temperature and the other half for the mass quality. In the Inverted An-

nular Flow Region, it is a little more complicated than the other regions.

The minimum water temperature before nucleation of any vapour, is set to

70°C. Having the water temperature of 70°C or more, if the mass quality

is less than 0.001, then the mass quality is increased to 0.001 without

further increase in the water temperature. When the mass quality is less

than 0.03 but more than 0.001, with the water temperature between 70°C

and 100°C, half of the heat flux is used to increase the water temperature,
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and the other half is used to increase the mass quality x- If the

mass quality is larger than 0.03, then the water temperature is increased

to 100°C before any increase in the mass quality. In all cases, once

the water temperature reaches 100°C, the mass quality x is the only

variable which would be increased.

As stated before, in the dispersed flow, it is assumed that the

droplet flux Nd = 6 ' *{ is conserved. So, there is direct

relationship between the droplet diameter and the mass quality. Since

the droplet temperature is assumed to be 100°C, the convective heat

flux from wall to liquid droplet is used to increase the mass quality x-

After calculating mass quality, new droplet diameter is calculated using

droplet flux equation with new mass quality x-

Besides the convection and radiation, conduction heat transfer in the

tube wall is also considered in the heat flux computation. Since this

model is for vertical bottom flooding, the circumferential temperature

variations are neglected because of symmetry. Also, the tube wall is

very thin, and the Biot number is smaller than one, so the radial tem-

perature gradients are assumed to be negligible. Under these conditions,

the temperature distribution in the wall is one-dimensional, and only

axial conduction heat transfer in the tube wall is used for the heat flux

computation.
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During the initial rewetting process, steam would flow through

most of the hot tube, until the coolant water flow (either in inverted

annular flow or dispersed flow form) reaches that point, and the dry

wall temperature would not remain the same as the initial temperature

during that time. The wall temperature would drop by the convection heat

transfer to steam even though it would be small. This is called the pre-

cursory cooling and this precursory cooling effect is also included in

the computation.

At first, the actual convection heat transfer coefficient to steam

was used with varying Reynolds number, Prandtl number, and vapour tempera-

tures. The Reynolds number at certain element depends on the coolant

flow rate, and also depends on the amount of vapour formed during the

rewetting process in each element proceeding that certain element.

Vapour temperature was calculated in each element using the heat fluxes

from the wall to the vapour. To include this type of precursory cooling

in the program, takes too much computational time. So, approximate pre-

cursory cooling which uses very little computational time is devised from

modifying the actual precursory cooling model. First modification was

made assuming that the vapour flow is always turbulent. The wall tempe-

rature drop due to the modified precursory cooling is

where 6t is the time taken for the coolant water flow to reach that

particular element, and Re is vapour Reynolds number (Re =• """'X )
V V U
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Here, quality x is assumed to be average 0.02 because the exit quality

of the first water element is average about 0.04, and absolute.viscosity

of steam at 100°C is 1.29 x 10~4 g/cm-s, so Rey - y^~jo->* • Vapour

Prandtl number, Pr , at 100°C is close to 1, so (Pr ) term in the

turbulent convection heat transfer equation can be dropped. Vapour

temperature is assumed to be at constant 100°C.

However, the result showed that this modified precursory cooling

equation gives too small wall temperature drop compared to the actual

convection heat transfer to the steam flow. When the coefficient of Eq.

(37) was increased from 0.0056 to 0.01 as Eq. (37) is strictly applicable

for fully developed flow, this produces an improvement in the results.

So, using this modified precursory cooling, one would get the same

results as using actual precursory cooling process with a lot less com-

putational time. The wall temperature drop using this modified precur-

sory cooling until the water coolant flow reach a particular element is

Kv (Re
 0 8

V -« (Tw "

In this study, it is assumed that the rewetting front propagates

in the direction of the coolant flow and in one direction only. Conse-

quently, the occurrence of sudden wetted patches along the hot tube wall

surface is not permitted before the rewetting front reached that point.

In the computation, the amount of water temperature, wall temperature

and mass quality variation is calculated as
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Qc

x) Ad Cp&

( 4 0 )

(3

AX = 0 " ^ (41)
Hfg

where Q is the total heat transferred from wall to liquid in the

element and Q is the total heat lost by the wall in the element. Ad

is the corss-sectional area of the channel, Vol, ?s the volume of the
w

tube wall in the element and At is the time taken for the coolant water

flow to pass the element.

Many themodynamic properties used in tfoi computation are function of

temperature. Those are density, viscosity and thermal conductivity of

water and vapour, specific energy of vapour and emissivity of tube and

vapour. In the computation, those values are all calculated for each

temperature variance using subroutines.

For a reference, a program flou chart for this computation is shown

in Fig. 5.

2.4.2 REWETTING VELOCITY

Rewetting velocity U is obtained from two temperature-time

trace curves at different locations of the test tube by knowing the

"rewetting time" and the location of the temperature-time trace curve,

because rewetting velocity U is the propagation rate of the rewetting

front along the test section in the direction of the coolant water flow.
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2.5 RESULTS AND DISCUSSION

The analytical results obtained from the present imdel are

to be compared with those obtained from our experimental program which

is partially reported in the final report, 1979 [l].

2.5.1 TEMPERATURE-TIME TRACE CURVES (T-T PLOTS)

The result of the T-T plot computation shows that in all

cases the predicted rewetting time is about 5~10 sec. longer than the

experimental rewetting time at all axial locations. This is probably due

to the end effect which is not considered in the analysis. In the experi-

ment, end section is more susceptible to heat loss to the surroundings.

In the computation, this effect is not taken into consideration, and

wall temperature of the end section would be higher than the experimental

temperature, thus delaying the rewetting of the surface. Also, at the

inlet of the test section, it is not very clear what kind of heat trans-

fer mechanism is involved when coolant liquid is first introduced to the

very hot surface.

The initial time difference between the computed rewetting time and

the experimental rewetting time caused by end effect could become large

depending on the computation method used. Therefore, to offset this end

effect in the computation and also to obtain reasonably good results,

various modifications were made. One of the modifications worth mention-

ing is using Nucleate Boiling heat transfer when quality x is 0» re-

gardless of the wall temperature based on the assumption that Nucleate

Boiling heat transfer occurs at the inlet of the test section when water
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is first introduced to the hot tube. This seems-to decrease the initial

time difference caused by end effect between the predicted and experi-

mental rewetting time substantially. However, this gives the problem

of controlling rewetting process by rewetting temperature and the rewet-

ting velocities obtained using this modification are much faster compared

to the experimental ones.

Another modification tried was to increase the heat transfer coef-

ficient in the Inverted Annular Region. The heat transfer coefficient,

h, was arbitrarily increased by 10%, 30%, and 50%. This seems to shorten

the initial time difference between the computed rewetting time anJ the

experimental rewetting time, but this also results in increasing the

rewetting velocity along the tube, thus giving larger error in the final

result. After considerable amount of trial and error, it was decided that

the computation method described in Section 2.4.1 gives the best result.

Also, to prevent this end effect error in the final result, the second

thermocouple position (about 150 cm from the inlet) instead of the inlet

of the test tube, is taken as the reference point.

The examples of the computation for temperature-time trace curve is

shown in Fig. 6 to Fig. 14, and it shows mostly close resemblance between

the experimental temperature-time trace curves and the computed ones.

However, Fig. 12 and Fig. 13 show a large difference in rewetting time

between the experimental T-T plot and the computed one, A close look at

these two figures reveals that the rewetting temperature used in the com-

putation is different from the experimental one. A better result could

have been obtained if the rewetting temperature used in the computation
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would have been closer to the experimental rewetting temperature. Thus,

this demonstrates the important role the rewetting temperature is play-

ing in the computation of rewetting velocity.

To further prove this point, several other values of rewetting

temperature claimed by various authors were used in the computation.

Yamanouchi [8] used 150°C as the rewetting temperature in his computation,

while Yu et al. [17] chose 180°C. Rewetting temperature of Dua and Tien

[36], 260°C, and that of Martini et al. [14] is 420°C. Fig. 15 shows

the comparison of the experimental temperature-time trace curve with

the computed one using Yamanouchi1s T , and using T of Yu et al.

Fig. 16 shows the temperature-time trace curves of experiment and compu-

tation using Dua and Tien's T , and Martini's T . Both figures show

clearly that better result is obtained by using the apparent rewetting

temperature that has been correlated from experiment as given by Eq. 1.

It is important to choose appropriate element size in the finite

difference method. To show the effect of element size, two sets of

temperature-time trace curve was computed using two different element

sizes. The computed T-T plots shown in Fig. 9 are computed with element

size of 2 cm, while Fig. 17 with 1 cm element size. Both figures repre-

sent T-T plot for experiment #432 which was for mass velocity G of 10 g/cm2s.

Since mass velocity is slower than others, the element time interval is

large compared to other higher mass velocities (20 g/cm2s and 40 g/cm2s)

for same element size, because the element time interval is the time

taken by the elemental volume of water to pass that certain element com-

pletely. With mass velocity of 10 g/cm2s, 2 cm element size represents
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sec element time interval. In Section 2.4.1, it was stated that the

optimal element time interval is about C.I sec, and if the element time

interval is much larger than 0.1 sec then the computation would show

instability. This is shown clearly in Fig. 9. With element time interval

of about 0.2 sec, the computed T-T plot shows the wall température drop

to below the coolant water temperature after rewetting. Fig. 17 with 1

cm element size shows a large improvement in result over Fig. 9.

Computation for other experiments which also has mass velocity of

10 g/cm2s, shows the same effect. Fig. 11 shows the computed T-T plot

with 2 cm element size for Experiment #436, while Fig. 18 shows the

computed T-T plots with 1 cm element size. The computed T-T plots of

Fig. 18 is very close to experimental one, while Fig. 11 shows a certain

discrepancy between the computed and experimental T-T plots.

However, computation results showed that using element time interval

of less than 0.1 sec did not improve the result significantly, but in-

creased the computation time markedly. The difference in result between

computation with 0.05 sec element time interval and 0.1 sec element time

interval was less than IX, while the computation time was more than double.

This demonstrates that the element time interval of about 0.1 sec is

optimal.

In order to see the effect of axial conduction in the surface heat

flux, axial conduction term in heat flux computation was purposely neglec-

ted, and the results were compared with the result of computation which

include the axial conduction term. Comparison of the results show that
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results are almost identical and the difference in T-T plots or the re-

wetting velocities is less than .1%. This confirms our previous finding

[37] that the contribution of axial conduction to the surface heat flux

based on the one-dimensional data reduction is very small.

2.5.2 REWETTING VELOCITY

Fig. 19 shows the variation of the rewetting velocities at

the different axial locations from the inlet of the tube. The experi-

mental rewetting velocities remain almost the same, along the test tube,

while the computed rewetting velocities show some fluctuations. However,

considering the end effect and other difficulties encountered in computa-

tion (assumption of initial wall temperature and rewetting temperature

distributions, etc.), the result shows reasonable consistency along the

test tube.

Fig. 20 represents the rewetting velocity U versus initial wall

temperature T . Here, it shows almost the same pattern for experimentalw

rewetting velocity and computed rewetting velocity using experimental T

(i.e. rewetting velocity decreases as the initial wall temperature increases).

However, the computed rewetting velocities using correlated T show a

large difference from the experimental rewetting velocities. This is

probably due to the difference in rewetting temperatures. The correlated

rewetting temperature distribution could vary up to 10% from the experi-

mental rewetting temperature distribution and this seems to give a large

difference in results as shown in the figure.
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Figs. 21 and 22 show the relationship between rewetting velocity U

versus mass velocity G. The experimental rewetting velocities and cor-

related rewetting velocities all show the same trend of increasing with

an increase in mass velocity. However, the computed rewetting velocities

with correlated T show a large difference in value from the experimen-

tal rewetting velocities. Again, this is due to the correlation of re-

wetting temperature used in the computation.

The effect of inlet coolant, temperature (i.e. subcooling) on the

rewetting velocity is shown in Fig. 23. Even though there is a small dis-

crepancy between the rewetting velocities, the general trend is that a

decrease of rewetting velocity with increase in coolant water temperature.

Fig. 24 shows the accuracy of the computed rewetting velocities

compared to the experimental rewetting velocities. This ihows about 70%

of the computed velocities fall within ± 15% line, while about 80% of the

computed velocities have less than 20% difference from experimental rewet-

ting velocities.

2.5.3 HEAT TRANSFER COEFFICIENTS

Fig. 25 to Fig. 29 are samples of the heat transfer coefficient

distribution versus the wall temperature. This shows a large discrepancy

between the value used in the computation and the experimental results

based on one-dimensional data reduction. Most discrepancies occur at

the high heat flux region (i.e. Transition Boiling Region and Nucleate

Boiling Region) rather than in the low heat flux region (i.e. Inverted

Annular Region and Single Liquid Region). One explanation for this large
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difference between the Chen's nucleate boiling and Tong's transition

boiling heat transfer coefficients given by Eq. (4, 15) with our experi-

mental heat transfer coefficients could be the fact that all the boiling

heat flux correlations are based on the steady state condition, whereas

our experiment is transient.

An attempt was made to improve the computed heat transfer coefficient

distribution in the Nucleate and Transition Boiling Region. In Chen's

nucleate boiling equation, Eq.(5), Ap was defined as the difference in

vapour pressure corresponding to AT (i.e. T - T ), thus saturation

pressure corresponding to the wall temperature was obtained from the

steam table. However, to make the boiling heat transfer coefficient dis-

tribution closer to the experimental one, AP in Chen's nucleate boiling

equation was changed in 9uch a way that vapour pressure increases linearly

with wall temperature. This modification seems to be somewhat extrava-

gant and physically not correct. However, the result shows a large im-

provement in the heat transfer coefficient distribution. The represen-

tative results are shown in Fig. 30 to Fig. 34, and even though the maxi-

mum computed heat transfer coefficient in nucleate boiling is more than

1.5 times the maximum experimental value, this shows a large similarity

between the computed heat transfer coefficient distributions and those

obtained from the experiment.

Surprisingly, this modification gave very little change in the results

of the computation of the temperature-time trace curve and the rewetting

velocity. The difference in values of the rewetting velocity computed
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using Chen's nucleate boiling correlation and "modified" Chen's nucleate

boiling correlation is less than 3%. From this, it can be concluded

that the effect of the rewetting temperature in the rewetting analysis

is much more dominant than the effect of the boiling heat fluxes behind

the rewetting front, because our rewetting temperature depends on most

of the physical parameters which affect the rewetting process such as

flow rate, initial wall temperature, coolant temperature, conductivity

of channel material, heat capacity of channel material, etc. The re-

wetting velocity is calculated from the rewetting time which is the time

taken for the wall to have actual contact with water, and the boiling

heat transfer occurs after the wetting of the wall surface, and this is

the probable reason for the small effect of the boiling heat transfer

coefficient on the computation of the rewetting velocity.
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3. EXPERIMENTAL

Propagation of the rewetting front is dependent on the rewetting

temperature and heat transfer coefficient distribution in the region

behind the front, (so-called wet region) and in the region ahead, general-

ly referred to as dry region. Therefore, it can be expected that modes

of flooding must affect the rewetting process since the rewetting pheno-

mena in a confined space are primarily hydrodynamically dominated.

A considerable number of works on the rewetting phenomena have been

published and recent reviews on both theoretical and experimental studies

are made available by Butterworth and Owen [2], Elias and Yadigaroglu [3],

and Carbjor and Siegel [36]. These studies are all concerned with vertical

flows. The effect of flow channel orientation was reported for the first

time by the authors [l].

Since the effect of precursory cooling on the rewetting process in

a "confined" flow space has been shown to be significant, it is logical

to deduce that the rewetting phenomena in confined top-flooding should

be significantly affected by the area of space ahead of the propagating

rewetting front; i.e. the inside diameter of the flow channel when all

other variables are the same. To test this deduction, two test-sections

differing in their inside diameters were used in the experiments.

During the period of this report, an experimental study was carried

out:

(1) to study the effects of various parameters such as coolant

flow rate, initial wall temperature, heat generation rate,
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etc., for the rewetting of vertical circular channels

by confined top-flooding under a constant pressure drop

across the test-sections;

(2) to compare the results with those of unconfined top-

floodiny and with those of bottom and horizontal flooding

studies;

(3) to substantiate, experimentally, our previous conclusion [37]

that the axial conduction heat transfer is not as important

as has been assumed in influencing the rate of propagation

of the rewetting front in a confined space, and

(4) to prove, experimentally, that the flow space ahead of the

propagating front has a definite effect on the precursory

cooling in the confined space.

A visual study, using high-speed still photography was also made

during the period to obtain some physical insight into the problems as-

sociated with various modes of flooding.

3.1 EXPERIMENTAL APPARATUS

3.1.1 CONFINED TOP-FLOODING

The experimental loop which was used for flooding of the

channel at any orientation between vertical and horizontal positions was

originally designed [1,37] to accommodate also top-flooding experiments,

using either tubular or annular test sections. The loop can accommodate

test-sections up to 4 meters in length. The change of the channel orien-

tation is done by mounting the entire test-section, including both main
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coolant injection and by-pass circuits, on a pivotable frame. Further

details of the experimental loop can be found in Ref. 1.

3.1.2 UNCONFINED TOP-FLOODING

To study unconfined top flooding rewetting along the outside

surface of circular flow tubes, a separate new experimental apparatus,

in addition to the loop used for (3.1.1) above, was designed and cons-

tructed in such a-way that the related thermal-hydraulic phenomena

could be investigated visually as well. A schematic diagram of the new

apparatus is shown in Fig. 35.

m e apparatus consists of a water supply at different temperatures,

a rotameter, a by-pass loop, a specially designed coolant injection noz-

zle assembly, power supply, test-sections with removable transparent

outer jackets, thermocouples to measure the surface temperature of the

test-sections and coolant, and other peripheries including a high-speed

data acquisition system which employs a HP system 35 minicomputer.

To avoid or minimize bowing of the test-sections, due to thermal

expansion and contraction during the test, a tension of about 100 pounds

was applied at the end of the test-section.

The inlet nozzle assembly which was successful to provide uniform

film of water for the unconfined top-flooding experiment is shown in

Fig. 36.

3.1.3 TEST-SECTIONS

The physical characteristics of the eight test-sections used

in the present study are shown in Table 1.
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The test-sections used for visual studies are Nos. 14 and 15 in

addition to a test-section made of quartz, O.D. 15 mm, I.D. 12.6 mm and

about 1100 mm in length.

A total of up to 50 chromel-alumel thermocouples were spot-welded

onto the outside wall surfaces of test-sections Nos. 9-13 and, in order

to record the circumferential temperature variation, 2 or 4 thermocouples

were installed circumferentially at different axial locations along the

test-sections.

A technique to install thermocouples by spot-welding inside of small

core tubes has been perfected and has been used for test-sections Nos.

14 to 16 which had 10 thermocouples on the inside surface. Another 10

thermocouples were also installed onto the outs'ide wall surface of the

outer-tube of the test-section No. 16.

To investigate the effects of various parameters on rewetting in a

concentric annular geometry, an effort has been made to design various

components of annular test-sections which will be subjected to very high

temperatures. The specially designed connector assemblies for the inlet

and outlet, and for the mid-section of the proposed annular test-section

are shown in Figs. 37 and 38. The connectors have been manufactured and

have been used for the annular test-section used for the visual study

of bottom flooding rewetting phenomena.

3.2 EXPERIMENTAL PROCEDURE AND DATA REDUCTION

The procedure adopted during the tests is similar to that which has

been reported in Ref. 1. The method of data reduction to obtain surface
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heat flux distribution is also reported in Refs. 1 and 38.

3.3 RESULTS AND DISCUSSION

3.3.1 Confined Top Flooding

Parameters which affect the rewetting process in both

vertical and horizontal circular simple chann&ls with no flow obstruc-

tions are coolant flow rate, coolant inlet subcooling, initial wall

temperature, wall thickness, wall material, power generation rates, and

axial location along the channel [2,37]. It was also noticed [lj that

there was little variation of the coolant flow rate during the course of

the experiment for the loop used.

One of the experimental constraints in the present study is that the

pressure drop across the test-section must be kept constant during the

test period.

With the present apparatus, the typical variation of inlet and out-

let pressure obtained during a given test condition is shown in Fig. 39.

Although there is a time variation of pressure up to ± 2 psi at about 3 ~

6 hz for the condition of Fig. 39, the time averaged pressure drop across

the test section seemed to remain almost constant during the test period.

Similar phenomena were observed in all confined top flooding experiments.

The variation of coolant flow rate was generally small and usually under

± 5% of the designated flow rate fl].

3.3.1.1 Effect of Coolant Flow Rate

As pointed out in our previous study, [ij most of the theo-

retical analyses on the rewetting process, be they analytical or numerical,

do not explicitly recognize the effect of coolant flow rate. This is
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because the analysis requires prescribed values of heat transfer coef-

ficients in the region of interest.

In top-flooding experiments, Bennett et al. [39] reported that the

effect of coolant flow rate on the rewetting velocity is negligible,

while the results of Duffey and Porthouse [4] on top-flooding show that

the effect is significant.

Our results on the effect of coolant flow rate shown in Figs. 40

and 41, indicate that an increase in the coolant flow rate resulted in a

high rewetting velocity for a given condition.

As will be seen in the subsequent section, the mechanism of rewetting

in top-flooding is quite different, depending upon whether the falling

coolant film has confined space or not. The experiment of Bennett et al.

[39], was carried out on the outside of the heated tube of an annulus,

while the results of the present study, which show that the significant

effect of the coolant flow rate, was carried out inside a heated channel.

The difference due to the confinement of space will be further discussed

in Section 3.2.

The confined top-flooding results of the present study are compared

in Fig. 40 with our previous results of bottom flooding of vertical

channels, and those of flooding of horizontal channels [Î]. The compa-

rison indicates that the confined top-flooding results lie in about the

middle of two cases. This suggests that there is a difference in the hydro-

dynamic aspects of rewetting processes involved, between top and bottom

i
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flooding. As can be deduced from Fig. 42, the post-CHF flow regimes

involved in the two flooding systems are quite different.

3.3.1.2 Effect of Initial Wall Temperature

In Fig. 43, the results of the initial wall temperature

on the rewetting velocity for three different flooding modes are com-

pared. The effect seems to be similar for all three modes, e.g. a

decrease in the rewetting velocity with increasing initial wall tempera-

ture. Again, the results of confined top flooding seem to lie between

those of bottom flooding of vertical and horizontal channels, similar

to the case of changing the coolant flow rate. Fig. 43 also shows the

effect of variation in the coolant flow rate.

3.3.1.3 Effect of Heat Generation Rate

Bennett et al. [39] reported that there was no significant

difference in the results, after conducting top-flooding tests with the

power both on and off during the course of the rewetting experiment.

Our. previous test results [l,38] of bottom flooding and rewetting

of horizontal channels showed that the rewetting time was lengthened

with an increase in power input for the range of flow rates (100 to 400

mm/s) studied. Although the heat generation rate could not affect the

hydrodynamic heat transfer processes in the region of the rewetting

front, it should affect the wall surface temperature, and increase the

heat flux due to the increased heat content.

The results from our top-flooding tests, as shown in Fig. 44, indi-

cate that the rewetting velocity decreased with increasing power input
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during the tests. Fig. 44 again illustrates that the results gained

from the top-flooding rewetting process generally lie between those of

bottom flooding and of rewetting of horizontal channels. Therefore, it

may be safe to deduce from Figs. 40, 43 and 44 that the effects of other

parameters such as coolant inlet subcooling should be similar to those

reported in Refs. 1 and 38, but lie between those of bottom and horizon-

tal flooding modes.

The velocity of the rewetting front in confined top-flooding seemed

to remain constant as the front proceeded down the test-section, as it did

for bottom and horizontal flooding of hot channels [l,38].

3.3.1,4 Effect of Tube Diameter

Since the precursory cooling ahead of the rewetting front has

a significant effect on the rewetting phenomena in confined top-flooding

modes, as already stated in the Introduction, the effect of the flow

area ahead of the propagating rewetting front was studied using two test-

sections differing only in their inside diameters. The results, shown

in Figs. 41 and 45, clearly show that the effect of the inside tube dia-

meter on the propagation rate of the rewetting front is significant for

the range of parameters studied. It must be pointed out that in Fig. 41,

coolant flow rate is expressed in ïï(g/cm»s), while in Fig. 45, in

G(g/cm2-s).

The figures illustrate that an increase in the channel flow area in

the confined top-flooding mode results in a lower rewetting velocity at a

given test condition. The effects of parameters such as coolant inlet sub-
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cooling, heat generation rate, etc., were similar to those shown in

Figs. 41 and 45.

However, the results of the present study also suggest that the ef-

fect of the inside tube diameter on the rewetting velocity becomes less

significant with increasing values of the inside tube diameter.

With large inside diameter test-sections, the study also showed

that the diameter of coolant inlet to the test-section has very important

effect. When the coolant inlet diameter was relatively small compared

to that of the test-section (say 1 to 3), it seemed that the coolant

water shot off through the middle of the test-section tube, instead of

rewetting the tube from the inlet, especially when the flow rate was

large (G > 20). On such occasions, there formed two rewetting fronts

propagating at their own specific rates. Therefore, the overall rewet-

ting time will be shorter. The results shown in Figs. 41 and 45 are

those of the primary fronts only.

3.3.2 Unconfined Top-Flooding

In our previous report, [l], we concluded that the axial conduc-

tion heat transfer was not as important in influencing the rate of propa-

gation of the rewetting front as had been assumed. This conclusion is

strictly applicable to the cases where the space ahead of the rawetting

front is confined by hot (higher than rewetting temperature) surroundings,

i.e. bottom flooding, horizontal flooding, top-flooding within the channel

or along the rod (or rod bundles), within a confined space whose tempera-

ture is higher than the rewetting temperature.
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The above conclusion was reached from the surface heat flux and

axial conduction heat flux distribution, calculated one-dimensionally

from experimental temperature-time traces.

To substantiate this conclusion, a new test apparatus was built as

already described. The following are the results of this study.

3.3.2.1 Effect of Coolant Flow Rate

As stated in Section 3.1.1, Bennett et al. [39] reported

that they could not observe the effect of coolant flow rate on the rewet-

ting velocity, while Duffey and Porthouse [4] reported that the effect

was significant.

Bennett et al. used an annular test-section with one 0.3-meter long

heated inner tube, whereas Duffey and Porthouse used four circular tube

test-sections ranging from 0.10 to 0.25 meters in length. Our test-

sections were 1.23 to 1.42 meters in length. The results shown in Figs.

46 to 48 indicate clearly that although the effect of coolant flow rate

is less significant compared to that of the confined top-flooding mode,

the coolant flow rates do affect the rewetting velocity. This is obvious

since, even though the rewetting front for unconfined top-flooding is

limited to an extremely narrow region, it is still hydrodynamically

affected.

In Figs. 46 to 48, the results of the unconfined top-flooding are

compared to those of the confined top-flooding tests, and it can be

clearly seen that precursory cooling due to the heated confinement has
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a significant effect on the rewetting phenomena. The rewetting velocity

of the confined top-flooding is faster than that of the unconfined top-

flooding, by a factor ranging from about 2 to 4-, for D. = 15 mm.

3.3.2.2 Effect of Initial Wall Temperature

Our previous results with bottom flooding experiments and

flooding of horizontal channels have shown £49] that a decrease in rewet-

ting velocity was always observed with increasing initial wall tempera-

ture up to about 650°C to 750°C. It was seen that the effect seemed to

be less pronounced at values above about 750 C.

The trend can be qualitatively predictable from simple one-dimensional

analysis such as that of Yamanouchi JJ3], or from a two-dimensional analyses

like those of Duffey et al. [4] and Blair [9j. It is qualitative since

all these analytical results require the values of "effective heat trans-

fer coefficient" for the wetting region and "rewetting temperature", and

these two values are still not really known.

Fig. 49 again indicates the same trend, that an increase in rewetting

velocity is obtained with decreasing initial wall temperature. This can

also be seen in Figs. 10a to 10c. The effect of precursory cooling due

to the confinement of flow space is also clearly illustrated in the figure.

3.3.2.3 Effect of Coolant Inlet Subcooling

It was seen in our previous tests of bottom flooding and

flooding of horizontal channels, that the rewetting velocity increased

with increased coolant inlet subcooling, when all the other conditions

during a test were kept constant. This trend is again seen with the
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present case of unconfined top flooding tests as shown in Fig. 50.

As previously discussed, all theoretical analyses do not recognize

explicitly the effect of coolant subcooling on the rewetting process.

However, we have shown [l], that the "rewetting temperature" is affected

by a change in the degree of coolant subcooling. It is also obvious

that the coolant subcooling must bring about changes in the boiling

mechanism at the rewetting front, even though the front is confined to

an extremely narrow region for the unconfined top-flood.

Since the effects of precursory cooling due to the confinement of

flow space are seen in Figs. 49 and 50, the comparison with that of the

confined top-flooding is not made in Fig. 50.

3.3.2.4 Effect of Heat Generation Rate

It was shown in Fig. 44 that the effect of heat generation

rate during the transient on the rewetting velocity is not insignificant

for all bottom, horizontal and confined top flooding cases.

The results from our unconfined top flooding tests also indicate

(Fig. 51) that the rewetting time was lengthened with increasing heat

generation rate, but its effect on the rewetting velocity seems to be

less, compared to that of confined cases.
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3.3.3 Effect of Tube Diameter in Bottom and Horizontal
Flooding of a Single Tube.

It was seen in Fig. 41 that the effect of tube diameter on

the rewetting velocity in the confined top-flooding mode was signifi-

cant. This is mainly due to the precursory cooling ahead of the re-

wetting front.

To see if this is also true for both the bottom and horizontal

modes in a single tube, two identical tubes having different inside

diameters, test-section Nos. 4 and 13, were used in the experiment.

Some typical results from the bottom flooding experiments are

shown in Fig. 52 which indicates that for high initial wall temperature,

the rewetting velocity is faster for the larger diameter tube, whereas

for low initial wall temperature, it seems to suggest the opposite is

true.

For horizontal flooding, it can be seen in Fig. 53 that the effect

of the tube inside diameter seems to have almost no effect on the rewet-

ting velocity when the coolant flow rate is expressed in G (g/cm2«s).

The difference in the effects of the tube inside diameter for

different modes of flooding in a simple tube must be due to the different

fluid flow regimes associated with that particular mode of flooding.

How it affects the final result is not yet explainable. A qualitative

study will be made by flow visualization.

3.3.4 Bottom Flooding in Annular Test-Sections

The geometry of the coolant flow channel must have an important
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role on the rewetting phenomena. This is expected as the fluid flow

in the vicinity of the rewetting front must be strongly affected by

the geometry.

Two annular test-sections with the hot core tubes, Nos. 14 and 15,

were used in the experiment. The flow area variation by a factor of

1.4 was obtained by changing the core tube diameter.

3.3.4.1 Effect of Coolant Flow Rate

Duffey and Porthouse [4] who used two annular test-sections

with a hot center tube in which they changed the flow area by a factor

of about two by changing the outer tube diameter report that for the

same flow (i.e. G in g/s by our definition) through the channel, the

rewetting time increased by about 20% in the larger channel for low

initial wall temperatures but at high initial wall temperatures, the re-

wetting times for both channels were about the same.

Our results, shown in Fig. 54, indicate that for low flow rates

(6 in g/s less than 60) the effects of flow area seem to be negligible,

but for high flow rates for the same flow through the annuli, the rewet-

ting velocity increased in the larger annulus (No. 14) for the ranges of

the variables studied. This is quite contrary to the trend reported

above by Duffey and Porthouse [4]. Since the effect of the increasing

flow area in the case of annular test-sections with a hot center core

has the effect of increasing the degree tff inlet sub-cooling of the

coolant, the trend observed in Fig. 54 must be correct.
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Duffey and Porthouse's results also indicate that, for the same

inlet liquid velocity (i.e. G in g/cm2-s by our definition), there

is a small decrease in rewetting time (e.g. increasing rewetting velo-

city) with increasing flow area and that this increase is more marked

at high initial wall temperatures.

This is similar to our results shown in Fig. 55 where the rewetting

velocity is plotted against the flow velocity, G. Again for low flow

velocity, the effect of flow area seems to be insignificant. With low

flow rates, either in G or G, the effect of "equivalent" inlet sub-

cooling must be very small and this may explain the negligible effect

on the rewetting velocity.

Increasing the flow rate seems to bring about increased effect of

coolant flow rate as seen in Figs. 54 and 55 and this may be that the

increased flow area acts as increased coolant sub-cooling at the rewet-

ting front.

3.3.4.2 Effect of Initial Wall Temperature

A decrease in rewetting velocity was always observed with

increasing initial wall temperature in both annular test-sections as il-

lustrated in Fig. 56. This is qualitatively in agreement, not only with

the analytical prediction for the bottom flooding in a simple tube as

shown in Fig. 20, but also with the experimental results made on all the

modes of flooding studied (illustrated in Figs. 43, 49 and 56).

Since the cooling ahead of the rewetting front affects the rewet-

ting phenomenon with increasing coolant flow rates, it can be expected
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that the effect of the initial wall temperature should be much more

pronounced with higher coolant flow rates. This is again confirmed

by our results as shown in Fig. 56 for both single tubular and annular

test-sections. This implies that the rewetting rate is strongly affected

by the wall temperature just ahead of the rewetting front, Tq, which was

defined as the "apparent rewetting temperature" in the present study [l].

3.3.4.3 Effect of Heat Generation Rate

As was for the experiment with a single tube, some tests

were made with electrical power to the test-sections kept on to see the

effect of the heat generation rate during the rewetting transient. As

was expacted, the effect of the heat generation is, to a moderate degree,

to reduce the slope of the temperature-time transient and hence the velo-

city, just as for all bottom, horizontal and confined top flooding cases

of single tubes. This is shown in Fig. 57. The trend has been predic-

ted analytically [41] and numerically [13] for single tubes.

3.3.4.4 Comparison With Single Tube Results

In Fig. 58, the results of the annular test-section are

compared with those obtained in a single tube for the effects of initial

wall temperature and of ccolant flow rate. The general trends are

similar for both the test-sections, but quantitatively differ greatly

as the effect of geometry is an additional effect which is difficult to

isolate. The difference seen in Fig. 58 can be analogous to the trend

seen in Figs. 54 and 55, that is, the flow area of the annular test-section

is about 8 times larger than that of the single tube. It can be expected,
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therefore, that the effect of coolant sub-cooling must be more signifi-

cant with the annular test-section, especially for larger flow rates.

3.3.5 Horizontal Flooding in Annular Test-Sections

With test-sections No. 14 and No. 15, it was not possible

to obtain any experimental results because the outer glass tubes cracked

as soon as the coolant was injected. This was due to the severe bowing

of the core tubes in spite of about 400 pounds tension applied, to

prevent the core tube from bowing.

A further refinement on the design of annular test-section was made

and it is hoped that the horizontal flooding experiment is to be continued

in the 1980-81 fiscal year.

3.3.6 Visual Study

To obtain physical insight into the problems associated with

the top-flooding phenomena along the outside surface of a hot tube and

with the bottom-flooding within the space of an annular test-section, a

visual study was made using high speed still photography. A further

visual study for other modes of flooding will be made during the fiscal

year 1980-81.

3.3.6.1 Unconfined Top-Flooding

The photographs in Fig. 59 show that there is an extremely

narrow region in the order of less than 1/2 mm of vigorous boiling just

behind the well-defined rewetting front. It is very difficult to say

whether boiling is nucleate, transition or film. The ejected droplets,



- 63 -

ranging in diameter from about 2 ~ 3 mm to very small sizes form a

truncated cone. Near the top, the cone, at times, seems to be formed

by a sheet of water, which then breaks up into irregular droplets as it

falls off.

With the coolant temperature below about 60°C, it was often difficult

to maintain a uniform continuous film of coolant flowing down the circu-

lar convex surface. Frequently, the flow was rivulent as reported by

Duffey et al. [42] and once the flow became unstable, instability accele-

rates at such a rate that the test-section became severely bowed due to

the severe temperature gradient set around the periphery.

It was also seen from the photographs that the unwetted region below

the rewetting front remains completely dry and that the precursory cooling

seems to be confined by radiation only.

This is clearly seen from Fig. 42 also, in which the surface heat

flux distributions near the rewetting fronts of both the confined and

unconfined top-flooding experiments are compared. One can see that for

the confined top-flooding, the precursory cooling is significant.

Therefore, one can conclude that any analytical model for the rewet-

ting process in a confined space must not ignore the contribution of pre-

cursory cooling, especially if the inside diameter of the flow channel is

less than about 25 mm.

The presence of unheated transparent outer jackets (D. - 30 and 50 mm)

seemed to have very little effect on the precursory cooling, hence on the

rewetting velocity. However, this cannot be true if the temperature of
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the outer jacket is higher than rewetting temperature.

3.3.6.2 Bottom Flooding of the Core Tube in a Concentric
Annul us With an Unheated Outer Jacket

The typical bottom flooding phenomena in a concentric

annulus with an unheated outer jacket are shown in Fig. 60. Fig. 60a is

taken at Z = 25 cm, while Fig. 60b is at Z = 45 cm. where Z is the

distance from the inlet of the coolant. As can be seen in the photo-

graphs, the region of rewetting front grows as the rewetting front moves

up the flow channel. A similar observation was reported by Case et al.

[40] who stated that there was an extensive "film boiling" region ahead

of the quench front which broke down to give a "mist flow" region at a

distance of order 10 to 200 mm ahead of the quench front. From our photo-

graphs, similar to those of Fig. 60, it is very difficult to define pre-

cisely whether the flow ahead of the rewetting front was the film boiling

region.

The thermocouple signal seemed to indicate that the wall tempera-

ture at a given location along the test-core tube reached its "apparent"

rewetting temperature when the bottom of this "film boiling" region

reached that particular position.

It was also noted that when the front is near the upper end of the

test-section, a new rewetting region occurs ahead of the primary rewet-

ting front. In such a case, a rewetting front travelling up the flow

channel would meet the secondary rewetting front travelling down the

channel.
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As stated in section 3.3.6.1 above, the presence of the unheated

outer jacket must affect the rewetting process. Since the circumferen-

tial rewetting for the bottom flooding in the annulus was almost uniform,

the severe bowing of the core tube due to non-uniform rewetting often

observed in top-flooding, did not occur.
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4. CONCLUSIONS

The following conclusions may be drawn from the present study on

the process of rewetting of hot surfaces by flooding during the period

between July 3, 1979 and September 5, 1980. Emphasis was again placed

on a particular feature of CANDU PWR's, that is the effect of coolant

flow orientation and on the effect of flow confinement on the rewetting

phenomena.

1. Substantial agreement was obtained between the analytical

study based on a system approach and the experimental results

for bottom flooding in a single tube. This demonstrates the

dominant role played by the "apparent rewetting temperature"

in the analysis of all rewetting phenomena.

2. It is also noted that the effect of the two-phase flow heat

transfer coefficient behind the rewetting front is minor

compared to the effect of the "apparent rewetting tempera-

ture" .

3. All analytical models for the rewetting process in a "confined"

flow space, be they by top-, bottom-, or horizontal-flooding

must recognize the effect of precursory cooling. This is

demonstrated by the fact that tfte rewetting velocity of

"confined" top-flooding is faster than that of "unconfined"

top-flooding by a factor of about 2 to 4.

4. The experimental results of "confined" top-flooding in a

single tube seem to lie between those of bottom flooding of

vertical and horizontal tubes.
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Difference in the rewetting velocity among different

modes of flooding is mainly due to the different fluid flow

regimes in the vicinity of the rewetting front.

5. A further visual study for various modes of flooding in a

single tube and an annul us with a central heated core is

needed to improve the flow models used in the analysis.

6. The severe bowing of the core heater tubes in horizontal

annular test-sections made it impossible to obtain any quan-

titative results during the period. A further refinement in

the design of annular test-section was made and it is hopad

that the horizontal flooding experiment will be continued

in the 1980-81 period. The bowing in horizontal annular

test-sections remains to be a serious problem during the rewet-

ting transient even with spacer at 50 cm intervals.
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APPENDIX 1

RADIATION HEAT FLUX IN INVERTED ANNULAR FLOW REGION: Derivation
of Equation (16).

Radiative heat transfer from wall to liquid core is taken as heat

transfer between concentric cylinders.

wall

Liquid core

Tube wall

Now

From Eqn. (AI), we obtain

G. = J
2- W

For tube wall surface:

(Al)

(A2)

(A3)

(A4)

Radiosities of liquid core and tube wall are

Eqn. (A4), substituting for 6W from Eqn. (.A3) and rearranging, becomes:

JW = jn~ï a "Ra Air, .A (A6)
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Rearranging Eqn. (A5), and substituting for Go from Eqn. (A2),

one obtains:

, _yn -"Rp-
ww + v°RW-vvv

aRW-v"*
V «Rw " aRw- «R*'\ + aRa'As

The heat flux from tube wall surface to the liquid core per unit wall

surface area is:

(A8)

Substituting for J and J , Eqn. (A8) becomes:

V - Âw aRw

By Kirchhoff's law:

aRw = ew and a R * "

Also -À- =Jl - a where a is void fraction, W = o«T /* and% w w

Therefore, Eqn. (A9) becomes:

JT^T. (Tw* -

e o ei.. »

D M - a • ( T * -R _ 4 v w
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APPENDIX 2

NUMBER OF DROPLETS PER UNIT VOLUME

M . = Water Mass Flow Rate = G(l - x)«Ad
m

We can express the droplet flux as:

ater Mass Flow Rate = G(l
Each Droplet Mass 4 ,<5\3

= 6.Mi^M (A10)

Number of droplets per unit volume is calculated by multiplying the

droplet flux by unit time then dividing by the element volume.

6 eo-;jff . At
Ad -~cbT A . >dx

_ Nd • At _ Po ir>6J • A t _ 6-G(l-x)-At • m n

Where

N is the number of droplets per unit volume

At is the unit time and dx is the distance travelled
by droplets during time At

Therefore, dx = U«At and U = liquid droplet velocity.

Liquid droplet velocity U is volume flow rate of water divided by the

cross-sectional area occupied by the water flow,

(A12)

Substituting for dx, thus introducing Eqn. (A12) in Eqn. (All) we

obtain:

N
6 G(l-x)-At 6 G(l-x) _ 6(1-a

>if.
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Fig. 36 Coolant Injection Nozzles, Unconfined Top-Flooding
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Pig. 60 Bottom Flooding; Annulus with a Center Heated Core,

Outer Jacket Unheated
Tw - 550 C. Tc = 60 C, G = 2.5 g/cm2.s, Shutter Speed 1/150 s


