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"ABSTRACT

-

. ' Filo boiling heat transfer was investigated analytically as
well as experiuen:glly. A heat transter coetticient prediction methol was
developed in tne low quallty region; also reterred to as inverted annular
tlou (IAF). Tne physical model will predict the heat transfer coetficient
over a wide range of pressure for miss rlux less than %PO kg-n-z-!-l-

In the experimental st:my. stable tilm boiling was “esta-
blished in a directly heated vertical tube with bottom flooding ot lignt
vater. The data cover a wide range of mass flux (1000 - 4500 kg-i'zon'l)
and 1nlet conditions (250 KJ-kg—l sﬁbcoollng to 0.1 positive chermo-
dynamic equilibrium quality) at 9.6 MPa. Tnis provides a range in local
quality trom -0.19 to 0.64.

- The heat trmta.r coetficient data trends are emin,u qual-~-
itatively as 13 the influence of some parameters such“as mass tlux, tnlet
subcooling and heat flux. The data were cospared with empirical correla-

tions and poor agreement was generally tound., Data ot the true quencn'

ninimum tilm boiling temperature were also obtained.
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NOMENCLATURE

NOTE: The less frequently referenced symbols and defined when they appear
in the text.

Symbol Descripticn . Toits
A Area _ mz ,
cp Specific heat J‘-k'g'l-f'c-l
D Diameter . n
4 Friction factor -
F View facrtor -
g Acceleration due to gravity mes™?
h Heat transfer coefficient Wem 2eec™?
H Enthalpy Jekg™?
k Thermal conductipity ' _ wew™ teoc!
L Length /1\ o
o Constant "~ -
Nu Musselt pumber \(hD/k) . -
P,p Pressure : ' MPa
P Perimeter m
Pr Prandtl mmber (cp p./k)/ Co-
Q Power Watts
Q" Heat flux ' \i,acts/:n2
R,r Radius m
Re Reynolds number (GD/p) - -
Slip ratio (Uy/U;) - | -
Temperature °C
,V Velocity @ n/s
s Mags flow rate kg/s-
radial distance ' m
Thermodynamic quality -
‘'distance normal to piate o
axial distance
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GREEK

Symbol
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Description

Void fraction

Thermal diffusivity (k/(p cp))
Absorptivity of the vapour
Evaporation rate

Film thickness

Emissivity

Dynamic viscosity
Kinematic visecosity
Surface heat flux

Density

Surface tension
Stefan—-Boltzman constant
Shear stress -

Vapour transmissivity

-
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SUBSCRIPTS
Symbol® : Description .
cond. 7 ., Conduction
conv Convection
d’ Diameter
e Equilibrium
£ . Saturated liquid
fg <" Difference between saturated vapour and
. saturated liquid value.
g ’ Saturated vapour
i ' Interfacial, inside
in Inlet
1 Liquid
o Initial value, outside
rad Radiation
sat . Saturation
\
‘v Vapour
W Wall
“SUPERSCRIPT
Symbol ' " Description
- Mean value



I. INTRODUCTON

Tne coolant 1n the primary neat cr;nsport system of ; water
cooled nuclear reactor 1s nbrmallf kept at temperature jusﬁ belﬁw satura--
tion or 1s allowed to attain a small degree of superneat. The heating \
surrace 1s kept at temperature at or slighcly above saturation by the
action of the very efficient nucleate boll.it;g heat transter mode. There-
fore, nuclear reactots normally operate under conditions ;nere dryoa& does
not oQccur, ix,';ue to unforeseen circumstances, the critical heat flux
(CHFf‘is‘exceeded, the cooling of the fuel claddinQ\Eféceeds.by an inef-
ficient boiling mode: film boiling. This ma} occur during the course of
i léss-of-coolgnc accident (POCA) caused by a rupture in the primary cool-
ant syscem. -

Reactor safety analysis requires the prediction of the heat -
transfer coetricient during tne initial blowdown phase and in the subse-
quent emergency-core-cocoling (ECC) pnase, The crit:l.cai neat flux could
also be exceeded during a loss of regulation accident (LOR). In such an
event, the reactor power accidentally lncreases and the tuel claddit’lg wall
cemperature's‘ can be predicted from empirical correlations or from theore-

tical models.

In this study, éost-CHF data were obtained at 9.6 HPa.gver a
wide range of mass flux (1000 In:gom-z-ﬁ'l - 4500 I&g-m_z-s_l) and itlxlel:
quality. Tnese data nave some applicabiliry to Candu reactor safety anal-—
ysis. 'I‘he hot patch technique was used in this experiment. A copper

'y
block 15 silvered soldered on a tube with its power controlled separately

from the test section. This provides a heat flux sutticient to exceed the

L
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critical neat flux (CHF). \Gonsequently, the test section downstream of

the hot patch 1s in cthe film boiling region. ' ;

A theoretlesl model based on the physical mechanisms of low

. qualicy film boJ.lin-g {alsc _referred as inverted annular) was also

developed. This model predicts the surface temperature for a known uni-
torm heat flux in a tube geometry. The physical model predicts reasonably

well the surface temperature over a wide range of pressure tor mass flux

less than 500 Icg-m'z-s'l. The proposed model adequately lncorporates the

Al

effects of parameters such as pressure, lnlet subcooling, void fraction

- and s8lip ratio.



II. TWO-PHASE FLOW HEAT TRANSFER

I1.1. The'boiling curve -

The different stages of heat transfer from a surface to a
liquid can be understood from the pool boiling ‘curves (Figure II. 1) Dif-
e .
ferent regions are considered by refereace to chis curve in which heat

flux 1is plotted against the surfdce temperature. The region A to B repre-

sents heat tansfer without boifing for a single-phase liquid. The heat
transfer to the liquid increaseg the nearfwall liquid temperature and bub—
bles start to appear for a. given liquid superheat at the beginning of
region B, This is called the subcooled nucleate boiling region. As the
subcooled bulk fluid temperature 1s increased, small bubbles are formed
a;d grow in the cavities ea the hotISutface._ As the surface temperature
increases, some of the-bubS}es detach from the heated surface. More and
wore nueleacion sites will become active resulting from an increase in che .
heat flux. Point p represents the critical heat flu; (CHF) where the
u@ﬁ}wmymcMQuumsuﬁu}smuuu&bymemmmumnﬁ
liquid and vapour., As the heat flux is raised be§0ud the CHF, a sudden
;155 in wall temperature takes place. In region EFG, a vapour blanket
cgvers the heating surface. This region is referred to as the film boil-
ing region. Point E, the minimum film boiling, refers to the condition in
which a fluid is insulated érom the heated surface by a thin, self-genera-
ted vapour film [Sooek, 1972]. Below this temperature, stable £1lm boil-
ing cannot be maintained. - ' o

The transition beiling region is characterized by an

unstable vapour blanket. Intermittent rewetting is believed to occur in
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_ this region. This réﬁlon cannot be studied in a constant heat flux con-

trol systém but only under conditions approximating constant surface

temperature. [Collier, 1972] RN

11,2, Tno—bhase flow pattern

“The flow in a heated channel can have two configur;:ions
depending on the heat flux level [Hsu, 1972] as shown in Figure II.Z. A:’
low heat }lux levels, prior to the film boiling region, the liquid is in
contact with the wall. A part of this liquid is evaporated and some is

entrained in the vapour core (aanular flow). Evencualiy, liquid droplets

are flowing in a vapour core (dispeféeﬁ flow). For a high heat flux, a

vapour blanket covers the heating surface (inverted annular flow). Even-—

- tually, a dispersed spray of droplets will flow in the tube. The floii//
\

regimes for the two heat flux levels can be summarized by the following,

regions:

(1) Single-phase forced convection.
(2) Bubbly flow. The heat is transferred by nucleation.

(3) Slug or plug flow. In bubbly flow, the bubbles grow by coalescence
and generate the typical bullﬁt-shaped plugs [Ginoux, 1978].

(4) Annular flow. The liquid is in the form of a liquid film and
droplets dispersed 1n the vapour core of the flow.

(5) Inverted annular flow (IAF). The liquid core is separated from the .

. wall by a thin layer of vapour. This flow regime is thought to be
in the low quality region in the post—dryout conditions.

(6) Dispersed flow. A dispersed spray of droplets is flowing in the
tube. This flow regime 1s often referred to as liquid-droplet
deficient regime as insufficient liquid is availlable to maintain a
wet wall. [Groeneveld, 1980].

C
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II.3. Transition from inverted annular flow to dispersed flow

At a given point in the tube, a breakup of the liquid core
occurs as the quality increases. Tong [1965] and Rankin [1961] derived
two stability criteria. However, both arle based on the ua\;e‘m..ml;er m,
which is calculated using the uavelsngch, and can not be evaluated.
Another method was proposed by Dougall and Bohsenow [1963]. The heat
transfer coefficient in the high quality region is calculated using a
Dittus-Boelter type of equation. The heat transfer in the low quality
region is predicted using.a proposed correlation. The quality at the
intersection of both heat transfer regions 1s the transition quality (see.l
Figure II.3). A value of 10X vag obtained from low pressure experimental
' data. Dougall and Bohsenow mentioned that this value is approzimaté since
the tranaition from the IAF regime to the dispersed flow regime is grad-
uval. The transition based on thermodynamic equilibrium quality was also
used by Shah [1980]. He proposed a value of 10X for a range of reduced
pressure (0.01 to 0.97). However for low pressure, the void frqctioﬁ is
quite high at 10X quality. Since dispersed flow regime is expected to
o;cur for high void, it therefore seems unreasonable to use the quality to
predict the transition. As tﬁé-ﬁresaufex%ncreases, the void fraction cor-
responding to the same quality is lower.  Assuming that the transition
~occurs at the saﬁe void, this means that the transition occurs at higher

quality. . for higher pressure.

T

-
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The transition from the 1qverﬁed annular flow regime to the
dispersed flow regime based on the void fraction 18 shown in Figure II.4
[Fuhg, 1981]. For a void fraction less than 0.3, the flow regime is

inverted annular. Beyond 0.8, dispersed “flow-regime occurs., Between

I

-

these two values, transition flow exists in the form of slugs [Groeneveld,
1980].
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LITERATURE REVIEW

III.1. Introddction

-
-

Post-Dryout Heat-transfer prediction methods can be divided

into fouricategories:.

(a)
(b)

(c)

(d)

Correlations appliicable to bool boiling and low flow..

Empirical correlations using Dittus-Boelter type équation

(h based on Ty = Tgae)-

Empiéical correlations which fecognize the departure from a
thermodynamic equilibrium condition and attempt to calculate the
"true” vapour quality and vapour temperature.

Semi-theoretical models in which attempts have been made to account
for the physical mechanisa.

A review of these prediction methods is presented in the following

sections.

III.2. Pool boiling correlations

Bromley [1950] published one of the earliest heat transfer

correlations for film boiling. His correlation was limited to pooi
boiling and was based on the following assumptions:

- 1)

2)
3)

4)
5)
6)
7)

The liquid is separated from the hot wall by a continuous vapour
blanket, '
Heat transfer‘through a vapour film is by conduction and radiation.

Most of the heat is used for evapor&tion {superheating of the vapour
being small).

The kinetic energy of vapour 1is negligible..

Vapour-liquid interface is smooth and continuous.

Tﬁe liquid is at the boiling point at the vapour-liquid interface.

, The vapour temperature 1s assumed to be the average of the

saturation and inside wall temperatures,



—11_

_ The assumptions are similar to Nusselt's equations for con-
\’ bl

densation with py, cpy, (T,~T,) and Pr replaced by p,, cpy,
(Tg~Tgae) and Pr,. Bromley [1950) derived the following equation

_ for the outside of a horizontal tube:

h,, = 0. 62

\p—/(?p ~p;) g b 1/4
ié" 1 fg Py ]

l..3.1
D(T - ) Pr

h%g' difference in heat content between vapour and. liquid at its

boiling point.

"

h

The radiation effect can be large for high.wall temperature

and must be considered. Bromley sugéeated the following expression to -

" include the effect of radiation.

‘h = hco + 0.75 hrad eeeda.2
where
T - T4
fe3 w sat
h -[ ][ ] 0003-3
red 1.l 171 -7 .
£, ;1 _ W sa
Other pool boiling éorrelations of this type are listed in
Table 1.

The constants, 0.62 for Bromley and 0.425 for Beremson [1961],

are evaluated empirically from experimental data. Although these correla-

tions were initially derived for pool boiling, they are often used to pre-

dict heat tranafer.coeffidieuts for low flows.

co’ heat transfer coefficient without radiation. : ,////’h\\\\

l\ \

-

Tt

—_
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III.3 Empirical correlation assuming thermodynamic equilibrium )

Most of the empirical correlations are similar to the
- Dittus-Boelter equation which was initially derived for fully developed

heat transfer

l'hd-CRederuF : v eeedld

whqre

F: function of quality and sheath temperature,
C, m ad n: constants. i

The Prandti number is the ratio of thermal diffusivity to
-monentum_dlffusivity. It has been shown from physical reasoning [Holman,
1976] that the Reynolds number and the Prandtl oumber are the relevant
groups in the dimensionless heat transfer coefficient, Nu. This type of
equation 1s used in the dispersed‘f%gw region but occaéionally, ic
predicts the heat transfer coefficient in the inverted annular flow regime

4
e.g. Kalinin's equation [1977] shown in Table 1.

ITI.4 Non—equilibrium method

In an experimental study by Parker and Grosh [1962] it was

determined that even at an equilibrium mixture quality beyond 1.0, liquid

- drops can still exist in the flow, thereby indicating that non equilibrium

could exist during film boiling. Nijhawan (1967), Gottula [1983] and
Laperriere [1983] measured the superheated steam camperatﬁre and observed

the following trend: an increase of flow decreases the steam temperature,
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and a heat flu; rise increases the steam temperacere. Correlations which
predict the non—equilibrium (based on Tw'Tsae) during dispersed flow

film boiling were deveioped by Tong and Young [1974], Groeneveld and
Delorme [1976] and Chen, Ozkaynak and Sundaram [1979]. Many of these
authors have emphasized that the correct prediction of the superheated
vapour temperature {s a'necessafy step in Fhﬂ prediétion of the wall ,
temperature. As ehown by Groeneveld aed Delorme [1976], the assumption of
thermodynamic equilibrium (Ty = Tgar) Will result in a lower predicted

-

wall temperature.

I1I.5 Semi-theoretical and theoretical models

II1.5.1 Models using boundary layer auaiysia

Using the coacept of the boundary layer, an analysis has
been made by Cess and Sparrow [1961] to determine the heat transfer in
forced convective film boiling on a flat plate. The basic principles of

mass, momentum and energy conservation govern the velocity and temperature

distribution
ﬂ -+ -9-— - 0 o||3‘05
ax .oy g
R & e
& dy o4
U-aul +vﬂ = a-—a—.?:.!\z. <o ..t‘3.7
ax dy dy

where x is the distance along the plate from leading edge (Elias [1980]

[N

neglected the velocity profile in the y direction (V is constant)) v
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Tﬁe<boundary conditions are as follows:
1) The tangential veloclcylin:ert;ce 1s‘tne same ror the liquid and the
vapour (Upy = Uy4).
2) Tne tangential shear at interface is the same for the liquid and the

vapour.

auy ., @ ..3.8
ul (-a?Jli uv(-EJvi

3) Far away from the plate, cthe liquid velocity is U,.

4) The mass flow crossing the interface must be preserved:

k

- L] .
v = m H. . m: mnmass flow-across the interface ese3.9

tg

&3

This last equation indicates that the principal mode ot heat transter
at tné vapour side of the interface is by conduction.

The applicacion of the boundary layer concept was also used
by Ite and Nishikawa [1966] to study the heat transfer in £ilm boiling on
& tlat pl&te; However, as mentlioned in their conclusions, the following
condictions should be‘satisfied:

1) the vapour-liquid interface, must be smooth;
2) cthe liquid must not coatain bubbles,

When discussing the paper of Cess and Spérrow [1961],
Rohsenow wrote: "It should be remembered that the analysis p;esented
requires that all of the vapouf generated reméins in the film. Visual
experiments currently being conducted in our laboratory on forced convec-

?
tion film boiling inside horizontal and vertical tubes indicates that much

of the vapor tormed actually appears in the core, wnhich becomes a mixture

ot liquid and vapour. The film thickness may in fact, be nearly unitorm
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along the tubes. Experimental heac-transter results are ot the order ot
four times those obtained by this type ot analysis.” [Cess and Sparrow,
l196l]. |

Cess and Sparrow {1961), Ito and Nisnikawa [1966] and Koh
[1962] all developed :Qeorecical models using.tne boundary layer theory.
Ic appearﬁ that the heat transfer coefticient obtained from these models
is in good agreement with tne\value obtained by the Bromley equacion [Kén,
1962]. However, Rohsenow [Cess ana Sparrow, 1961) and Hsu and Westwater
[1959] showed that Bromley's equation tor film bo¥ling may predict heat
transter coefti;ients which are too small, ﬁarcicularly if turbulence
develops.

Boﬁndary layer models ang Brémley's equation [1950] are
theoretical and limited to pool boling. However, they can be used to

decermine the neat transfer for low tlows.

1I1.5.2 Hsu and Westwater's model

Hsu and Westwater [1959] developed an approximate theory for
film boiling on a vertical surface tor saturated liquids. The assumptions
are: |
1) The vapo;r flow in the upstream part of the neating surtace is laminar
and the heat transter can be correlated by tne Bromley equation.'

2) Radiation heat transfer 1s neglected.

3) Wnen the local Reynolds number reaches a cricical Reynolds number, a
laminar aublayer next to the wall exists and it 1s assumed that this

sublayer coustitutes the entire resistance to the nedt transfer.



_16_

The local Reynolds number is defined as:

y* u* q, ' \

Bek & ’ o.-3010

My

y*: thickness of the vapour layer at the critical height. -
u*: maximum velocity of the vapour layer at the critical height.
b1 average density of the vapour in the laminar film.

- .

‘The model can be represented by Figure I1I.1. When the critical Reynolds 4
number is ' reached, the transition between laminar and turbulent flow is

indicated. » The choice of Re* = 100 as crirical Reynolds ﬂumber is based

on the‘ bm.mn_dary layer theory. The laminar sublayer neat transfer .is -

assumed to take place by conduction only and is given by:

k
v

h.T ---3-11
8

6g: laminar sublayer thickness.

A theoretical prediction of the heat transfer from Hsu and
Westwater is shown in Figure III.2. The increase of nheat ‘transfer with
length can be explained by the fact that the laminar sublayer thickness
decreases with length, causing an increase in the heat transfer |

coefficient.
i

\\\

3.4.3 Kalinin's model

A mathematical model of inverted annular flow film boiling
: !

was developea by Kalinin et al. [1977]. The assumptions are:
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1) The liquid moves in the form of a turbulent je;: which 1s separated
from the heated surface by a turbulent vapour film.
2) The interfacial temperaturg.h is equal to the saturation temperature
(Ty = Tgarl-
3) The vapour and the liquid are moving at the same velocity (U, = Uj).
The model used two basic equations. The first equation
represents the continuity equation. The total mass flow rate is o.f the

vapour flow rate and the liquid flow rate:

wtotal = wv + wl . eeeldal2
In expanded form?
' nD2 2
pLUg— = R U MD-8)5+ p UF(D-28) .+.3.13
y o® |
U = l..3014
2
T ) oo+t (1-28) ]
Py D
U
U= 5 2 5 > .e23.15
2
[(F)+-F)1a-5) ]

The second equation represents the energy equation. For

unit length, this equation can be written as:
\ . -

D Q 1I(D—26)Q'i vee3.16

total + Q‘vapﬁriza tion
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The total heat from the wall into the vapour film must be
equal to the sum of the heat to the liquid and the heat used to generate
the vapour. The convection heat transfer mode is used in the model for

_the vapour and the liquid:

Nuv ,- A Bevm . " 03117'

Nul bt B Reln 0003018
where | .

A = 0.023 pr O

B = 0.0198 pr O+

m,n: constants.

The energy equation (3.16) 1s then éiven by:

k . m‘ k n
v _ u2sy" _ 1 - (D=2 8)
® Dy (T, - T) A ( % ( 265 (T,-T,) B(U —_TE_—] n (D=2 6)

The differential equation of the vapour layer thickness can
b
be written by using both the mass conservation equation and the energy
equation‘fsee Appendix A for derivation):

At

e

sk it et e
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2 gp
w0y U Hfg z_'dz -

PR (TT AU/ R [an? 4 X anp

2 b1™®(1-b)

' 2-n
%k, (T_-T,) n(uop/ vl)“ [(1-b)? + .le (2-b)b ]

2(1-p)t ™

...3.20. +

Using equations 3.17 and 3.18, Kalinin found poor agreement

with his experimental data. Subaequently, using the empirical film boil-

ing heat transfer coefficient given in equations 3,21 to 3.26, he suc-

.ceeded in obtaining a much better agreement between the experimental data

and the model predictions.

p, U 28 0.75
Nu_ = 0.0078 [ LY _¥ ] Pr_ F
v _ K, v

F=[1+(3x107% ¢+ 1.3 Exp(-4 x 107 ¢)

cp, A T Py O'D 0.7

G = = {
Hfg "v
0.4
N, = B Re; = 0.0012 Re;"" Pr, £ (z/D)

£,(2/D) = 1 + 1.22 exp(-0.038 z/D)

Re, = U; (D-28)/v; -

Sy

ceed.21

...3.22

I..3.23

...3-24
...3.25

vse3.26
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IV. FILM BOILING PREDICTION METHOD

IV.l. General

- .
..

This section describes a model proposeq‘fof the inverted
annular film boiling region. This model 1s.a separated two fluid model
and is used to predict the heat transfer coefficient in the low quality
region. It is more rigofoua than Kalinin's model [1977] which assumed no
s8lip between the two phases. KXalinin used a turbulen;_vapour«film‘wich
Che.heat transfer from the wall -to the fnterface being described by a con-
vection equation of the form Nu, = A Re,®, Fung [1981] instead used
a laminar film at low Reynolds number and a turbulent film above a criti-
cal Reynolds number. The method of Fung was initially derived by Hsu and
Westwater {1959]. Hsu assumed a resistance only thfoqgh.the laminar sub-
lﬁx?r but he found an increas; in h;a; transfer with quality due to the
decrease of the thickﬁ;sa of tﬁis Bubla?er; ‘Fung instead defined a ther-
mal sublayer which' is thicker than the laminar sublayef. In the proposed
model, the heat is transferred from the-wall to the interface by conduct-

ion and radiation and from the wall_?b,the vapour by convection. - Strictly

‘speaking the conduction heat tfansfef'and the convection heat transfer can

not be both included. However, the vapour velocigy is initially low and
the vapour film is thin. This means a hiéh conduction and a low convec=-
tion (low Reynolds'uumbér). As the vapour velocity increases and the £11lm
gets thicker, the conduction is reduced and the convecfion increases
(higher Reynolds number). This will lead to a situaéion similar to
Kalinin's for which a turbulent vapour film is assumed. This also permits

a smooth transition froﬁ laminar flow to turbulent flow.
k4 ’ . P
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A laminar velocity profile‘uas asaum;d and this limits. the
range of aplication of mass fiux. Assuming a lamipar veiocity‘profile .
will mean a lower gradient, dU/dx, at the wall qnd'aﬂ underpredic;ion of
shear stress at high Reynolds number, Howéver, it was convénientFEo use
in order to obtain an interfacial velocity equal to the average of the
mean velocity of the vapour and the liquid velocity. This is reasonable
due to th; lack of measurement of interfacial velocity.
The proposed model is a modificézakn of Chan and
Yadigaroglu's model [1980). The heat transfer modes are shown in Figure
IV.1l. The total heat flux from the wall is transferred by conduction,
convéctiou and radiation. At the interface, th; total heat flux from the
wall (Q") removes the aubcooling.(q'i) and generates t-he‘vapour (Q;) at a
rate I,« All the vapour generated is assumed to end up in :hg vapour
film. (It'is assumed that no vapour is entrained in the liquid core.)
This assumption is different than Chan and Yaﬁigaroglu's model where a
fraction of the total vapour generated was assumed to be present iﬁ the
film., Our assumptions are:
1) The heat flux from thé wall takes place by cﬁnduc;ion, convection
and radiation (Q = Qeond * Qeonv * Qrad)- ,
:2) The vapour properties in the film are calculated at>an arithmetic

average of the wall temperature and saturation temperature:

(Ty = (Ty + Tgael/2).

-

3) Interfacial shear stress is assuméd at the vapour-liquid interaface.
4) ‘Subcooled liquid is present in the liquid core and properties of the

liﬁuid are calculated at the subcooled temperature (T; < Tsat)'

5) Radiation heat transfer is calculated assuming an exchange between

two infinite gray plates.
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6) At the quench front, the film vapour layer thicknéss is calculated.
using a pool boiling equation (Beremson). This me:héd was also used
.by Hsu and. Westwater [1959].

7) The interface velocity is the average of the liquid cofe velocity
and the vapour film velocity.

8) No vapour is assumed in the core and there 18 no entrainment of
liquid in the vapour film.

The proposed model 1s presented in Appendix B. Several

simplifications were made‘igd these are exﬁlained in the same appendix.

IV.2. Discussion of the model -

Iv.2.1 General

In this section, the proposed model is compared with data
obtained by Stewgret [1981]. Since the model can not predict the heat
transfer coefficient for a test section positive qualfty inlet, the posi-
tive inlet data will not be used. It will be shown that the proposed
model adequately incorporates the effect of parameters such as pressure
and subcooling. The effects of paramefera such as void fraction, g¥ip

ratio will also be dis-cusaed.g,

IV.2.2 The effect of pressure

The effect of pressure is shown in Figure IV.2 for two
expg;imental runs of Stewart [198l]. The physical properties (such as the
Prandtl number and the vapour conductivity) change following an increase

in pressure which in turn will affect the heat transfer coefficient. The

‘.
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effect of any given property can not be easily evaluated due to the
complexity of the differential equations presented in Appendix D. The
vold fraction is also lower at higher pressure which will result in a

thinner vapour film and a higher conduction heat transfer,

IV.2.3. The effect %f subcooling

. /s expected, the wall temperature is lower for a higher

subcooling. This can be explained using equation B.44,
P,Q" =P, Q, + Pl Q1 ot l

For a niéﬁ subcooling, a greater part of the total heat flux from the wall

(Q") is required to remove the subcooling (QI) and less vapour 1s genera-

ted (Q;). This results 1in a nigher conductivity through -the thinmer 7N
vapour film, Each term of che previpus equation is“plotteu in Figﬁre Iv.3

for a specific run. The-subcooling value PIQI is high inittally and then
decreases as the subcooling of the water is removed. The vapour genera-

tion rate and consequeqtly the value of Q; is low for a low 3u311ty and

then increases with quality as more vapour is generated.

IV.2.4 Void fraction and slip rario

The model's vold rraction 1s comparea with the void fraction

calculated from the tollowing egquation:

‘a o= X ' Y

p
(x + ;f (1-X) s]
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A slip ratio (S) was derived by Stewart [1981] using the experimental
values of vofd fraction of Fung [1981] obtained at atmospheric pressure.
(The slipnfatio was also corrected for the effect of pressure.) The

equétion is

. Pg 0-2
s = 299 [g] | - vesdl3

This implies that the slip ratio is constant for a given pressure which is:
‘unrealistic. The model's slip ratio increases with axial direction until
it reaches a maximum value. It then follows a decrease of the slip.fatio
approaching the dispersed flow region.

The effect of pressure on the slip ratio may be understood

from the equation:

s = ] B2 (-f,i-) | bl

From this equation opposing effects of pressure on slip wmay be observed
i.e. decreasing slip with increasing pressure through the density ratio
and increasing slip with increasing pressure through the void fractign
ratio. Figures IV.4 and IV.5 show the comparison of ‘void fractiou and
8lip ratio with model's prediﬁtion for a specific rum. .Thé void fraction
shows reasonable ‘agreement as does the slip ratio. However, even if it
shows thé correct trend with changing pressure, the model under-estimates
the void fraction. It was found tQat this model predicts a more realistic

8lip ratio than Fung [1981].
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IV;2.§~ Vapour tilm thickoess

The predicted vapour film thickness as a function ot qualitf
1s shown in Figure IV.6. The vapéur tilm at the lower pressure (P = 3
| HPa).ls thicker than the vapour film at the nigner pressure for the a;ﬁe
quality. However, at lou.éﬁality (less tﬁan «05) tne vapour film thick-
aess 1s almost identical in botn cases, The higher heat transfer coet-
ficient at higher bressuré may be expla;ned by better vapour conduccivlty.'
As expected, the vapour film is thicke? at the lower pressure which
.éxplains the higher void ﬁractiou for the sﬁme qualicy.

- Lo

I1V.3 Compariscn with experimental data ;

In this section, tne model is compared with a few experimen—
tal data over a range ot pressure (2 MPa - 8 MPa), inlet subcooling (112

b 228 kJ-kg-l) and mass flux (219 kg-m-z-s'l - 539 kg-m'z-s_l).

KJekg
It was found that the prediction method gives reasonable results in this
range ot data. (See Figures IV.7 - IV.12). However, the increase ot the -
experimental heat cransfer coetficient 1n the low quality region (1.e. the-
upstream part of the test section) may be explained byltne axial conduct-
ion of the hot patch. |

The etfect of 1nlet'subcooling is ahown by‘comparing Figure
iV.7 and Figure IV.8. The model's\n;at\:ransfér coerficient 1s initially

e

higher for the high subcooling run (Figure IV.8).
iowever, the inlet subcooling etfect disappears in the hign
quality region (i.e. the adownstream part of the test gection) as discussed

in the section IV.2.3.
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Figures IV.9 and IV.1l0 present the effect of masé flux. The
heat transter coetficlents can not be compared as a tunction- ot quality
since the eq;ilibrium quality 1is a tunction of the mass tlux. The eiperi-
mental inicial value of the heat transter coetficient (i.e. the upstream
part of che test section) is higher for the hign maaé flux run but chis
effect is not présent 1n the model since the model‘s‘neat transtfer coet-
ticient is éalculaced in the quench front region by using a pool boiling.
correlation which is independent of mass flux. However, it was found that
the model predicted a higher nheat transter coetficient for the 523

kg-m"z-sfl mass tlux cthan the 369 kg-m'zos'1 mass tlux. This increase

might be explained by the nigher vapour Rey;olds tumber and also by a
ber.;er mixing in the vapour layer, wnich coasequently prevénts a large
degree of vapour. superheating.
meﬂﬁaotwuwmlaumﬁmminh@msNdlmd
Iv.12. The model's neat transier cocefficient as well as the experimental

heat transtfer coefficlent 1s higner tor the high pressure run as explained

previously in section Iv.2.2..
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V. EXPERIMENTAL DESIGN

V.l. Genéral

S/

[l972]luith Freon. This method is used to geneérate stable film boiling.

The hot patch method' was inirially used by Groeneveld

Initially che.bot patch 1s heated above the Leidenfrost temperature with
.zero flow in the test se;tion. When the flow is introduced, the thermal
inertia of the hot patch prevents Ehe Tewet front frow propagating down-
stream. Stable film bolling exists underneath the hot patch and the dry
patch spfeads downstream as the test section power 1s increased. The tube
is directly electrically heated and the heat flux is constant over the
length of the tube.

Since no water post-déyout data was available ar low flows
and low qqgiities, this technique was also used by Fung [198l] and Stewart
[1981] over Eihoderxfé’range of conditions. N{ijhawan [198C) and Gottula
et al. [1983] measured the vapour temperature also using this method.
Stable film boiling has oaly been obtained at low and moderate flow. In
this experiment stable film boiling, which is more difficult to achieve at
elevated flows and subcooling, was maintained over a wider range of mass
flow ra;és and inlet subcooling. The hot patcb‘uas occasionally operated

: 8
above the melting point of the solder causing a deteriocration of the
silver solder joint and eventually led to the failure of the test secrion.
Because of the above proplem, successful operating'éondicions are given in

Table 2.

T a copper block silver soldered on a tube.
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V.2 Experimental Egquipment

L)

V.2.]! Experimental locp

~—

The experiment was conaucted in the MRL FLARE loop (Fog ioop
Agvance Heactor Engineering) ot the Cnalg River Nuclear Laboratories; A
schematlc drawlng ~or Fné loop is shown in Figure V.l. .The loop 1s rllleql
with deionlzed distilled water. The pressure 1s inirially obtained using
the make—up system. The water is Cthen clrcﬁla:ed and tne loop 15 vented
ﬁnrougn the top ¢t the condenser Lo release non—condensables {sucn as air
etc.). Heat 1s then added to the loép through the electrical boiler. As
the temperature of Cthe waler reaches saturation, vapour starts to build up
iln the condenser and the boiler. The level of the condenser and the level
0f the poller then decrease. Adjustnment ot rlow 1s made using control
valve FT i/l or FT 1/2 depenaing on the {low range, ' Pressure adjustment
ln tne loop 1s obralnea using Che condenser. More spray water {valve
PV-1/1 ana PV-1l/2) 1n tne conueqseg will decrease tne loop pressure. Test
secllon lnler subcooling can be adjusted using coatrol qalﬁe TDV-4. hore
water tlows through the primary heat excnahger as valve TDV-4 1s opened.
This subcooling 1s alsc necessary since 1if avolds pump cavitation. The
inler ti?pe£a:ure Lo Lhe Test section can be fine tuned usling & manual
an;us:mehg_or the preneater. Tne loop 1s provided witn the roilowlng

lasiruments:

- tlow control, level controls, temperature controls, pressure controls.

- alarms and trips under aaverse congitions LO prevent any damage Lo the
legp's ;qulpmént. (ror example,‘lou pump subcoouling, low condenser
level, low boller level, nigh test section wall temperature). a plc-

ture or the control panel 1s shown 1n Figure. V.Z.
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V¥.2.2: Flow measurement

1

The flow was measured using calibrated orifice plates.” A
turbin: flowmeter could not be used since the loop temperature is too
high. Foxboro de cells (100 inches of water) uefe used across each
orifice plate since the préssnre difference is proportional to the flow
(the discharge coefficient of the orifice plate is known from calibra-
tions}. Correction factors for water temperature” through the orifice
plate are also included. The maximm flow allowable fof flowvmeter FT 1/1

is 1400 1bs/hour and 3600 lbs/hour for flowmeter FT 1/2. For better

accuracy each flowmeter was never used below one third of the maximum

permissible flow and the zero adjustment of the dp cell was done daily.
V.2.3 Test section power supply

The test section was heated by a 1000 amperes and 50 volts
DC (direct current) power supply. Maximm power could not be obtained
since the resistance of the test section was not perfectly matched to the
power supply. Power supply leads are connected to the test section using
two semicylindrica} grooved silve; plated copper plates. A copper com—
pound was also put between the clamps and the test section to avoid oxyda-
tion and also provide a better electrical contact. ‘

The heat loss from the test section is expected to be
considerable through the power clamps and heat balance runs were obtained
as shown in Appendix E. Power was evaiuated by neasﬁring the voltage

aqrosé the two test section power clamps and the voltage across a known

T dp differential pressure
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shunt resistor (to calculate the current). Voltagé vas reduced from 50 V
to 50 mV (1:1000) through a divider before being fed to a scanning compu-
ter. Multiplication of voltage and current is done by the on-line compu-~

ter's pnogrnm.-
"V.2.4 Test section preheater

The preheater was used for the positive inlet quality runs.
A 350 kW DC power supply was directly heating a 0.514 inch (Inconel 718)
outside diameter tube., The prgheater and the test section were electri-
cally insulatéd using aabescas.phenolic gaskets. Thermocouples were
instailed at the preheater outlet and connected toc a high temperature
power supply trip. The preheater power supply provides its internal power
value and measurement of volt;ge and current is not ngeded. Heat balance
runs are shown in Appendix E. ‘ v

V.2.5 Pressure mesasurement

Test section outlet préssure was measured. by a calibrated

pressure cell. range of the pressure cell was from 0 psia to 1400
psia for a corresponding output of 0 - 50 mV. .Since the elevation of .the
outlet test section pressure taps was above the elevation of the pressure
cell, correction for stapic head wags made.

| The pressure drop across the test section was measured using
a yFoxboro dp ceil. This dp cell has been calibrated to provide 10-50 aV
for (-8 psi pressure drop. Zero adjustment ofj;hf§'3§>cell was also ﬁer—
formed daily. A Shaevitz higher range dp cell (0-25 psig) was also used

-}

-
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to measure tne pressure drop. Two signals, corresponding to both sides or
the dp cell, were tea to'a Wheatstone bridge. Excitation voltage and

balance ot the bridge were adjustea to ger 25 mV full scale.

V.3 Test section

V.3.1l Hotr Patch +

A 10.1 cm long by 8.98 cm outside diameter hot patech was
silver soldered on the cest aec;}op. (Drawing 1s shown 1n Figure V.3.)
Twelve or eight 500 watt heaters, depending on the test section, were
installea in the axial direction ot the hot paten. Two auto transtormers
(220 volts, 20 amperes each) were used as power supplies, each controlling
half of the heaters. The nea;ers were connecééd in sucn a way to matcen
the resistance of the power suppiy. Figure V.4 snhows tne not patcn
installed in the loop. The hot patch power was measufea using two
Hescingnonsé VP-840 Watt transducers. The hot patcn temperature was

measured at tnree g¢irrerent locations: no appreciable variacion in

temperature was tound.

V.3.2 Test section ’ -

Tne test section was made of an instrumented l.ll cm 0D,
8928 ID Inconel 600 tube. Each thermocouple 1s slid in a8 MgO sleeve and
_Bfent. Ihé tip ot‘cne Cnrﬁncl-alunel K type thermocouple 1is spot welded to
( the test section., To attach the gnermocouple to the test sectlion, lwWo
straps are pul around the Mg(0 sleeve and spot welded CQ the test secrion

(Fig. V.5). The thermocouples used were not calibrated since bending ana
-
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Ho:'pat:ch installed in the loop

FIGURE V.4.
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spot welding the thermocouple effects the calibrgtion. The thermocouple
registance to ground was however checked using a 50 Volt ohmeter. . Tﬁérmo-
couples of resist;qpe lower than 20 megohms were not used. The fesiétance
was also checked after the thermocouples were installed on the test sec—
tion. Thermocouples were counected to a ice reférence peint using -
Chromel~alumel extension wires. Copper wires uefe used from the ice ref-
erence_poin' the analog digital converter (ADC). Thermocouples were
also grounded to prevent noisy aignals. | |

‘ | The test section was insulated with ceramic fiber in coatact
- with the test section and with fiberglass in contact with ambient air.
Ceramic fiber was used since it can' sustain higher temperatures. The '
inside diameter of the fiberglass insulation was 2.5 inches and the out-
side diameter 4.5 iaches. Alumipium foll was wrapped around the insula-
tion close to the hot patctl__t_g preveut the insulation from burning (Figure
V.4). An o;erall view of the test section installed in the loop (without

.

hot patch insulacion) is shown in Figure V.6.

.

V.3.3 Test section properties

Since the dimensions are given for ambient témperature, cor-
rections are wmade for the thermal expansion of the test section. The sub—
routine DIMENS (seé Appendix F) uses the average wall temperature of the
test section to calculate the thermal expansion. The method of calcula-
ting the 1nsidé wall temperature from the measuréd wall temperature ;41
présent;d in hbpendix G. A correction is-also mad; for the variation of

wall conductivity‘uith temperature. A fit has been developed from

*
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*

manufacturer's data [Huntington aliby, 1965] aﬁd is shown in the

subroutine CONDUCT of Appendix F.

A sketch of the test section is shown in -Figure V.5. Since -

the location of the thermocouples varies for the different test sectioms,

Table 3 provides the informa;ion for a specific test section.

V.4 Data Acquisition

The signals from the instruments were fed to an analog digi-
tal converter (ADC). An on line computer program calculated the required
parameters (Tewperature, flow, power, pressure) on demand and displayed
them on a2 CRT. The data were stored on magnetic tape for further procés—

s8ing. A temperature pen recorder was also used.

V.5 Experimental Procedure

1) The loop pressure was adjusted to the desired value.

2) The water was preheated to near saturation. This makes it easier to
attain stable film boiling. The hot patch power is also turned on at
this time. Preheating of the hot patch is u;eful since it decreases
the time to reach 750°C preventing the water from coéling down too
much.

3) Flow is valved out using control valve FV-1 and the hot pdtch is

heated ugffo 750°C at almost full power.



4)

5)

6)

7)

8)

As the hot patcn temperature reaches 750°C, the control valve is gra-

'dually reopened. Final adjustment of flow, inlet positive quality or

inlet subcooling and pressure is made. For high mass rlux, test sec—

tion power had to be turned on as the tlow was reopened to prevent the

. . -+
hot patcn trom quenching. L -

Tne test section power is them increased and several scans are taken
during the dry patch spreading at a constant test section power.
When all the thermocouples are in dryout, the power is increagsea unril

the maximum test section temper&ture reaches about 760°C. -

Power 1s then decreased slightly and scans are taken until the minimum

film bolling temperature 18 reached.

Fast scans are obtained during tne wet front propagation. Scans of

pressure drop are also taken atter the test section and the hot patch

nave been quenched. -

g.



VI. EXPERIMENTAL RESULTS

VI.1l. General : ~
A

The heat transter coegficlen: was calculateda at each thermo-
couple location by using the insice wall temperature calculatea rrom the
outsiace wall temperature. This heat transter coetficient is based on the
1n51dg’uall temperafure minus the saguracion temperatute evalﬁateu é: the
outlet pressure. The heatr transfer coetrricilent was plotred versds the

- -

o equilibrium tnermodyuamlcrquallcy {(calculated as shown 1n the Appendix- H).

E’x

Tne run rumber KN described in the appendix 1 and PHI the heat flux in

kW/m? are also specified on the plots. All the correcrea experimental
4

resulrs are presented in Appendix I.

-

The following correcrions were appliea:
1) Thermal expansion of the test section using the test section average
“ wall temperature (Appendix F).

2) Corrected inslde wall-temperature using the measured outside wall
" - temperature (Appenaix G).

3) The inlet quélity was corrected due to heat 10ss through the test

section assuming that halt of the heat occurs at Cthe bottom clamp. The
méasured preneater power: was correctea as shown in Appendix E. The

following equation was used to correct Xnq: '

_ POWLOSST

. innj =%, T He W)

corrected g

X;,: Inlet quality act the test section iplet thermocouples.

Fl

(X, ) "4 Inlet quality downstream of the borttom power clamp.
in q y p
corrected ’

Lo

oo
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POWLUSST: Power loss tnrough the test sectlon calcylated Irom

equation k.l. (Appenaix E).

Equation E.l 1s calculated by using the ambient temperarure
aﬁ%ﬂtnh subcoolea Lﬁlet liquid temperature ror subcooled water, or tne
saturation témperatgre-ror‘tne posltive inlet quality.

4) The test sSectioao 1nlet quality for subcooleg warter was calculated using
the corrected lnlet temperature. (TINC as shown in Appenaix F.)

5) The heat flux and the mass flux were ;alculaféﬁ uélng the corrected
‘aimensions of the rest section due ro therwmal expansion.

In this chapter, some experimental results will be
discussed. The results were plottea as curvés or heat transfer coet-
ficient versus equilibrium quality. However, it should be remembered that
the axial conduction of the hot patch affects the reading of the adjacéut‘
test section tnermocouples which explains the initial.increase of* heat
transfer. The axial coudﬂccion in the test section wall between the upper

thermocouple and the dpper power clamp also affects the upper thermocouple -

reading. The questionable upper thermocouple reading has removed from the

plots.
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Y}.Z. Mapss Flux Ertects

The errect or mass rlux 1s shown in Figures V1.l, V1.2 ana
Vi.3. Tne low subcooling runs (9113, 9213, 9313 ang 9413) as well as the
positive 1nlet quality runs (Figure IV.Z ang Fig. VI.3) show a strong
erfect oI mass rlux. 'The neat traanster coerriclent decreases 1lnitlally
roliowed Dy an increase. As discussed by Stewart [198l), there are tnree

mecnhanlsms involved:

‘'l) vapour superheat: a large aegree ot vapour superhearting will mean a

lower neat tramnsrer coefficienr. This 15 mOST
unlikely to occur at low neat tlux.

2) vapour mixing: Tne conductive heat transter dominactes 1nitially
but high vapour velocity leading to high Reynolds
number will improve the convective. heat transter.

3) vapour layer A thinnmer vapour tilm will mean a better conductive
thickness: heat rranster coetficient in the inverted annular
flow, .

The initial decrease of heat transter with increase in

w
quality may probably be explained by the increase of the vapour layer

.thickness (i.e. mechanism 3). A wminimum is reached and subsequently the

heat transfer coefficient i1ncreases due to a much better convective heat

transfer coefficient. The rate of increase of heat transfer with quality

™~

.is even larger at higher mass flux probably due to a nignher vapodr

velocity as well as better vapour mixing and lower vapour superneat, The
initial decrease of neat transfer with quality occurs over a longer test

section length for the high mass flux run than the low mas flux run (Run



- 57 -

9413 and Run 9113 in Figure VI.l ror example). .Tnis 18 the result or tne
test sectlon experlencing Inverread Annular Film Boiling over a much longer
lengrn at nigher mass tlux.

A thninoer vapour film might regult in a higher heat transter
coetriclient due To a befter conaucilon. Tne minimum value or heat
transter could correspond to tne transiflion from inverted annular tlow to
glspersed tlow, This minimum cccurs at a hign equilibrium quallty‘ror
some runs wnlén cérresponﬂ also to a high void traction as discussed in

~section II.3,
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V1.3 Inlet Entnalpy Etfects
VI.3.1 Subcooled iniect.
* The etfect of 1nlet quality is plotted in Figuresﬂbl.& to
VI.7 tor the positive inlet quality as well as the subcooled 1nlec. It
> : -

was found .that tne low mass rlux subcooled inlet rums (9113, 9123, 9133)

" show d’stronger'effect than tne nighgr mass flux runs. (9213, 9223,.9313,
9323). For low wass flux and ror very low inlet subcéoling (Run 9113),“
tne.neat transfer coeéfiC1ent increases with equilibriuﬁ quality. Tﬁé
trend of the data 1s opposite for higher subcooling (Run 9133). Thnis
trend can probaﬁly be explained by two opposite eftects: superheating of
the vapour and the change from conductive heat transfer to convective heat
transfer. This 1is summarized in Table 4. The superheating qf the vapour
18 higher at low 1nlét subcooling (Run 9113) in the upstream part of the
test section, which may explain the lower ﬁeat transtér coefficient. The
total neat flux from the wal}‘ls divided into two parts as e;plained pre~
vioualy (equation B.44): ‘removed of the sﬁbcooling and vapour generation
at a rate I,. Tne vapaur generation 1a_larger at low subcooling and

tni; will result in cngnge_rrom 8 conduc:ive heat transter rto a convective
heat transter soonmer. However, the removal of subcooliég is stronger for
a nign subcooling inlet (Run 9133) and the vapour film i1s thinner. Lictle
convective hest transfer occurs due to this very thin vapour film and the
low v;pour velocity. The 1lncrease of vapour superheat with quality 1sr
also expected to be higher at high subcooling since cnelinitial aupérheat

of the vapour i1s almost non—-existent . It can also be observed that the .

curves are converging at an approximate quality of 0.25 tor 1000
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-2 -1 | .' "
kg*m °*8 . After tnis value, the effect of inlec conditions on the

vapour superheat has disappeared. The heat ctranster coefficient tor the

! ana 2750 kg-m'z-a'l shows the same

-2 -
subcooled inlet for 2000 kg+m 8
trend as described in the section VI.2. It is observed that the heat

transfer coetficient of the higher inlet subcooling decreases over a
- <

longer test section length than the lower subcooling inlet (Figure VI.4).

Conductive heat transter exists over a longer length in the case ot Che

high sﬁbcooling'inlet. : -

"

~ VI.3.2 .Positive Inlet Quality

Thé effect ot.quality tor the positive inlet quality is
plotted in Figufes VI.S,'VI.G and VI.7. it was observed that the heat
transter coefficient is much better for a higher inlet quality. This
might be expla;ned by a higher vapour velocity tor ; grearer 1ﬁlet
quality. The decrease of heat transter with equilibrium quality is
probably the increase of vapour superheat. The convective'neat transfer
1m§r6vea in the downstream part of the test section where the vapour
;upérneat has levelled off, . The initial decrease might also be explained
by an "extrance effect” which 18 not well understood. This effect occurs
.over a longer length tor a higher positive inlet quality (Run 9143 and Run
9163). This'migh£ suggest that it takes a longer distance to the heat

transfer coetficient to establish for a higher inlet void fraction.
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" A straight line was drawn in Figure VI.6 for 2750

"1. Tne slope 1s approximately 10 tor this mass flux compared to

5 for 2000 kg°d'2-s-1 and 2 for 1000 kgom_?-é_l. The increase ot heat

.Kg-mfzfs
transfer is even greater for 4500 kg-m'zvsfl. Tnis shows chat the rate of
increase of heat transter 1is strongly dependent on the mass flux. The
change in slope with mass flux 18 not 3inearly proportional to the

increase of mass flux due Co a much better convective heat transfer and a

lower vapour superheat.
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V1.4 BHeat Flux Effects

VI.4.1 'Subcooled inlet : e g . " -

The effect of heat flux on the heat transfer coefficient is
plotted in Figure VI,8 to Figure V1.10. It was generally found that the
heat cransfe£ coefficient is higher for the lower heat flux. Initially,
the flow regime for the subcooied inlet is thoughr to be inverted ;nnular.
Thé.vapour film is thiéﬁer for lower heat flux which ‘can explain the
highér conductive heat transfer coefficient. The decrease of the heat
transfer coefficient with quality in Figure VI.8 (Run 9123) might be
explained by the increase of vapour superhear as pentioped pr;:iously.

This increase might be more important at lower heat flux and it tends to

—decreaseAEhe heat.transfgr coefficieuﬁ.
The trend of the data is-différeut for the Run 9213 (Figure

VI.9). The heaﬁ transfer coefficient is increasing with quality which was
not observed for the Runm 9123. The rate of increase of heat transfer is
greater initially for 185 k‘w'm_2 until the quality FeaQEEE appro#imately \_
.zero. This is érobably fﬁ% subcooled water present in the liﬁuiq core,
Howevgr, it was observed as previously that the lower the hgat\flux,'the
higker the heat transfer coefficient, ﬁ\

o Figure IV.10 shows the experimental results obtalned at tbe
higher mass flux (Rnﬁ 9413). It is observed that the heat ffhx'gffect ié
_vefy strong in the upstream part of the test‘sec;ion especially at the
lower heat flux.“ The éffect_of heat flux houevér:decreases in the down-

stream part. This might be explained by a lot better mixing and the

reduction of the vapour superheat due to the very high mass flux.
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Vi.4.2 Positive Inlet Quality

The effect of heac.flux is different for the posikive inlet
t';ualigy specially for the 0.08 Inlet and the 0.15 Inlet (Figure VI.1l -
Figure VI.13). An increase in heat flux generally 1ncrea§es t@g heat
: transfer coefficient. The fl;u regime is tboﬁghtlto be dggberéed for a
high quality inlet. This could mean a higher heat flux from the vapour to’

the droplets and a largef vapouf velocity which will improve the heat _ T t\:
transfer coefficient,.

The trend was found to be different for zero inlet quality K\‘ ,f(

—

. as shown in Figure VI.12 (Run 9243). The heat traansfer coefficigd: is —
higher'for‘lzz KW om™2 compared to 526 kWew 2. This is not well understood

due to the flow regime involved.” However, this could be. caused by the
fluctuation in the inlet quality gince it was found that the heat transfer
coefficient is very semsitive to the inkkt quality between 0.0 and 0.08 as
.discussed in the section V¥I.3. A low heat flux could also impl& subcooled.
water oJé; a longer distance d?wnstreém o£ the hot patchlwill tend ;o‘ | Y

increase the heat transfer coefficient..

&
1
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V1.5 Comparison with Correlations

The experimental results were compared with empirical corre=-

ad
lation tor a given heat flux. Tnfee correlations were used to predict the
heat ctranster coetticient (based on (T, - Tg,,)) knowing the neat
flux, -
d

The correlations used are:

1) Bereusﬁn {196l]

2) Dougall-Rohsenow [1963]

5) Groenevela-Delorme [1976].
The first correlac;op is a8 pool type of correlation Qnd the proﬁérties‘
were calculated at the tilm temperature which requires an 1ter;t1ve proce-.
dure. The second. correlation is basically a Dittus-Boelter éor;eiation
for)tne vapour and ignores the Qon—equilibrium. Finally, the third corre=
lation is a non—equilibrium correlation.

Non-equilibrium means that the vapour gnd'liduld tempera-
Cures are not the same. This means that the actual quaiity defined as the
vapour mass tlow tractioan of the :otal mass flow is lowe; than the thermo-
dynamic equilibxh.l.um, quality.,” Tne Dougall-Rohsenow correlation evaluates
' Che sCeam properties at saturation. o . "

It was observed that tné Dougall-Rohsenow correlation always
ovefpre&iéts :ﬁe heat trénsfef cdéfficient‘ This was also reported by
Morris et al. [1981] from a water upfloy dispe;gd flow film boiling exper-
iment tnréugn a rod bundle. Koizumi 11982] geﬂeraced a stgam-watef;cdo_
phase flow :in an annnlaé flow path'ﬁitn a un{formly heated rod and men- i g

tioned also that the heated rod~surface temperature calculated by the

Dougall-Rohsenow equation is much lower than the one measured.
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The Berenson correlation underpredicts the hear transfer

coefticient. ‘'This correlation is derived tor saturated pool boiling

liquid and a better agreement was generally tound wnen the inlet témperaf

-

_ture is close to the saturation cenperatu:é; .This was observed for the
subcooled inlet’ (Run-9113, Hun 9123 and Run 9133) as well as the positive
inlet (Run 9143, Run 9153 and Run 9163). This also applies at higher mass

flux (Run 9213 and Run 9223; RBun 9243, Run 9253 and Run 9263; Run 9343,

Kun 9353 and Run 9363). .This correlation is a pool boiling correlation as

-

menfiloned previously and the agreement 1s better at lower mass flux. (Run
9143 and Run. 9443).°
The Groeneveld-Delorme correlation predicts the heat trans-

) -

fer coefticient more accurately for a nigh quality inlet. (Run 9153, Run

.

9163, Run 9253, Run 9263, Run 9353 and Run 9363). This is expected since

. bl
" -this correlation is derived tor the dispersed flow regime region. The
trend of this correlation is identical to the trend of the Dougall- -

Rohsenow's correlation. It predicts an increase in the heat transfer
‘ - e ) ,

coetfficient for anm nigher quality. The Groeneveld-Delorme correlation

'usually also overpredicts the heat transtér coefficient if the ‘downstream -

... part of the test section. The result is different from Morris [1981] and

Koizumi [1982}. Tney'boch tound that the)Groeneveld-Delorme correlation

U
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[ 4

+  VII. COMCLUSIONS AND RECOMMENDATIONS

1.

2.

3.

The film boiling :egién was investigaéed expetinentali;/aa well as
analyticglly. The proposed model shows reasonable agreement with the
experimental data ;;tained by Stewart [1981]). The initial conditions
which m;st be included are the m-s flux, the "heat flux, the inlet
temperature, as well as the tube geon.etry. .
Several simplifications were done and so.ne improvements should be
done, This includes a better velocity profile in the turbulent
region. A uniform velocity profile was assumed in the liquid core
which could also be improved. The model was limited to low mass flux
{(less than 500 kg-u'z-a'l) but it could be us;ful'to expand this pre-
diction method to a wider range. Several parameters as slip ratio and
void fraction were 11;; investigated and it was found that e;en with a
lack of experimental data of these given parameters, it still predicts
some “reasonable™ values,

The coaparison of the prediction method with experimental data was
limited to a set of data of one experimenter and more extensive com—
parison should be carried out with different sets of data. This could
include the comparison of data of rewetting film boiling. The predi;:-
tion method is using data of stable film boiling but the init.‘ial velo-
city at the quench froat can be subtracted from the quench velocity
wvhich will bring the phenomenon to a stable film boiling case. This,

however, neglects the axial conduction effect of ﬁhe rewetting fromt.

The entrainment of the vapour in the liquid core was neglected but it

was mentioned in the section III.S that some vapour formed appears in



5.

6.
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the core which becomes & mixture of liqu‘i‘d and vapoui'.' 'n;u.s phenon—
enon could in fact increase the rate of removal of subcooling in the
liquici core due to the condensation of the vapour.

Stabie f1lm boiling was obtained over a very wide ratge of mass flux
and quality at a nominal’outlet presau;:e of 9.6 MPa. 'hm range of the
data was summarized in Table 2. The wide range of data has shown that
f:l.l-_t;_oi.l.ing is very complex. The trends of the data vary depending
on the system parameters such as mass flux, inlet quality and heat

flux. The data were mainly analysed qualitatively but this however

~ provides a useful inicial step to develop. a mechanistic model covering

a wide range of conditions. FPossible causes of the observed data
trends were also given by separating some effects such as mass flux,

inlet subcooling and hest flux. The minimum film boiling temperature

measurements show a net increase of the ainimm film boiling tempera-

ture in the subcooled region but was found fairly constant in the

a
1)

positive quality region.

Bperm;:tal heat transfer coefficients were also coapared with three
e-piéical correlations (Berenson [1961]), Groeneveld-Delorme (1976},
Dougall-Rohsenow [1963]). Agruunr. m\found to be poor. Berenson's

correlation wvas found to be more accurate at low qualities as well as

‘inlet temperature close o saturation. Dougall—lohunoﬁ'n correlation

A}

overpredicts approximactely by a factor of two the heat l;i'ansfer coef-
ficient specially in the high quality region. Groeneveld-Delorme's

correlation better. predicts the heat transfer coeff:l.cient. in cthe high

quality region.
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TABLE 1. LOW QUALITY FILM BOILING EXPERIMENTS

. .{from Groeneveld & Ga;-d1 ner (1977)) -
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[ j
b . A
TABLE 2
RUN MATRIX
Mass flux (kgwm~ 2es~') 1000 2000 2750~ ° 4500
. . T
8H, = 50 KI/kg 9.6% 9.6 9.6 9.6
150 - 9.6, 4.0 9.6 9.6
250 9.6
L 1
X, = 0.0 _ 9.6 9.6 9.6 9.6
‘\d .
0.08 9.6 . 9.6 9.6
0.15 9.6 9.6 9.6

This number indicates the nominal outlet pressure (MPa).

1Y




- 9] -

TABLE 3

Iilside diameter
Outside diameter 1.114 cm
Date used (Oct-Nov)  (Apr-Dec)
Beated length between.power clamps {cm) 189.5 189.3 -
Heated length before hot patch (cm) ' 12.3 12.3
Heated length beyond last T/S 3.0 2.0
thermocouple - -
Hot patch lengrth (cm) ) _ 10.1 10.1
Cartridge heaters ) 12 x500W , 8500w

Thermocouple location
Elevation (cm) from top of

hot patch
TC(1) and TC(2) ‘ ' 174.2
TC(3) and TC(4) 159.2
TC(5) and TC(6) 129.2
TC(7) and TC(8) ' 99.2
TC(9) and TC(10) ' 69.2
TC(1l) and TC(12) | 39.3
TC(13) and TC(14) : 29.2
'TC(15) and TC(16) 19.2
T6(17) and TC(18) 9.1
TC(19) and TC(20) | 2.0

Lower pressure tap from top
of hot patch (cm) 64.6

Higher pressure tap from top
of hot patch (cm) 208.6

TEST SECTIONS SPECIFICATIONS

0.8928 cm

175.0

159.0 °

130.0
100.0

70.0 -

39.9
29.9
20.0
10.0

3.0

50.7

209.8

" (May)
188.3
11.0
2.3

10.1
12 x500W

175.0
159.0
130.0
100.0
70.0
39.9
30.0
20.0

3.0 .
64.6

209.8

12ii'-i"
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TABLE 4
. PEYSICAL PHENOMENA DOWNSTREAM OF THE HOT PATCH
Inlet conditions -Physicalf;hénonena Results

Low inlet subcooling

High iolet subcooling

High vapour superheat

High vapour generacion
rate

High vapour Rﬁynolda
nuaber

wa'vapdpr superheat

Low vapour generation
rate

~ Low vapour Reyuolds

nunbe;

-~

Low heat transfer
coefficient

Thick vapour film
{pecor conductive
heat transfer
coefficient

Good convective
heat transfer

High héac transfer
coefficient

Thin vapour film
(Hgh conductive
.heat transfer .
coefficient)

Poor convective
heat transfer
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KALININ'S MODEL EQUATIONS

(D-8)8

' d
| U
% ey [ia,.(l--i](; _Q]z
P Py D

"k (T,-T,) AU D/v,)"

1l-m =
R - 3]

-

n n
-% k) (T, -T,)B(U D/ vy ) (1-28/D)

p p " 1 at.A.l’
v 25,2
=+ @ oGS
For the left part of the equation, saying b = 2&/D, we can reduce:
2 .
a 50~ 5 § & ‘
'I'Dvuo Hf.s E [ av - - 2 - 2 ] . ...A'.Z
[;— (2b-b°) + (1-b)°] -
] _ ,
2y a L (2-b)b ] A.3
1‘ pv 0- fg dz pv 2 sselle
' C[-;— b(2-b) + (1-b)“]
1 l.
- 2 '(% b(2-b) + (1—b)2](2-2b) g% |
ITDvUong[ b : >
[~== b(2-b) + (1-b)“]
|
a...A.l&
. P '
(2-b) b [p—v (2-2b) = 2(1-b)] %%
1

P
[ b(2-b) + (1-b)%]?
p]
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¥

Expanding and simplifying, the left side ‘becomes::

2
D db
Py Uo Beg 3= 201°0) gz

[;i b(2-b) + (1-b)2]?
1 H -

.o

® k(T ~T) ACUD/v)™ [(1-b)? +% (2-b)b @

2 b1 ™B(1-b)

Py ' 2-n

™k (T_-T;) B(U D/ v)" [(1-b)2 + o (2-b)b ]

2(1-b) 10

- IIADS

.‘.A's
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APPENDIX B

B.l Gsneral Comments

The heat flux from the wall is assumed to be transferred by
" conduction,’ convection and radiﬁtioﬁ. For a laminar film, heat is trans-
ferred by conduction. As the'neynolds:nunber inéfease§ and reaches a
value corresponding to the tqrbulent:zone, hea£ is_cransferred by convec-
tion. However, in the model, borh wodes ;111 be includedFiu the film
boiling region. Initially, the vapour film velocity is very small and the
vapour layer 1s thin, hence codzuction heat transfer term is larger com-
pared to the convection heat Eransfer.term; 'Qs EPe distance from the
quench front increases dognstream,.the vapour la?ér gets thicker and thé
vapour #elocity increases. Hence the c;nvection\zzrm increases and the
conduction term decreases. Strictly speaking, chése two mﬁ?gs can not be
included :ogether.‘ gouever, this permits a sméoth transition from the
laninar zone to the turbulent zone and actéyas a butfer zone.

m A more rigorous mcﬁhod was uséd by Fung [1981]. His
approach was similar to Hsu [19591. For the turbulent vapour film, Fung
assunes.thac the vapour £1lm cousists of a lﬁm;har sublhyer and a
turbulent tayer. In th; turbulent region, the power law velocity profile
was asaémed to hold each half of this turbulent ;égion symmetrical about

()i&:::::7

different from the laminar sublayer was used to get better agreement with

‘the line of maximum velocity. However a thermal sublayer &g which is

experimental results.
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In our case, only a laminar velocity profile was introduced.
The wall friction factor is calculated from the velpcity profilé equation
explained later. (The velocity profile equation is differentiated at the
wall to obfﬁfﬁ\ﬁse shear stress.) Of course, the wall friction faccor can
take different values depending on the veloci_ty profile but.this method is
thought to be more accurate than the one cﬁosén by Kaufman [1976], who
assumed a cons;ant wall friction factor (0.005). The iﬁferfacial shear
stress could be calculated at the interface by an identical ﬁéocedure but
an empiricalledhaiionAwhich accounts for the waviness of the interface is
used to predict ché interface friction factor,

The total heat flux transferred from the wall can be divided
into three components using the assumptions previously mentioned (see

figure IV.1).
1) Calculation of Q"conduction

The heat transfer by conduction through the film is

_calculated by: *

- v
Vconduction = T Ty = Taar’ . eesB.l

The vapour conductivity is obtained at the wall-saturation mean tempera-
ture. The vipour_layer thickness § is calculated by integrating the dif-

d delta
Hz

ferential equatibu given in Appendix D. At the quench front, the

vapour layer thickness is calculated from the Berenson's pool boiling

correlation. This method was also used by Hsu and Westwater [1959].
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22 Calculation of Q radiation

The radiation is evaluated by assuming an exchange between

_two infinite gray plates: .

-

b _ o & :
U(Tw Tﬁat ) ' B.2
(.1_4..'}..._1) ;
€ £
W 1

Q_radiation =

?he emissivity of the iiquid core (el) was assumed to be equal té 1.0.

The wall emissivity is ébtained from manufacturer's data. If the vapour
film is not assumed to be a completely transparent medium, a more rigorous
radiation heat éransfer can be calculnggé;using the Hottel [Holman, 1976]
tabulations of gas emittance. The equations and discussion are given in

Appendix C. )
3) Cslculation of Q"copvection

The convection heat transfer takes place from the wall to
the vapour and then from the vapour to the interface.
(1) wall to vapour heat flux
The turbulent convective heat :ran;fet from Groeneveld

{1982] was used:

N W ‘vv ’
b,y = 0-0083 —] Pr__ «++B.3

C: correction for increase of interfacial Area (1.5).



- 98 -

(11) vapour to interface heat flux

The equation of Gtoenevgl&.[lQBZ] can be used to predict the

vapour to interface heat transfer coefficient.

k . .877
| ¢ o (U.-U, )26
b, = 0.0083 rio~ [—— 1 pr-S1L ve.Bub
v-1 (2%) o vs
Vs

vhere U; is .the interface veiociiy defined by (ﬁ;+01)/2.0 and U,
is the liquid core velocity.

The total heat flux leaving the wall is then given by

tbtal -'E_ (Tw-Tsat) + hw—v(Tw-Tv) +Q radiation

0 eeBLS
The vapour temperature is asgsumed to be above satﬁration. A large degree
of superheat was observed in the superhéated ste;m temperature measure-
ments obtained by Laperriere [1983]. It was shown that the superheated
steam temperature follows the same trend as the wall temperature for a |
variation of mass flux, heat flux and inlet subcooling. The vapour i

temperature could be more accurately evaluated by an energy balance of the

vapour film as shown in Figure B.l.

b, ,(T,-T,) - h__ (T _-T,) = héat absorbed by the vapour © +..B.6
B b (T -T )8z -~ Pih (T T, )6z = (W, +&IH, H B ...BlT

A



WL

»

FIGURE B.l. Vapour Film Energy Balance

&

To solve this equation, the interfacial velocity Uy must b known to

calculate by_g- It 18 difficult at this point to predicﬁq e validicy

of the assumption that U, = (ﬁ;+01)/2 so this method wjs not used to cal-

~

culate the vapour temperature. Further work will e to be done in the

interface velocity measurement to better understand the basic mechanisms.

The vapohf is assumed to be at che_average‘of the wall temperature and the

saturation temperature.

B.2 De-:i@ption of nifferehtial Equations

Six differential equations are ptescfibed to describe the

inverted annular flow:

SR Py
.
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1) mass conservation equation for the vapour film

2) oass cdnsefvation equation of the liquid in the core
3) momentum conservation equation for the vapour film
4) waomentum conservation equation for the core ‘
5) energy equation of the liquid in the core - - y
6) energy conservation equation in tﬁe vapour film.

The appropriate equatioﬂg for the annular geometry are:

liquid core area (A;) = * (r-s)2 b eesB.B
. 2 2 .
vapour film area (Av) =y {r° - (r-6)°9 . . eeeBe9
liquid core perimeter (P;) = 27 (r-§) essB.l0
vapour film perimeter (Pv) -2wr . eeeB.11
SRS

Each differential equation is now descriﬁed:

l) The mass conservation equation for the vapour film is equal to:’

; :
d(T py) :
rv - _'v%v_"!— - 0008012

Neglecting the changé‘of density p, with z; the equation can be

rewritten

d(U, A,)
T, -i"—d-:—-A"— | «e.B.13

L3

This equation means that the evaporatioan rate, [, generated at the
interface must equal the increase in the vapour film flow rate.

Expanding, one obtains:

dl

v
l'v - pv[ -UV dT + AV H'.] 00'03014

- -,

|

)
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From the geometry:

Av'- ‘l[tz - (l‘—ﬁ)zl . - 0003015
;.:—v - 2(:'6) n %zé -o-nulﬁ
-
Finally,
du.
dé v
2) Momentum conservation equation for the vapour £ilm. ) S

A friction tactor, f;, is assumed at the interface and

£, on the wall, The momentum conservation equation for the film may be

written as:

— 2
dU £.0 P (U _-U,)
- dE -p U v +p 8+ 1% vr"v "1
dz v v dz v ‘ 2A.v
. . 2
f o P T r
wvwwv Voo
\ (\-r-—-—-—-—-—“v‘ -t-—Av (Uv U:L) «seB.18

4

The terms on the right-hand side of the equation represent
the acceleration, the gravitational force, the interface frictiom, the
wall friction and the evaporation. For a vertical surface, various

boundary couditions may be imposed [Kakac, 1977]

b e ]
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1) :éfo-interfacial shear stress (1 = 0)

'2) zero-interfacial veloci:y (uy = 0) <v;‘j

3) zero wall shear stress (71, ™ 0) .- - R
4) 1g» Uy and g # O. |

The equation of the velocity profile 1s [Costigan, 1983]:

——

. 2 ,
U (x) = U, [1-@GFg-1)] o .eeB.19

where 0.333 { n  1.0-depending on the velocity profile.

In this equa;ion, it cah be_ahpun that U, represents the
'whaxinun velocity which has not beéﬁlélear;y defined by Costigan [1983].
.fog zero‘interfacial shear (see Figure B.2), n 1s equal to 1.0 and the

.equaﬁion is reduced to:

U ) .
U (x) = — (2x6 - x°) vesB.20

&

O

In a general form

U 2
U, (x) = (BRE-X ' v..B.2l
i A e |

\ ' _ :
The previous equation can be differentiated and one obtains:

v v (268 2x)

-d'x_-_?' 'ﬁ-':f ....1'3.22

To calculate the value of x corresponding to the maximum

value of U,, the equacion is set equal to zero



n= 0.5

n = 0.33

NN R

n'=1.0

| zERO sHEAR™
STRESS

ZERO INTERFACE
VELOCITY

ZERO AVERAGE
VAPOUR VELOCITY

INTERFACE

FIGURE B.2, Velocity profile in the vapour film

v
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28 2x
n— - 1 ...B.zs
o
x -.DG . - 0005024 |
For n = | for example at x = §:
Uv(G) =-U, _ «seB.25

This proves :iml: U, in the equation B.l9 represents the mim value of
the velocity and not the average velocity correponding to a givén vélocity |
profile; | . ‘ |
" Fquation.B.n must then be incegral:ed over the length of the
vapour film to evaluate the mean vapour velocity. Mathematically:

r ot
‘ -

é
| U, (x)dx _
-ﬁv = ° : e QB¢26
)
= 3n-1
U, = U, E;;r-] esB.27

where ﬁv is the average velocity in the vapour film and U, is the maximum
vapour velocity of the velocity profile. The local velocity based on the

average velocity 18 then given by:

b

2 0 2 . ’
3n” v r2x6 x
UV(X) = Tha-D) ;2' [T - :2-] \‘ ) «s+B.28

The wall shear stress can be expressed using Newton's law of

viscosity [Schlichting, 1960]:
.Tw-‘uv (K ) 0003029
- ‘2‘ prv Uv B '003030

P



£ -

- Los -

ot e

This means :

2 de
fw = -__::_f uv ( a;—-) - .103031
p. U x=0
v Vv
' 12 . o
f“ L2 ks p— uv 0003032‘
P, Uv § (3o-1)

3) Momentun"Fonservation equation £or the liquid core:

¢

- 2
Ly du . £ g, BT, -~ U)
T TS B TR S L 74

As in the momentum equation for the vapour film (see Figure
B.3), the right-hand-side of the equation represents the acceleration, the

gravity effect and the interfacial shear friction.

4) Energy equation of the liquid in the core.

This equation i3 used to describe the removal of the
subcooling of the water in the liquid core:

: dT

1 :
The void fraction in the core 1s a. However, a is equal to zero since all
the vapour is moviﬁg in the film,

The equation can be rewritten as:

1 - hl Pl dz ) -t-BnBS
Tt oy Ay Uy epy s .




' -Az
(Ts - Tl) mDe - .c.Bc36

where .A = h, PI/(p1 A, U, cp)).
The value of D can be evaluated from the initial conditions:
at z = 0, D= (T, - T,0)

v

where Tj, 18 the liquid temperature-at z = (. ’

5) Has_s conservation equation of the liquid in the core.

'The evaporation rate per unit length may be expressed by:

d. .
v —rv - Hi [pl Al Ul ] . . () .B.37
re °

Heglecting\che change of p,, the equation is rewritten:

d .
-rv - pl E [A.l Ul] : ' 0008038

6) Energy conmservation equation in the vapour film.
A heat balance is ‘performed on the vapour film as shown in
]

Figure B.4.

Q" Pv Az - QI‘PI A2 = (uv + Aﬂv)ﬂvz - uvluv..[h— Hvaf . «seB.39

1

\
~

The LHS of the equation can be rewritten as:

P Q; Az ...B.li(.:i



FIGURE B.3.

Control volume of the inverted
annular film boiling

VAPOUR FILM

LIQUID CORE

I Y
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Q; 1s evaluated knowing the total heat flux and also the heat flux. used

to remove the subcooling (Q]). The energy equation is then simplified to:

RQ7y 82 - W (], - H, ) -
va - ' S 93 |
. (. -H)) '
v f

The vapoﬁr enthalpy change from 1 to 2 is small compared to the other term

™

qu; and the vapour temperature‘was assumed to be at (Tw + Tsat)lz

{

wv Py Q; ' o ' '_
E’ = rv - ...B-"z
H. + cp,, ('1‘v - Tsat) '

V1 2
;,/*
pd W H
’/’/ v £
Q" P A
v ”/’
/ "
P 171
W B.
v, oY

FIGURE B.4: Vapour film heat balance

\
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3.3"ébuitituit1ve Equations

B.3.1 Interfacial vapour generatibn rate

The total vapour generation, [, 1s expressed by:

] P ,
r, = Q? A/ «esB.43
(Hfg +‘?pv(Tv - Tsa:)) )

A modified heat of vaporization takes into account the superheating of the
vapour in equation B.43 as developed in section B.2. Q; is evaluated
knowing the total heat flux, Q", and also the heat flux used to remove the

subcooling (QI); At the interface

P,Q" = ?V Q; + P, Q] «+.B.44
Then ' _7 ' r

Q = (¢ < P, Q)/B, o «++B.45

The removal of the core water subcooling (Q'l') can be evalua-

ted using the Dfétus-Boelter correlation

' - 0.8 A
0.023 k, C (U,-U,)2(r=6)
h = 1 ( 11 ) pr O0+4 . «esB.46

2(r-96) VI , 1

C: correction for increase of incérfacial Area (1.5) v

' . ' . .
Ql - hl(Tﬂat - Tl‘) . * . ---B-&?
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"where U, 1s .the liquid velocity in the core and Uy 1s the interface
_velocity. The ilaterface velocity, Ui, 18 the average of the liquid

velocity and the vapour velocity.

Uy = ('liv + Ul)lz.

B.3.2 Velocity Profile ¢

As shown in the velocity profile equation, sgveral values of
0 can be chogsen. However, the value of n can be calculated assuming that
the velocity at the interface is the average of the vapour velocity and

the liquid core velocity at x = §:

3n2 Uv EEE - 62

Uv(a) - t3n-l) ? [ n ?] ' oooBo[ls
U_(6) = 322 20-1 T ' 4o
v (3n_1) n2 v LEC -
U +U
2n-1 v -1 .
(=37, =~ ) vesB.50
T +U 4
2n-1 v 1
6 [3n_I = ﬁ = N ct-B-Sl
v
Saylng
U, +U :
v_ 1 = c ’ ' .013052
R u,
(120 - 6) = (3n-1) C  ...B.53
&6-C

n.-m’ - . uclBoSA
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B.3.3 In;érfacial'Friction Factor

The interfacial friction factor or ettective 1ntertace rough-

ness, ty, initially derived by Wallis [1970] for annular flow was used.

f

?i = (1 + 300 §/D) vvB.55
v

~

where f; is the interfacial fricction factor and Iy, 1s the smooth tube
value. The equation shows .that the incerfacial fricrion factor 1ncreasis
with 8. Tne interface becomes disturbed by ripples wifh an increase in
the vapour layer thickness. A value o 0.005 was chosen tor £, as
proposed.by Kaufman [1976].

v

B.3.4 Calculacion of wall temperature and vapour properties

In this model, an iterative procedure was used to evaluate

the wall temperacure; An initial value of the wall temperature was
estimated, The experimental heat flux was then coﬁpared with the heat
flux predicted by the model. If the heat flux of the model was lower than
the experimental neat flux, the wall temperature was increased. In the
opposite case, the 'wall temperature was decreased. This iterative method
was used since the properties of the vapour had to be evaluated art the
mean of the wall temperature and saturation temperature. Then the heat
traﬁsfer coefficient could be easily calculated knowing the neat flux

(based on the wall temperature minus the saturation temperature),

Vbd
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B.A Numerical Solution

An AECL package, Forsim VI [Carver, 1979] was used to solve
the system of differential équations. A computer listing of the model is
given at the end of the appendix. The main program is divided into four
principal parts: storage of information, initial conditions at the quench
front, dynamic section to solve the differential equations and an output

section.

e
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SUMQUTING UPDATE

bt Sl o DI TR I T YL PY S 2T Y PYPPFRIVY VY FPY VYT IYYY TV YV VY FVPFTS Ve

CALCULATION OF FILM SOILING HEAT
TRANSFER ABOVE THE NUENCH FRONT CURIMG REFLIGIING
THIS PROGRAM WS WRITTEM 3Y A. LAPZIRRIERE

Lt At Ll Dl P I T YT YOV Y YV PP PV PY YT YT PY Y'Y TV FEPY VY ¥ VT es ‘

_ ROMENCLATURE OF VARIABLES
DELTA 'VAPOR LAYER, THICKNESS ]

DELTAZ VAPOR LAYEP, THICKNESS VARIATION
EM LIQUID COPE EMISSIVITY.
EV : TAPCR EMISSIVITY "_
EN HWALL EMISSIVITY
FLAG enasll PRPINT OF ALL PESULTS

ssessl? FEWN PESULTS
G GRAVITATION AGCELERATION “/SECe*2
GA VAPOR IN FILY ARER Hes2
eGP VAPOR GEMEPATION RATE IN THE FILW KG/{4*5:8)
GP VAPOR PERIMETER L]
Gv VAPQR VELOCITY “/SEC i
GvZ VAPIATION OF VAPOR VELOCITY )
HFT HEAT FLUX TEST SECTION LTI
HFHP HEAT FLUX HOT PATCH WImMes2
HL SUBCOOLED LIDUID HEAT TRANSFEZR W/ (H222452G )
HPL HOT PATCH LEMTGH b .
WT HEAT TRANSFEQ  (MODEL) W/(4®2240EG £)
NTDL HEATED LEMGTH EXCLUDING HQT PATCH "
HTE ) HEAT TRANSFER  (EXPEPIMENTAL) w/ (Mas2enES D)
1CHECK OTAGHOSTIC FRINT CONTPOL
Isve INLET SUBCOOLING KJIKG :
KTS TEST SECTION CONOUCTIVITY A/ {M=DES 3) :
ni LIGUID COPE AREL . panp i
METHQD INTEGRATION METHOD \
L LIQUID COPE PERIMETZIR ™ i
PARA OSL = PARA WL (TS =« TLC) . 3
P1 ., OUTLET PRESSURE P k.
QDC TEST SECTION POMER . u 1
QHP . HOT PATCH PONER " .
qs HEAT FLUX ( RUOIAT..CONV. AND 20NO.} TLLLY ]
aost < MEAT FLUX TO THE LIQUID CCRE YL LI N A
QSP . *  HEAT FLUX BY IADIATION PTLLE ] B
asvy, HEAT FLUX TO THE VAPOR YELL Y] "
oui NUALITY IN‘THE TEST SECTICH :
RAD RADIUSCINSIDE) tom ‘
RADO PAOIUS{CUTSIOF) - £
TFIN FINAL VALUE OF INTEGRATION " -
L LIOUID IHLET TEMPERATURE CEG © v
TLC COPPECTED IMLET TEMPERATURE CEG C
s SATURATINN TEMPERATURE TG €
TSLBNWP TEST SECTION LENGTH BEFGRE H3T PATIH W
Tv VAPOUR TEMPERATURE c
™ INSIDE WALL TEWPERATUPRE® 6 <
T BEPENSON WALL TENPERS TURE s ¢
THE . INSIDE MWALL TEMAERATUPE(EXP) 9EG X
Tua OUTTIDE WALL TEMPERATURE (EXP) 26 ¢
TWIC INSIDE WALL TEMPERATURE DEG S
THEXP « EXPERIMENTAL INSIDE WALL TEMP, nEG ¢
THROD © . NOODEL INSIDE WalLL TENMPERATURE JiG ¢
THL VAPOUR TEMPEIATURE USED IN AROPZIR 03G C
T2 MEAN WALL VAROUR TEMPEFATURE %G C
THX BEAN VAPOUP SATURATION TEMPERATUZE JEG C
Tue2 ' QUTSIOE NALL TEMPERATUPE (EXF) 236 < »
n LIQUIQ CORE VELOCITY /7SS0
17,04 LIAUID CORE VELOCITY VARLATION ]
W ‘ MASS FLCW %GrH -
P Y MASS FLOW ' . KG/SES o
W2 MESS FLUX XG/{M==2e5:C)
XIexI INLET QUALITY OF THE TEST SZCTIGN
XL QUALITY{INLET OF WAT PATCH)
x2 QUALITY(DQUTLET OF WQT PATCH)

Ll Lt L LI P T T I Y TN Y Y Y Yy Y Y Y Y P Y Y YT PP Y P TP Y Y



9

95

T, 148

10%

110

1%

130
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139
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THIS DROGPAN WAS DEQIVEQ USING THI FCLLOWIYG TEST SESTICN -SP.-:C:FISAT:DM

INCONEL 600 TUBIMG

I.0¢« = 0,6328 CH

Te0e = 1,114 CY

HEATED LENGTH EXCLUDING HOT PJTLHI 1%7.0 CH
HOT PATCHM LENGTH1 Lg.i CM

TEST SECTION LENGT®W BEFORE MOT PATCHI 16.5 CN
TEST SECTION LENGTN AFTER MOT PATCHI 18u.5 CM

THE TEST SECTION CONOUCTIVITY USED 1S FRO™ =gFSSsnCs (1)
THE TEST SECTION EMISIVITY USED IS FROM REFIAINCE (2)
REFERENCES 1e GROEMEVELDWD.Cas THZ THERAMAL 3ETMAVIIUE OF & mELTED SU3FLSE
AT ANG 3EYOMD SAYQOUT. aESL=63C9
2. STEHaRT.J.c-. LOW QUALITY FILM 30T XNGC aT LTERYEGIATE &KD
: ZLEVATED PFESSUST 4+~ S5 W 2TTaNL UNE YaelF81
FL'EOQ........-...-I ’P!"TOUT OF aLL RESU.TS At D PL=AMETERS
- sseassssrssaceseld PRINTOUT OF FIM RESULTS

I'4
LS SR LLARASLSLARL AL AARLLREY SESSLR SALABIPSGLADIELn

c

Ceves s SECTION 14000+ STORAGE . '

..‘“"m.-.-...“.‘..‘.“..m‘“...m-.. LALRABSILS

o0

aofdo0n

comO‘IfRESFRVIZ'OZnDTDUT.ENI !-TFIN.NE‘I’HOU.ETH.X.GT"aN- IC«1ex
COMMON/PLOT/X 2 JXOUT
COMHON/CNTPOL/ INOUT
COMMOM/TNTEGT /GV o VMy DELTA
COMMOYFDERIVE / GV Zo ¥HZ,DELTAZ -
COMMO1/FUNTIL /THA (14, 2)
COMMOI/TENP/TS T UL, TL, PL T
COMMON/PROP/TG oGl o DL +GLONCG O GOY VIS viF , MFGAHIN KL oKVIS oF o e dln
COMMO'/PROPL/GOC +DLC,H Y

COMMO'/DATAZQUA, BT (HTE » TN T KE

REAL A MO KL «KVIS(XTS.ISUA

.

CONTIMUE
INITIALIZE PAPANETERS OF FORSIN
TFIN=i B0
METHOD = 8
ICHEK = 1
FLAG = 2.0

THE GEONETPY OF THIS GIVEN TEST SECTION INCLUDING TWE MCT

PATCH IS GIVEN IN TME FOLLOWING LINESS

RAD = 0.00%064 ™~
RADO = 0,008557

WTOL = 1,97
WL = 0.102
TSLBK® = 0.1

THE T'ILET YEWPERATURE,SATURATION TEMFERATULE.TEST SECTIIN PIMER, |
#HOT PATCH POWER, PRESSURE. MaSS FLOW. GRAVITATIOM ACCELISATIuHM.
PAPA AND THE ANEFAGE MALL TEMPERATURE ARE DEFINED!

TL = 210.2
QoC = 1t
QNP = 1730,
PL = bﬂ"z.ﬁ
L] a §3.3
G = 9.0
PAPA = 1,50

~ CALL TSATUP(PL,.TS) -

EVALUATE MEAT FLUX

THE2 = 273.0 + FUKC(Z,TiA.14)

KFHP 2 QHP/(2,*3a1ML6°RADCHPL) 2

HFT = QUC/ (24 %3¢ 141%°P.A0*HTOL)

CALCULATE TEST SECTION CONDUCTIVITY FOF, J1FFEIENT mallL TESPERATURE
KTS = (0156375 ¢ J400019=(THE2 = 273.J)1%1050.L

CALCULATE EXPEFIMENTAL INSIDE WALL TEMPERATURE Fa0»
OUTSINETEXPERINENTAL WALL TEMPERATURE.

IF ( 2 «LTa HPL) THE = TMEZ = lHFHF‘r.AC‘-LOG(RADEI‘A.lIK.SII
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76
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c

Ci = (RADO®*24 /(RALO"* 2=iB D**2, ) *ALOG (XADD/RAD) = 0o5)
C2 = IGC/(2.053, 1u1A*KTS=NT L)
IF { 2 +GE. WPL) THE » TWE2 = C245:
ITFPA™ION OF TMZ INSIDE WALL TEMPERATURE
AN INITIA, GUSSS OF TME will TEMPEFATUSE
IS 4A0E HSING BEFENSONS CORPELATION
THIS ALSP PPOVIDES THE INITIAL :
YAPOUR FILM THICKNESS *
IF(Z.6Taua0) GO TO 70
X = 0.0
N2 = W/(3A00.0 ~ 3.14159 = R20sa2.7)
CALL SEPENSN{WZsX,P1, THB.HFT) .
CALL TSATIR(P1, TS)
HTR = HFT/(THB = T5)
CALL PROPEP
DELTA = GCOMIHTE
TH = THB & 273.0
CONTINUE .

CALCULATE THEPMODYNANILC PROPERTIES USING CENL POLSSH RWOUTINZ

-

#2& NOTESt THIS POLSAN ROUTING 15 DIFFERSZNT FROw
THE ADVANCE ENGIMEERING 8ILHCH PCLSAW
ROUTINE
CALL PROPEP .

handead ol bt bl sl DX DL L ST 2 2 Y ¥ V¥ Y LY VY Oy S Py gy

SELTION 244eINITIALW CONDITIONS

““‘.- SABRASEEESSSSRLALBALBARIAARLS .“.‘...-“...C LI 2 LT T Y 3

IF(Z +GTs 0+) GO TO 20
N =20 t

GY = 0,02

CALCULATION OF THE CORKECTZD INLET TEMPSRATURE dned THE ColgeLTzr
INLET ENTHALPY DUE TO WEST LOSS. .

THE AMBIENT TEMPERATURE OF 30.0 DEG C IS ASSUMED.

XIN = CAHIN=HF)/FFGY = G6% (TL=30 001 /(24 4"W2*3. 16 16°RAD>* 2.*HFG)
CALL TEMPIXIN,TLC) )

TL = TLC

CALL PROPEP

VM = W/(3600.0%3,1818°FAO®*2,501IN)

ISUB=XIN*HFG/1000,0

HZmi/ (36 003, 1416*RAD*>2,)

i

LA BLAALSASEARALY “..u‘“.“...“...“‘.".IQ.“‘ LY T3

C
c

c

SECTION Jeees OYMANIC SECTION

SLBSRSSALAESRLALBLELGARALARRARSEDIASALL G40 adasssnssssasns

[
20

00

GEOMETRY VALUES AFE DEFINED

CA = J.1ME6%(PADS*2,~(FAD-DELTA) #22,}
MA = J.1416 ® { RAD - DELTA ) == 7,
HP = 283,1416%(RAD~DELTR)

&P " 2.% 3241540

CALCULATION OF THE QUALITY .
CORRECTIONS AFE MADE FOP HEAT LOSS AT THE PGWER Cib™PS.

g = W/73600.

Al = XIN :

X1 2 XIeMFTRY, 16 1622, PAD*TSLBHP /(NL*HFG)
X2 = XLeOMP/(W1*HFG) -

Fi = HFT*3,1416%2,%CAD/ (N1* HFG)
IF(Z.LT.HPLIOUAS (X2=X1)* Z/HPLS XY .
IF(Z.ATHPLIOA R 4F 18 (ZanpL )
IFCZ.5Tela23X0UT » QUA & 0,01

HEAT FROM PEMOVAL CF SURCOOL ING

DO 15 HL = 1,5

VI = (v + GV} /2.0

PEL a ABS{(Wi=V¥I)a2,2(PAD-0ELTA) /XVIS)
HL = 0.023% (KL/(2*(RAD-DELT2))) = FEL*40.¢ * PRL®*“ 0.4

.



cC= HL'H"II(DL'H&'VH‘CU!
236 . 8 = (*S=TL.CIZEXP(C) '
TL = (T5-8) .
OSL-HL“PIR& -
CaALL PROPER '
1% CONTIMUE
25 c. MALL=VAPDP CONVECTIVE MEAT TEANS FER, COEFFICIENT
' THZ = CLTH=273.04T51 /2.0 ¢ Tw=273.0172.0
c CALOULATE THE A POR TENMEWRTURE
TV s ( TH =273.0 ¢ TS)A2Z.0
T = TV
2w ' CALL PROPEP .
pEVL = Z.0 = DELTA * GO .
c THE THEINOOYNANIC FROPERTIES ARE CALCULATED AT MIAN HWiLLevaPO? TENPZIFATURE.
Tul = TMZ .
TF(THL,GT.799. 0} THl = 799, 0
25 CALL, PROPEP
. PEY ®m REVL ® GV/GOYVIS :
WYkt = 0.0083 © ABS(REVI**0,877 *© (CG*GOTYIS/GCON*=0. 611

- s GCON/(2, * DELTA)
[ Twi NAS TO BE PETUPNED TO THE WEAH MaLL=INTZRFACZ TZAOZCATUILE
250 T = TV
CALL PROPEP ‘
c CELCULATES HEAYT TRANSFER FOF -_— EXPEPIMENTAL
d . AND -— rODEL
' 15 = AMAX1 (2.E=6.DELTA)
5% . . A = {GCON/TS)®{TH-T5=273.01
' c CALCULATION OF THE PADIATION HEAT
CALL ".tnzl'(TH.RAD.DEI-H-'I’S.P:-HSFJ . .
G THE WEAT FLUX I5 CALCULATED USING THE CONVECTTION.CONDUCSTION -
c AND RADIATION :
260 osuonsawnal-nuu'nu-tn.n-nn
HTESHF T/ (THE=TS-273. O
HY = 15 7 (T = TS - 273.00 .
c VAPOR GEMEPATION RATE CALCULATED
285 asvm {GP*OS-HP=aSL) /G
. GeR = (QSVAGP) 7 { WFGHCG* (TUL=TS))
e SELECTION. OF NI(RN) DEPENDING ON THE VELOCITY PROFILE

C =GV + VYRI/GY
AN = (6,0 = ) 1012.0 =3:0°C}
2T ,IF(I’.N-GT.i-UiRN = 0,999
IF(PN LT+0.333)} FN = 0.33%
voID FRACTION CALCULATION
VOID = GA/{MA ¢ GA)

2T

VAPIATION 15 CALCULATED FOR THE FOLLOMINGY
T, Le OELTA
2. WM
3. Gv

oo aoo (13

(1]

CALCULATION OF INTERFACTAL FRICTICH FACTOR
FI = 0.005>(1.0 ¢ M0.ADELTA/(2,0 = RAC)D)
208 . Yi = 2-'3-1'016“6"IR.ID-DELTII0(5!'\'""2.‘0L'2-‘3-1b16

a® (PAD=DELTA)Z {GOSGVoHA Y}
Y2 = GERS(24GA=VI/ (MASGY) )/ GD=GA= (DL =G0 <G/ LOL VDY
s GPPCOYVISS PN/ { (35813 0SLTARGD) $GGR™ (1=VI/GVI /52
A FI=NP* (GY=YT) *=2,0%GA/ (2. U= HASGY) L
299 n s FI ® GP(GV-VYI)**2,0A(2.0%GV) T
DELTAZ » Y2/71

_YMZ = (=GGP=¥N*OLS2.*
ves 231416 (DELTA=PA D) *OELTAZ) / (NA=DL)

GV = (G={DL-GD) +DL®YMSYNZ-6SGP® GOY Y1S* GV IN/(DELTESGR
as(JoRrl=1}) = GGR®(GV=VI) /GA )
amFIoGI*HP® (GV= V) #2200/ (2. 0*NA)

A=FTRGDGPR (GV=VI)*+2.0/(2.0%6GA) 1/ (GD"GV)

308 PYROSR/AS

PAPTC=A/OS

PARTCY={NS-SP~A) /TS

¢
¢ ITEPATION OF THE INSIOE WALL TEWPERATUSE - v
30% IF(Z.EQ.D.0) GO TO 28
,, QOIF = NS = MFT
. IF(Z.LT.HPL) NERIOP = ABSIQOIF/HFT)
_ LF{Z.GE-HPL) AERROR = AZS(O0TF/HFT)
. IFIQERROPLGT, e 01)AUG = L0
318 , IF(OERROR.GT 20320406 = 3.8

-t



IF{QSRPOR.GT. 0, 05)AUG = 5.0
IF{OEFROP 4 GTu 0. 501AUG = 6.3 *
IF(OSERNS,CTe G 1SIAUG = .0
TFUQLAROR, GT o 8, 2018UG w
Y T IF(OERROP.LT 0.01) GO TO 2¢
T IF(ODTFWLTal.8) Tu = Tw-» AUG
IFLGOIF.G"48.00 TH a Tu =« 4UG
GO T2 38
28 CONTIMUE .
n c
“.“uaunnoobnoﬂtum.-;;omo..ooola.d‘.aouo.:‘
[+ .
g SECTION 8eeeaPFINT NF THE ESULTS

I S48 0ESALL0 L5 45008 408558255 08400 80 B84 4484408 0a

c

IFLINTUTNE.L) RETURY K
IFIFLAG.ED.2. 0360 TO 32%

: TF(FLAG. .1, 9ICONTINUE

I PRINT 30eZ+THLaT N2 s TWBDELTADELTAZFI+Ghsy
‘55’!"!6"05‘20"T'.‘T'&'N‘-HP.PI‘QnC'Qﬂ;QQSQQSLUQE':q
AOSVQR!L'EVDR"OTLvTSITu-TﬂicTU':ZOVELQT'“..V“..Vﬂz.ﬂ.ﬂz-tl-lﬂ-
aQUi, ¥nIDJALISUB

30 FOPMAT (GXy2aZusoE20.59IXe 2T WL BE4ELQeJo1X2TH2 mgeZldade

338 Az THBERE10s 30 /o 2X o 2DTLTAS R, E10, 302X, £02. T4Z82 5103432,
AE FIR8oE10e30bXoe2GARE,E10430/ebXebGURREZLuaIeb6Xe2GPEL 2000 30
ABN GV RE E100 303 Xe 26V EL003ns bl o SHFTREZLELNu Jo b SHFT nt
ltlu-;-“.l"'-"cslﬂl!.b!olﬂlilnfiﬂnv!lfosl-I‘laIl.ELJ.Sgﬁi.
AppPinz.E10, 3|h!0’mc..'uu.lcnolw-3|'E’.ﬂt’.fuslo‘cs-‘o

3t X AEI.G.!-Sfclnﬂ.'l-Elﬂ.-‘lobl-lusl?ll-Eli.l.sx.xasvnx.ii-.J.l-hl-li;’LSh
AELO, 345X o SPEVEZ) E104392%e?  RNZZLELDe oMo TLEF EL00 30/ o5k £TSmp,
ﬂtlﬂ.!‘ﬁ!."*‘tslacln“!olrﬂtltoEiﬂ.G.Zl.lfﬂszlloslu-30’0

-

abXo2VZLag, E10. 3.""“1”.':1“.3'5!.““'lcslﬂ. 3.3x.
ASYNIBE E10a3e/ o6, BNm2 E10. 36X, BUZBEy Clue 395K o EX1ERE10a 3,
b1 - abl.txz-sgziﬂ-3-/.6!.sx-!.Etu.a.bx.:vozu-g.egu.3.2:.;75h7L-:.
AEL10e 3y ZXo2ISUBAE ,£20,3} -
PRINT=.2PAPT OF RADIATION IS1 s,PY -
PRINTS ,2PAPT OF COMOUCTION ISt £.PARSC ”
PRINT® #PAPT OF CONVECTION IST 2, PARTCYV = -
50 32% CONTINUE . : -~
MNaN+] ..
P CALL COLLECT(N) . - S
c PRINT' OF RUN PARANETERS -
‘ IF(N.LT.A%) GO TO 40 : )
355 PRINT®+# MASS FLUXJMEAT- FLUX.PRESSURE AND SUBSOOLING ARE FEINTEG:
PRINT &3 ,W2,HFT,PL,ISUBR - : .
&S FOPHAT (6Xe IH2R 2y FTalysSXe AMFT AL FALL /SN o 2P1uR. F 1,1 45X £25U3%2 ,F2,1)

86 CONTINUE
_RETURN _

T80 - END
t SUBROUTINE TEMP(X,T) ’ o
W\ CCCCCCCCCCELOECEREE CCCCCOECCCELCECCEll CLEECLeLaCEatatEiCChoesctausClitisstitl
> K THIS SUBPOUTINE EVALUATES THE TEMPEPATURE GIVEN THE PAESULE ANC ¢
c THE QUALITY OF A STREAMONEGATIVE QUALITY) c
5 LTy Aot T oot et el ot T oL L ot o e e oo o e T e ot e ot T A ot S BT et

COMHOI/PPOP/CG oLl o L+ GLONG DG OT VIS ¢HF e HFG o HINA KL o K¥ IS FR L 3IN -
COMMO I/ PROPL/GCT «OLGyHY -
COMMOM/TEMP /TS o TH1,TLyPL :

CaLL OROPEP
m : H s HF ¢+ X & nFG .
' ¢ QUALITIES LYTe Oolle CALCULATE THZ TEMFERATURE aY ITZIRATION 4S5 THE
c STREAN PPOPERTIES OF FnE ACTUAL TEMPERATUZIR ARZ KNOWN.

T =TS = 100
11 CONT INUE

15 c CHESX IF THE TEMPERATURE EXCEEDS SATURATION. .
C IF(TGELTS} T = TS = §.5 '
T =7
CALL PROPER
IFLABSC(HIN = H)/H)LLE.0.01) GO TO 22
20 TaT+ (M= HINI/OL
et GO TO A3

PETURN .

22 CONTINUE i
EMD !
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198 * ( T = 2
N“b.ﬂ - (5 ’q v G)**8.0) /

UDI!YIW LEAVING SURF

'
- EXP (=L I71A9 TS

19010 Rokd L2EP

£5ER5E
v Efﬁ!awgk\‘Iﬁ SURFEEEHS.N BEAM LENGTH IS CII.CULI'I’ED.
=0.37189 * THR) * (0.327) =

Y

&

o D

R1

1 ND WALL SURFICE IS 12
oF TNS !lPD

]

Y TY

f ety

D 5 ?Etécm s‘ﬂga': Ea E BE
- SlTuRlTIuN lvEluGE

) - *
’,:532 i+ 459.5

* 32.0 »

R musSt ae DIVIDED BY 11)G0.0

A Tz '
ils‘ ol = ?l!lb = DELTA}®*2,0)
D.+ = DELTA) IEI)' 2401/

IFFERENT OF STEMART {19331) SINCE A

189 * Tva) * (0,3270 - T he
!Zl * EXP(0.001831 » 'I'V ;Z.loQ

ON FIFI‘DR FOR EV
iSGGZIkEGS"PL"S.

«2749 =

8. 0521 * EXPIU-GHIISJ. * THR) *

\'A’i' T\'IITIII“D oh5

ESHEIN BEAM LENGTH IS CALSULATED.

IS _CALCULATED. A

& (3.3270 = 0.2749 *
® ExP(0,00183 & TSR *

= 0
TTYRITSRI =20 .05
PY

fid

AND J
Al
AZ
HI(J,.H = EN}} -~ 1.0
é;i- DELTA) 7 RAD) ® TRANSY

[

ng;% T7%A
125" W,

B&II?JLA'I'

vITY IS Cg SII.ITED
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Ve, .0 - (EN/11.0 - EM)) *
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(EW/ (1, J=EW}) & 5,.67E=)8 & TH®u,(
USIZDGI CRAMER EaNODIKREYSZIG-iGT?I.
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SUAPOUTINE WYPLOT(MyX,HICHIDHTC EXP . THHOD THEXP)

uﬂhb-.“l“aonu‘.ﬂll.‘.ou.cotoluolabcoo-.oa..-a-‘-o......-
THIS OHOGPAM MILL PLOT

1. HEAT TRANSFER COSFFICIZNT .vS. JUSLITY

2o WALL TEWOCRATURE _¥S. QUALITY

THESE OATA POINTS WERE DaTAINED OM & OIFFIF.ENT P OGRAM
= USING THE FORSIM PAGCXAGE AT CPIw b

SALLASSLALAESASLLSAL ARMLLERE Sy sssssasaanes tssssbgbsassanssbibanans

PEAL YN} HTCHOD (N) 4HTCEXP(N) T HHOD (N) +THWEXP (M)
PEAL X1(50),YL1(50),Y2(SE)«Y3I(50) Y4 (50)

COMMQN/SCALES /7 XN TN XMAXSTICX FXSCAL s YH N, Y4AXTICYFYSCLL
COMMO'I/ZPLOT /X 24 X0UT .
COMMOM/FORMAT /XL s YLy FTITLECEY JFSUSTITL ) fFAAXTITONYWFYAXTIT( ),

. NSTVARS,STVARS (1)

COMC I/SYMEANZSYHCOD (10F.FSYNBL( 2) s FSYRIZI2)FSYFIZLDILFSY~ 342,
. FSYHBSIZI.FSTHBbCZIvFSTHdT(Z)|FSYHS!tZ!-fSVﬁiilZ)-
. FSYMEL042) «SYMLOCX SYHLOCY

INTTIALIZE VARIABLES

SYMB = SYMCOD{L) = 1.0

XL = &0

YL = b,D

INTH = X2

IMAX = XOUT + 0,01

YHIN = 0.0

YHAX = 1200.0 .

FXAXTIT(1) = 10M(ZEQUILLBR

FXAXTIT(2) = 20MIUM AUALIT

FXAXTITCI) = z6MYZ) A
FYARTIT(1) = 10M(2 H,T, CO : -
FYRXTITI2) = LPHZFFICIENT

FYAXTIT(X) = 1yH (u/M2=5)

FYAXTITI(L) 3 10W2)

COLLECT TH{ 0ATA POINTS EXCLUGING
THE FI3ST CALCULATED F3INTS

IC=

e 20 I » B4N

IC= 3C + 2

bl



ek

15

it

28
o5

10

258
260

¢
c
€
¢

aOooa0n

xX1{IC) = X(1) ‘ .
YILIC) = NMTCMOOL(I)
Y24IC) = WTCEXP(I)
YI(IC) = Tweo{I)

YH{IC) = “WEXP(I)}

CONTTMUE

PREINT OF THE OATA OF THE PLCTS

FormaT lS!-‘!-l-thSo!hﬂhl.ZI.FG.I.SI.FG.L.SI.’S.:)

FRINT® .2 QUALITY . N WTCROD ATCEXP Tw0JIC) THEMIZ) X
00 10 I=g.IC

PRINT 5 oX2{I)oIaT1(I) sW2(T)oYI(I) . () °
CONTINUE

ENCODE (& 0s 260, FSTNBL)

CALL SIMPLY(1,X14Y14IC.0.1)

SYFCODi1)=X.0

ENCODE (& 0+ 250+ F5YNEL) /
CALL SIMRLV(I+X1,Y2,IC:3+ I *
FYAXTIT(L)mL0M("WALL TEW

FYAXTIT(Z) =10MPERATURE

FYAXTIT(3)y=10K(DEG C)=)

YMIN®200, 0

YHAX=1800.0

SYnCOO(1)=2,0

ENCODE (4 0y 260 FSYMBL)

CALL SIMPLT(14XL+Y34IC.0.1)

SYRCON(1)=3,.0

ENCNDE (L0, 250, FSYNBL)

CALL SIMALT(34XL oY 4eICoB.3)

FOPHAT (21M(*EXPERIMENTAL DATAS))
FOPMAY (1aH({"NODEL DATA®ID

RETUFN
END

SUBPOUTINE BEPENSH (GL, X« PXPATHBPHT) .
THIS SUBPOUTIME IS USED TO CALCULATE THE wWALL c
TEMPERATURE USING THE BEPENSON COPRELATION c
JeOF HEAT TRANSFER 83, PPS33-558(1962) . c

CCLCLCCLCCCCCCCLCCCCCOCCCCCtLLeCCCCCCCCCCLTLTCIotIntcct

CORMON/TENP/TS, TH1.TL 1
COMMON/PEOP/CGeCl oDl o GoliNe GO GOYVI Sy HF e AF G HI Ve KL XVISFiL e LIx
CONMIN/ PPOPL/GOC, DLE, HY
SINCE THE PROPERTIES MUST BE EVALUATED AT THE FILM
TEMPEZATURE ({TWeTSAT)I/2.0) AN ITERATIVE PROSEZOJURE IS USED
TO CALCULRYE THE WALL TEHPERATURE KMNOWING THE HERT FLUX
AN INITIAL GUESS OF TWIDEG C} IS DONEV7ud
TH = 780
PL = PKPA
CALL TSATUPIPXPA.TSAT)
SIG = SIGMA(TSAT) -
DO &0 I = 1,208
THL a (TW + TSAT)Z2.0
CALL °PROPEF. - .
HT 20,625 ({CCON®=3.0%3.E1*GD=(DLC=GD) » {HV=HF)}/
S(GOYVIS*(TH «TSAT) * (SLG/(9.81*(DLC=GD)})I**0,.5))}2~0.25
TWA = (PHL/HT) ¢ TSAT
DIF a Tud = TW
IFIDIF.LTu0.0)THN = TH * (.99
IF(DIF.GTaD0}TH = TH » 1,01
DIFA = ABS(DIF)
IF(DIFA.LT.5,0) GO TO 28
CONT INUE
CONT INUE
RETURY
END

FUHCTION SIZMA(TENP) a :

ECCCC lorled e olvel e ol ol el el v dad el el ol o v ool e e ef o T A ol ohed ol e P ot od o] o el o to el o o} p T oY 4

c

THIS FUNCTION IS USED TO CALCULATE THE SURFACE TZMSICN
AT A GIVEN SZTURATION TEMPERATURE (n/M)

CCCCrCCCrCCeCCCCCCCCCCCCCTCeEtCCCCCCOCLCLEELLECCCoEELLECaCE0LLECEECCeEETSEl!

10

OIHEMISION A{5)

DATA 8714160936807 =01e1al21bCbb8ET=u3e~5.7528u5150C=d6,
142062706502 =084=1, 1497192905 ~11/

8 = .83

TC % 66T.3

T = TENP + 273.0

SIGHA = A(1) * (TC=T)=*2/(1.0 ¢ 8 * (TC = T})

DN L3 1 = 2.5 .

SIGMA = SIGHA .+ A(I) » (TC = T) ae 7~

SIGMY = STGMA/1000.0

PETUNN

EMD

ekl Byg ikl
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40
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r m s et e mrimam e L

SURROUTING PROPER . T

SALARSESLALLEAAL LD S LASLLGehssasLaLLa Ashadsadadpidsapsashbsobabsn

L. .
THIS SUBPOUTINE WILL CALCULATE THESMCDYNAMIC PROFZ3TIES -
USIMG CPHL POLSAW ROUTINE

SLE584040RARLASRALALLLARASLLASSANSLR Abchaabassadbbasasasabantns

VARTABLES
CcG VAPOR' IN FILM SPSCIFIC.HEAT Jf(KG*0EG C}
CL LIQUID SPECIFIC HEAT JIIKG=DEC G}
i) OENSITY IN-LIQUID CORE KG/Mae3
OIN INLET CENSITY KG/Me=3
oL LIOUID DENMSITY KG/hee3
oLe LIOUID DEMSITY(SATURATION) KG/res3
GCOMN VAPDR CONDUCTIVITY W/ (M*DEG C)
GD VAPOP LCENSITY KisF2e3
GOC VAPQ#S DENHSITY(SATURATION) KG7K+*3
GCYVIS VAPDP DYNAMIC VISCGSITY K57 1=SEC)
HIN INLET ENTHALPY JIKG
HF SATURATED LIGUID ENTHALFY K
HFG LATENT HEAT OF VAPORIZATION JIKG
HG SATUPATED VAPDF ENTHAL PY JIKG
HY VAPOR EHTHALPY . J/ G
XL LIQUID COMDUCT-IVITY H/ (N*DEG C}
KVIS LIOUID XIMEMATIC VISCOSITY ' M2/SEC
P PPESSUPE L
PRL PRANCTL NUMBE®™
P1 ) . PRESSURE KP4

o .
ALARARABALRAS AL RLBSARERLCEL SRS ARG AR AAALAN ISR AIALRbbatatotals

COMMCN APROP/CGCLy DLaGCONsGOGOYVIS ¢HF s HFGoHINs KL <K ISeFFiedlli
COMMO*I/PROPL/GOC «DLEWHY

COMMOI/ZTHERM/ Ty PyHeSe Ve X
COMHOMZZTRANS/YOENSs RSPHT LRVISC ¢ PTHCON
COMMOM/TENP/TS T HL.TL, PL

PEAL XL.KVIS

INITIALIZE VAPIABLES
H de 8

0.0

TS

O.0

= PL / 1000.
SATURATED VAPOR -~ ENTMALPY
X = 1,0

CALL THEPMAL(2)

HG = H * 100008

T=TS

PaP1/16G00.0

X=i, 0

CALL, TRNSPPT(P T X,2)
GDC=YDENS

v 4

SATURATED LIOQUID
= fal

= TS

= Jau

= 0.0

= P1 /7 10000

= (.3

CALL THERMALIZ2)

HEF = M + 1000.0

HFG = { HG = HF )
CALL TRNSPPTI(P.T.X,2}
DLC=YOENS

.

O~ I

SUACDNLED LIQUID

T =TL

X = 0.0

P mPL /7 1000.0

CALL TRHSPPTIP.TX42)

PRL = RSPHT & RYISC = 1B00.0 s RTHCON
KL = RTHCOH

KVIS = RVISC / YDENS

0oL = YDEWS

T T ¥ U DS os

T SIS S




g

85

95

100

105

1L%

nnnnoonoon

oOnNano0o0

a2

CL = 35PWT » 1030.3

SUPEFYEATED STEAM

T = TMi
LI TY
S m @0
vV = 0.0
X = 1.6
paeL / L000,0

CALL TRHSPPT(P.TX42)
GD = YOENS

GDYVIS s RVISC

GCON = RTHCON

CG = TSPHT = 100C.T
CALL THEFMAL{2)

HY = M & 1000.0

T

SUSGONLED LIOUID -- INLET QUALITY

0.0

.

BeG.

e

3.0

pL 7 1000.9
Call THEPMAL(2)
WIN = W,*_1000.0
TaTl

¥=0.0
PaP1/1000.0
CALL TRNSPRT(P.T.X.2}
DINRYIENS

e~ T
'R N L

PETURY

END

SUBROUTINE TSATURIP.T)

pereyew T TSl ol b FYYYFE L L X o YYY T LY L]

TWTS SUBPOUTINE- WILL CALCULATE THE SLTURATION TEHPERATURE

FOP A GIVEH PRESSURE
Pt PRES SURE (XA
T SATUPATION T

1
EMPERATURE(DEG L)

a8 “‘..‘“.“I“ ”w‘..“..“' ry s >y Ll ld “..“D....OC.. aenbhde

T & 161.21337248307 & 0.03202553126823 * P '
$ - 0.000003221572028837. © Bo"2.0 . 1.47209513278E-10 * F*o 3.0
$ ¢ 5.226175000629E-16 * PoAlD

PETUPY
ENO

SUMPOUTINE COLLECT (N}

u“on‘.“m.”..“ﬂmcoom. ~ebsass Bss P ¥ E T TS Sk -l

THIS SUBROUTINE willL €
BEEW CALCULATED USTHG

OLLECT THE VARIOUS POINTS WNIZH Wiyl
TME FORSIN PACKAGE

SR SRS E S ESS mnumb.“.oo“ [y rrs .oooﬂaoouoodooousoo. EY Y Y L)

FEAL X{a5) HTCHOL{ &S] .

HTCEIP (5} JTHEXP L 45) JTHMOO (65)

COMMON /DATA/QUR. KT ¢MTE 4 T e THE

COMMON/PLOT /X2 X 0UT
ICOUNT = &5

TIN) = QUL

HMTCHOD (N} = WT

WTCEXP (M) a WTE
TamOD(N) & TH .= 2733
TUEXP{N) & THE = 273.
PRINT 42X tH) 4 KTCHOD IN

c ~
l.HT:ElPtn).Tnnoa(M:.T XP{N] N

FOPHATY (b X, usn.un.s.u.:utc-'cnu.E:n. Jebko B SEXPmgeELDa 3y

.b!.sTﬂﬂDDIl.F‘.'-Z eI Xe 2T

IF { " eLTe TCOUNT ) 2

CALL PLOTTING POUTINE
CALL HYPLOT (N4 Xy HTEMOD

RETUR'
END

uDYPsz.F. 23X xnmE, 157/}
ET\HRS

JATCEAP  TUMED » TWEXP)

[T
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¥

FORSTIY v

- sesssas

FORTARN ORIENTEC OISTPIBUTED SY.S"’E" SIMULATION PACEAGE =

FOR PAPTIAL AMO OP OPDTHASY OIFFEPENTIAL ZQUATIONS b

USERS MANUAL - ATONIC ENEPGY OF CANZDE REPOPT AECL Sa21 =

AUTHORY ©» B CAPVEP AM0 D G STEWART » CeRaNablefAEuCola *

IPTINIZATION OPTION INSERTED av C F AUSTIK ANC M 3 “y

CARVERy CoRuMolo/A.E.CobL. USER MANUAL AECL =HEM2 e

R 2 2 2 Y mlnootcum&muoﬂouounu.oouu““.dm- *e

FILA AOTLING MEAT TRENSFEF ADOYE THE QUENCH FRONT

1§}

TABLE TME 1T 13 BY 2 DEPENDANT VARIABLE IS LISTED ON THE RIGWT
4 L4 4
. Ne .?SZIII!GEO“ b
«101ONAE+ QD -TS200CE+03 L
«123080E+ 00 +280000E03 7
+138 M RE+ 0O 6K DEOES IS
+Z98 GOME+ 0D +521008E+03
» 390 0ERE 00 «S63000E+03
+498 CORE 00 +SR9O00E+ 03 .
<738 OORE+ED +62600 0E+ 03
«10990D2E <01 «&580005+03
«1398885+ 02 -685000€+ 03
«169800E+ 03 9T BUDE+ 0
«19430REQ1 «T13800E+03 .
«190G80E+ 01 «712000E+ 83
PRINTOUT TIFES ARE LISTED SELOW
e +100F=02 .250E-01 ,SO0E=01 L7S05E=0% . 102Z¢80 21258600 «15uieud
SI7SE¢ G0  .200E400 .228E+00 .280Fe00 275408 .300Fe 0 . 32855+00 «350z+00
“SODEs @D  .4SUE+QD .SO0E+00 .550F¢00 .GONE+CX .650E+00 .700E+DD «753E+00
+800E+ 08 . 850F«00 .900E+00 .9S0E+00 .1I0ESCL . 105Ee0) #2205%41 L118iea1
+£2CE+ @  .125E401° L1¥QE+81 L1JISE40L L1M0ESOL 1656401 .15Qce0y «1S5E+01
~TEBEC@  .1FSEC0L L1TDESO1 L17SESD1  L1B0EeBr . 18SE+D)
_ %
CASE NUMBE® 31 yuSIng ADANS (VAPIABLE STER) INTEGRATION 4LGIRITHw sITH  SFIFSE  JACL 3@k SenlTEIS
: INTEGATING 3 ZOUATIONS
L3
X =, 181E+00 HTCMODs 631E+03 HTCEXPE WM EF+ 03 TWMOD= 630.54 TuexPs T2aané (R ] 1
I® =, 100E+Q0D HTCHODE ,575Zeg3 HTCZXPx . &bBEsQ3 TWMOD®  618.56 TWIXPE  TZHeki- w= :
%
Xs =, 897E=01 HTCMDDs  L36SE+03 HTCEIP=: _&WBE+D3 TUHQd= 3313.54 TWEXP= T25eb: hE 2
X3 = PBOE-D1 HTCHMOD=  , 325C+03 HTCEXP®  .au8E+ 13 TWNODE  306.5%  Twexdm  TZouke L= 3
" xa -.5wSE=01 HTCHDO= .B79E+03 HTCEXP® .4oDEe03  TurODs  568.54  TwExes 737.:5 s 5
Xn ~. S30F-01 HTCWODm  ,ETTE«D3 HTCEXP®s ,B16E+(3 TWHOD= 568,56 TwiXPs £13.7% na 3
Az = H92E-g1 HTCHOD= ,&T3IE+G3 HTCEXP=  ,977E+y3 TWHOD® 568,54 ° TKIXPR  W7uek?  Gis 7
X ~ AB4E-py NTCMOD=  L6TOEeD 3 MTCEXP=  _100E+D4 TWrODa  568.5&4 TWEXP®  4n5.3c ks s
Xe - WISE=D1 WTCROD®  ,656E+01 HTCEXP®  S102E+ O THOd®  570.54 TWEXOS gl 50  w= 3
XE - ET7OE-Q2 KTTMODs 5626403 MTCZXP2 9558443 TUMID® 572,56 TWex=® 475.B. Nz 1
e “-3ROE=01  WTCMOD= L657ES0T  WTCEXP  LE99Ee03 »  TYmGS:  5TeuSe  TwExos “iS.k0  Na 131



Xs  .188E+00

EXECUTION CPTIF® FOR THIS RUN = 1146.926

FIELD LUEMGTH UTILISED 5382k (1511008)

HTCHDD= _&13E+03 HTCEXPm' .43SE¢Q3 TerOD= T65.54 ThEXEn
Xz L,19&E+0C HTCNODs L 415503 MTGEXPE  LLT9E+03 ° Tu~03s 765.%58 TwiExds
X2 LZOLE+8D HICMOD=  , MIBE+Q3 HTCE:r- vM7IE+IT TwnQls ThS.56 Tw.xos
L)
127 FUNCTION TABLF Twa REFEPENCEC OQUT OF SQUNDS
THE NEAREST END VALUE OF Y WILL BE USED AND COPUTATION COMNTINUZS
. ' VALUE ZEQUESTED Fos WiS
b FUNCTION TARLE THA PEFEPENCED OUT OF BCUNDS '
THE NEAPEST ENC VALUE OF v WILL BE USED AND COmPUTATION COMTI NyZS
B YALUE AZQUESTZI FO2 Wi
1244 FUNCTION TASLE Tud REFERENCED OUT OF SOUNDS
THE WEAREST END VALUE OF Y WILL BE USED AND COMPUTATION CONTIHUZS
VALUE REQUESTED FoO- dts
777  FUNCTION TaQLF THA REFERENCED OUT OF BOUNDS
THE NEZARMEST END VALUF OF ¥ WILL BE USED AND COMPUTATION CONMTINUES
. VALUE FZOQUSSTZZ Fg= Wes
Xm  LZEOE+00 HTCMOD= L A21E+03 HTCEXPs L MGAFE+Qs Tu~0J= 753,50 Twixas
QUALITY K HTCNOOD WTCEXP THMOQIC) TWEXP(C)
- 083 1 676,80 e1k. 0 %68.5 513.7
=063 ! 2 673.3 arr.3 568.5 4705
-o BbS 3 668.6 1000.6 568.5% bES.n
-~ B2 [ 666.1 10a7.7 ST0.% s61.é .
-2 038 3 (158 | 9€L.9 572.5 #TS .6
=034 & 6%7.1 899. 4 Tu. 5 L 2.1 193
-« 330 7 6%2,2 8%0.0 576.5 503.2
- 026 8. SLT.2  805.% 579,k 516.7
-a023 a 642.8 7T7S,7 582.5 527.3
- 019 - 10 636, 767,11 58%.5 537.8
-, 012 11 62Je1  £96.5 591, 5 558.6
=08 12 608 .8 6h.1 599.5% 571.6
«00& 13 593.13 6h2. 0 608.5 S8k ok
«012 14 5TY7.0 630, 7 613, 5 590,68
« 019 15 5631.5 619. & 627.5 596.7
«027 - 16 552.1 608.5 635, 5 602.9
034 17 SA3.1 587.9 2. % 609,1 !
elb? 1e 536,82 1.0 Y Ghlde5 615.3
o Db9g 19 526.5 578.0 655, % 621l
« 057 « 20 S5iT7.64 S89.2 662.5 - 6268
.05 21 507.” 561.8 670.5 632.1
ior2 22 “97.5 554, 0 678, 5 637 .5
80 23 &A7,.3 Shb. b 687.5 | Gh2.8
« 087 26 6T7.2 539.1 596.5 bt
« 095 k4 MRT, 7 531.9 T97.5. 653.4
«103 .26 4584 % 526. 9 T16.5 - 65749
«110 hr 4 [ 2 19 Y 520.2 7255 662,.F%
«118 2r 2.2 5145 T736.5 667 .0
«12% 29 838,33 509.0 Thie S 671.5
+133 . 30 8279 5015 Thi.5 676.%
161 3 LY 5%, 98,3 T56.5 5480.5
«148 32 L33 P § [ 3-1%9 4 58.5 682.5
<184 13 &15,.2 »03,. 7 T62.% 66k .5
183 h 1Y 813.12 491 b Thb 5 636 .5
<171 Is 12,2 &89, 2 765.5 6848,.5
«179 36 412,80 hET. 0 T65.5 690.5
186 hrd 813.1 [ 3.1 9 1 745.5 6927
194 32 415.1 W78, 2 65,5 6898.5
+ 201 39 h18.3 &#73.2 65,5 703.3
« 209 L2 A20.6 RET.S 758.5 Tog.8
HASS FLUX.HEELT FLUX.PRESSURE AND SUBCOOLING A®E PRRAINTED
NZx  359.8& HFTe 213555, 5 Piz &072.4 ISuBs =214.1
147 THIS FUN TERMINATED @ECAUSE THME CURPENT VALUE OF TimE 15 1.8500
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APPENDIX C

] : ' RADIATION HEAT TRANSFER

The two surfaces 1 and 2. (shown in Figure C.l) are separated
by water vapour at the temperature T,, average of the wall temperature

and saturation temperature,

Surface 2

Surface 1

FIGURE C.l. Radiation Heat Transfer Surfaces
Assuming that the two surfaces are uniform temperature and
also that their emissivity and absorbtivity is constant over the surfaces,

the net heat flux over a surface 1 is given by:

E L Ji - Gi . ---C.l
Gy incident radiation upon the surface i. -~
Ji: leaving radiation from the surfice 1. ’
Qi/Ay: net heat flux over the surface 1i.. ™

The equation A.l can also be written as:
Q
— - T F J - ' seeCe
AT zsij 13 73 7 % Pug 2
b
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js: surface number (j = 1,2)
: vapour transnissiéity
Fij: view factor

€g* vapour emissivity

Ebg: vapour emissive power assumed as a black body .
over all wavelengths.

-The second right hanh.term is the incident radiation emitted
from the surrounding surfaces and reaching the surface i through the
vapour of transmissivity tg. The third right-hand term is the incident
radiation to the surface i from the vapour. Since two surfaces are

exchanging heat by radiation, equation C.2 1s expanded:

Q .
1 .

Al 1 81, i1 71 AP 12 72 g bg

%

_-J - T F J - T F J -t E O.'C.&

The equation C.l can also be written a& [Holman, 1976]:

Q:l. & . .
A—i--(]._j- Ei (Ebi - Ji) eesC.e5

Expanding for the two surfaces:

Q €1 |
—_— (E -J “ - . s0eCab
A QA -e€) ! 13 O o : .
Q €

- 2 2
— - (Eb - Jz] - ...c.‘7.

fu'



~ 128 -

The view factors are calculated using cthe enclosure's

property and also the reciprocity relation:

Fll + Flz - l eeal.e8
- F2L+ Fzz = 1 -~ - .-och
Al F12 - Az FZI ‘ . . eeelal0

Since surface 1 can not see itself, Che view tfactor F), 18

zero and FIZ is 1.

21 ! . l L ] -
22 g ase -

ﬁsing-equations C.3, C.4, C.5 and C.6, a system of two

unknowns, two equations are obtatned:

la] 3] = [B]

- 1
F 1 - -1 F T -
_ By a-ep 128,
£
2
F T F T - -1
[ ~¢. E . - 1 E 7
8 P8 (e 21 .
£ 2
2
- by = E )
- E (1) P2
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A subroutine has been eritten in the mbdel'§ computer pro-
grém to éolve.this system éf edhaciqng and is shownlin appendix B (Sﬁbrou-
tine RADIAT). COmpgr;son between the rigorous calcﬁlation §f radiative
heat transfer and Ehe ;1mplified method assuming two gray infinite planes
was done and is shown in Figure C.2. -Tﬁe radiation héa; flux is constant
using the simplified me&hod. However, ché.radiat;on heat flux is lower
folloﬁing an increase of the vapour film thickness for a nénﬁtant wvall-
temperature using the rigorous nét:hod.' This might be explait;ed by a part

of the radiation leaving the wall which is incident to the same wall.

e e R e A A R A



e I
= — : Simplified method
s0.p ——— : Rigorous method
50. —
40, o} —
w 800 C

RADIATION HERT FLUX (KW/M2)

i0.

30.

20.

T = 400 °¢

n.u.n 2 .4 5 8 1.0 .
URPOUR FILM THICKNESS (RADIUS FRACTION)

FIGURE C.2. Radiation heat flux at the wall for
' several vapour film thickness ( P = 9.6 MPa)
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APPENDIIX D
DERIVATION OF THE DIFFERENTIAL EQUATIONS

1) Derivation of dUy/dz

Using the liquid core momentum equation and the vapour film

momentum equation:

: 2
-ay, tipvPICU; Ui)

gl - 2
- — : _ _ 2
- T au, . . ZPVuVUv 3n +E G - u )+ £,0,P (U -U) SN
Pl T2 Py 8 T T A {(3n-1l) A v i 24 seee
v v v
dU dU 6P.uUn T
v 1 vy v v
@ "l F)-r e T @ - W)
: : v v
£pP (U-U)2 £.p0P (U-u)2
_ 1"v'1l v i _ 1"™v'vi'v "1 ]/( T ) D.2
2A1 2Av Py’y ' reeTe
dU1
2) Derivation of =
Using the mass conservation equation of the ligquia:
-r =L (u 0) D.3
v 3z U 4 P : -+-D-
.dU
c ] . 1 _ .
du, - ' dAf
— - r - U . .I.D.S

A1 p1 dz v 1 p1 dz
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From i
Al = ﬂ'(r - 6)2 - eseDub
da
El- = 2“ (G-r) ea&. . l--oD-'?

du,  [- T, - Upp 21:(5—:) ] -
dz [Al p, ] e

ds
3) Derivation of Iz

Using the equation of mass conservation for the vapour film:

du ;
ds ,
T = (e, <&, )/ [2v(-8T ] ...D.9
- dé A U, By n..
—=[r./p, - [g(p p,) + p,U - 6
dz [ (p U ) 1 : 171 dz 5 Av(3n-l)
I'\r - fi -pvpl(‘[rw-l‘l:l.)2 fi pvPvCUv-Ui)z - ‘ |
- A_ (Uv-Ui) - ZA .-' ZA ]] /(2“ UV(I—G)) ---Dolo
v 1 v
%%'[l’vlpv"i—'[g(ﬂlp)'* S [ I'v DIZTT(G-I)E]
(vav) Al 1
6 Puln Ty pP(U-U)z pr(U’-U’)2
_E_AEZ%T A (U Ui)- 1V]2.AV‘ i _ iv;AV i ]]/(211’3(1’-6))
v v 1 v . v

- .CDIll
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' - 2 5, 2%(&~r)
= as - NU A ds
2 Uv(r-_d) a; -

vavAl v

ru 6 Pun T U

+ v_lAv + vily + p_V [l-:i-]
o, U A 8p,(30~1) v © U,

£.P (T -U)% a £ P (T.-U,)%

1"1''v "1 v v v 1 D.12

24, U, 2U,,

To simplify.

_ Ava N 2x(r-8)
Yl - 2" Uv(l.'-(S) + n c--D-l3

Py Uv A1

6 P_un T U
VK] +_\:[ 1

v %UI] - A€ (p,_p) +
-— 1— v
Gpv(Bn-l) Py v

¥2 = — [1 +
[+]

v A1-ﬁw Py Uy

2 L 2
£.p (U -U)° A £, B (U -U, )
1 i v+ i v v i ! .onD.14

ey

2A1 u,

...D-ls a
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APPENDIIX E
HEAT BALANCE

- .

Y

E.1 Test Section Heat Balance

Zero power and power neat\b;lance ru;s were oﬁtaiﬁed to
verify power measureméntg, flow measurement and'teﬁperatute messurement,
Results of t;e.cesg section zero power heat loss are shown 1in figure E.l.
These data were obtained during the warm up ot the loop. Heat losses are
given as a function of cnelaverage wall temperature minus the amblent tem—

perature. An eye fit line was drawn through the dots and theé folloéing

equation was derived:

© ' t
POWLOSST = 3.063 x 1073 (Tya ~ T 7 K\;\‘)

POWLOSST:  Zero power heat loss (kW)
Twa® Average wall temperature (°C)

Tg: Ambient temperature (-°C)

The lowést tlow of the run marrix (G = 1000 Kg-m'zos'l) was
'
used to evaluate the heat loss. The reading of cne'iniec.tnermodbuﬁlé and
the reading of the outlet temperature was also checked a;t amblent tempera-
ture. Differences between_the two values were found to be negligible.

Test section heat balance runs using E't1e power loss equation
previously mentioned are shown in tigure E.2. Results show reasonable
agreement even 1f the flow was measured with an orifice plate which is \
less accurate than a turbine flowmeter. The heat balance runs obtained

are compatible with some previous heat balance runs of the Advance

Engineering Branch. -



Heat loss { kW )
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y = 3.063 x 1072 x
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Average wall temperature - ambient temperature °c )

FIGURE E.1. Test section zero power heat loss
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(( Test section power - heat balance power)/Test section power) x 100

1S, |

10.
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-15.

Test section power { kW )

FIGURE E.2. Test section heat balance runs with heat
loss correccion
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» . !
The neat loss was assumed to occur only at the power clamps.

This means that halt ot the hear loss occurs at the lower clamps and half

ar tne higher clamps.

E.i. Prenéater beat balance

"».
v

Power heat balance rﬁns were also obtaineg for the preheater

.(350 kW power supply).A It was found necessary to correct significant ¥is-
crepancies in tne electrical power measurements. The change or enthalpy or
the water during :ﬁe single—phase liquid heat balance dére less than the
electrical energy supplied as shown in Figure E.3. The f;llowing equation
derived trom the heat balance data was used LO correct the measured power:

PA = —2.7650 + 1.0364 PM - .001203 M2

PA: accurate preheater power (kW)

PM: measured preheater power (kW)



(( Prebheater power - heat balance power)/Preheater power) x 160

.20.
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Preheater power ( kW )

" FIGURE E.3. Prehearer heatr balance runs
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APPENDIZX F

SUBROUTINES LISTING

Several subroutines used in the data processing are listed.
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APPENDIX G

CALCULATION OF THE INSIDE WALL TEMPERATURE

The temperature difference between the inside wall and the
outside wall can be found using the equation for a uniformly distributed

generation {Chapman, 1974]

2 *
H'*'l E_"E-*.g_ - 0 . oooG.l

dr? r dr k

The equation of T by integration is

2 *
T--Lag_ +er+c . .I.G.Z

The boundary conditions are:

ac r -‘l'.'i T- - Ti

at r =71, T =T,

By the two boundary ;1m1t conditist, the values of B and C
can be calculatéd. The heat flux per unit length may be found at the

outlet surface by using:

-

% = .k 2“ r g - . ...G.3

R

Assumiﬁé a perfect ;naulatiou on the outside surface of the

heated tube, it follows thatr—®{L at the outside radius (r,) is zero and

the inside wall temperature is:
\
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. 2 . 2

2 o ) i : -
Ti-TO-%[rom(r_i)-T] o.oGoA\

Q*: heat geue#atiou rate (ﬁ]ma)
ro,: ~outside radius (m)

ry: ins;de radius (ﬁ)

This equation may be rewritten as

2
Q r, zn(rolri) 1

i = To - 2 2 - 'i'] . .-.G'S
27nkL (r° - ri) -

Q: power generated in the test section excluding the hot patch (Watts)
L: heated length excluding the hot patech (m)
ro: outside radius of the tube (m) l

ry: 1imside radius of the tube (m)

k: thermal conductivity of the Inconel wall evaluated at the outside
wall temperature (W.m l.°C™%)

In the hot patch section, no heat is generated by the voltage drop of the
tube. The electrical resistance of the hot pétch is low compared with the
electrical resistance of the tube. The general heat conduction equation
in cylindrical coordinate is' reduced to the following expression:

a?r

1
s _.I -+ -
dr r

. e I.G.6

85
n
o

With two temperature boundary limits, it can be proved that:
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2% k(T1 - Ib)

% - l..G.?
fa(x _/r,) N
k(T, - T 4'
Q -’ ( i O) ---GQS
2r r, L r, en(r, /) ,
k(T, ~T)
Q" = _i_o oooGug.
r,en(r _/r )
. Q; ! To 7 -
Ti - TO -‘T"' m (r—‘J s c--G!lO

Q;: heat flux at the hot patch (W/m2)

‘j“
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APPENDIX E
CALCULATION OF THE EQUILIBRIIM QUALITY

» .
The quality was calculated by the following equation:

¢ *DL

Hyo = He ' |
X= A cenHol
EEe; - fg S

At the upstreanm location of the hot patch (z=0), the qualicy.

-

i§‘)‘ ., expressed by:

- Hin - Hf $rg ¥ D TSLBHP
xl - H + W H - . . ..-H-Z
. fg fg

where -

TSLBHP: Heated length before the hot patch
¢1g: Test section heat flux.

-

At the outlet of the hot patch, the quality is giver by:

aw -H-3

In the hot patch region, the heat is provided only by the

cartridge heater. The electrical resistance of the test section is low
- ki
and the voltage drop across the test section in the hot patch region is

negligible. The quality downstream of the hot patch is evaluated by:

dpg ™D (z.- 0.101)

x-x2.+ ‘”Hfg A
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APPEEDIX 1.

‘DATA EEDUCTION

Corrected data are presented as following:

"ABCD

Pressure (MPA)

9: 9.6 MPa
4: 4 MPa
Mass Elux

‘1: 1000 Kg/(mZes) .
2: 2000 Kg/(m%ss)

3: 2750 Kg/(mz's)
4: 4500 Kg/(m2es)

Inlet subcooling or positive quaiity

1: 50 KI/Kg

2t 150 KJ/Kg ‘ _

3: 250 KJ/Kg - )
4: X = 0.0 ' l

5: X = 0.08

6: X = 0.15

Type of measurement-
1.7 Zero power heat balance
2. Power heat balance

3. Post-dryout (PDO) data

4. Spreading velocity

5. Quenching velocity
6. Mnimum film boiling runs

7. Pre—dryout pressure drop at the same local condition
and heat flux’
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Qutlet pressui’e (kf:;)
Mess flux (kg/(m’-s)) *
Corrected inlet temperﬁture due to heat loss (°C)
Test section heat flux excluding the hot patch (kW/m?2)
Hot patch power (kW) '

Test section inlet equilibrium quality using corrected’
inlet temperature . T

'I:est section outlet equilibrium quality

Hot patch upstream guality

Hot patch downstream quali:.y

Corrected inside wall hot patch temperature (°C)

Corrected inside wall temperature {°C)

Test section pressure drop (kPa)

Note: Measurement was not obtained when a zero value 1is eucountered\.
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APPENDIX J
. MINIMINM FILM BOILING RESULTS

. . High fiow and high preésure ainimum -film boiling temper Te

* data were obtaihed:;n this study. The minimum f1lm boiling temperature
eeparétes the transition_boiling reglon characterized hy medium to higﬁ-
heat ‘transfer coeffiﬁienc from. the £ilm boiling ;egion which is character-
1zéd by.a low heat transfer coefficlent.,. The minimum film boilinthQpper—;
ature 1s thus of great importange_in reactor saféty analysis. Minimum
£ilm boiling temperature hés aldo been obtained by other experimenters.
’ ﬁoweve;, the temperature from'ﬁrevious experimenters 1s the apparent
quench temperature which may be affected by axial conduction due_fo‘a
resulting front. The true quench temperature resulting fgom a spontaneous
collapsing was measured by reducing the power using the hot patch tech-
'nique. The trﬁe'quench teﬁperatdie was ;189 oﬁtained by_Fuug.leBl],and
Stewart leBl] at lower mass flux and loééf ptgs;ure usiéé the'hot patch
téchnique; (;he true quench temperature is lower than the apparent quench
temperature.) | o - .

~ The data from the apﬁendix I are plotﬁed in Figuré J.1. The
‘resulting mechanisms are expec#e@ to qepend on quality. ‘Rewetting in\tﬁe.
low quality region gégugs probably due to a sponfaneogs collapse of the
vapour film since the flow regime is Expécted;;o ;e'invérted.annular.;_;n
the high qﬁality region (Hispersed;flo; regime), the tewet;ing is qauséd

. « .
"by intermittert contact of the liquid droplets with the wall, It was
: 3 P A '
found that the minimum £ilm boilingwgemperature is approximately constant

 in the liquid dispersed region at 9.6 PIPa./

'
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The following two main mechanisms appear to govern the

minimm film boiling temperatur (Groéneveld,[lQSZI) ' _ .

(1) Hydrodynamic mechanisg. Separation of the liquid-vapour ‘inter-
- . o Co

face from the wall can only be maintained as long as the'vapourchrusc

‘¢ force (due to evaporation from and acting normal to the heated

surface) exceeds the liquid force.

(ii) Thermodynamic mechanism. Here it is assumed that liguid can
///dTHprer exisc béyond a "maximum liquid temperature“ which depends only
on the liquid properties and hence i3 a unique function of preasure .

Both mechanisms seem present in the data obtained at 9 g‘h?a.

A Is

e -
y
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MINIMUM FILM BOILING TEMPERATURE (C)
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The effect® of the equilibrium quality on the minimum
£ilm boiling temperature daca.
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