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ABSTRACT

An experimental investigation of inverted annular film boiling heat transfer has been
performed for vertical up-flow in a round tube. The working fluid was R-134a and the
flow conditions covered a pressure range of 640 to 2390 kPa (water equivalent range:
4000 to 14000 kPa) and a mass flux range of 500 to 4000 kgm™s™ (water equivalent
range: 700 to 5700 kgm™s™). The inlet qualities of the tests ranged from -0.75 to -0.03.

The hot-patch technique is used to obtain the subcooled film boiling measurements.

The parametric trends of the heat transfer coefficient with respect to mass flux, inlet
quality, heat flux and pressure are examined and compared to reported parametric trends
from the literature. The comparison shows agreement between observed effects of flow
parameters with those reported by other researchers. The heat transfer vs. quality curve is
divided into four different regions. It is shown that these regions are dependent on

pressure, mass flux and local quality.

A two-fluid one-dimensional model has been developed to predict the wall temperature
of an internally-heated tube during IAFB. The model is derived using basic conservation
equations of mass, momentum and energy. To simplify the derivation of the constitutive
heat transfer relations, flow between two parallel plates is assumed. The model features
shear stress and interfacial relations that make it accurately predicts the parametric effects
and heat transfer characteristics of IAFB over a wide range of flow conditions. The
model predicts wall temperatures of R-134a-cooled tubes with an average error of -1.21
% and an RMS error of 6.37 %. This corresponds to average and RMS errors in
predicted heat transfer coefficients of 1.33% and 10.07%, respectively. Using water data,
the model predicts wall temperatures with an average error of -1.76% and an RMS error
of 7.78% which corresponds to average and RMS errors in predicted heat transfer

coefticients of 4.16% and 15.06%, respectively.
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a thermal diffusivity (m? s™)

A area (m?)

Cp drag coefficient (-)

Cp heat capacity at constant pressure (J kg K™)
D tube inside diameter (m)

Dy equivalent hydraulic diameter (m)

d droplet diameter (m)

f Fanning friction factor (-)

Fyc enhancement factor due to droplet cooling (-)
g acceleration due to gravity (m )

mass flux (kgm? s™)

h heat-transfer coefficient (W m? K™ or kWm?K™)
Hy, latent heat of vaporization = h, - hr (Jkg™)
k thermal conductivity (Wm™'K™)
L heated length (m)
n droplet number density (m™)
p pressure (Pa=Nm? bar=10°N m?)
p perimeter (m)
q heat transfer rate per unit axial distance (kWm™)
q’ heat flux (kWm™)
Q volumetric flow rate (m3s"1)
R, r radius (m)
T temperature (°C)
AT temperature difference = Ty, - T (K)
u velocity (m s™)
uncertainty (-)
U; relative velocity between liquid and vapour (ms'l)
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S slip ratio (-)

X quality (-)

y radial distance from the wall (m)
z length (m)

Greek

o void fraction (-)

vapour film thickness (m)

€ emissivity (-)
€1 turbulent diffusivity of heat transfer (m? s™)
EM turbulent diffusivity of momentum (m*s™)
r vapour generation source function (kg m™ s™)
A enhancement parameter for interfacial disturbances (-)
Ac minimum wave length for Taylor instability (m)
1) dynamic viscosity (N s m?=kgm™ s
v kinematic viscosity (m”s™)
Ow - wall superheat (K)
Oy vapour superheat (K)
6" influence coefficient (-)
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c Stephan-Boltzman constant (W m’ K™
c surface tension (N m'l)
T shear stress (N m™)
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Fo Fourier number
Fr Froude number
Gr Grashof number
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Nu Nusselt number (= hD/k)

Pr Prandtl number

Re Reynolds number (= GD/)
We Weber number

Subseripts

a actual

bulk at bulk-fluid conditions

c convection
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d droplet

dc droplet cooling

do, DO dryout
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f saturated liquid

fg difference between saturated vapour and saturated liquid properties
g saturated vapour

hom homogeneous
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1 liquid
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pred predicted

rad radiation

sat saturation

sub subcooled

table PDO look-up table value
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LHS left-hand side
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LUT | look-up table

MFB minimum film boiling
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ONB onset of nucleate boiling
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CHAPTER 1 INTRODUCTION

1.1. Background

Film boiling is a two-phase heat transfer mode during which the heated surface is
separated from the liquid-phase by a vapor film. It is characterized by a low heat transfer
coefficient due to the poor heat transfer in the vapor film layer. Flow film boiling is
important in the safety analysis of water-cooled nuclear reactors. A part of the fuel
bundle can experience film boiling during a loss of coolant accident (LOCA) occurrence.
This mode of heat transfer can also be encountered during a loss-of-regulation accident
(LORA) when the reactor power accidentally increases. Film boiling heat transfer may
also be encountered in fossil-fuel-fired boilers, in direct-expansion evaporators, and in

cooling of various high-heat-flux devices.

Flow film boiling heat transfer is generally divided into two main regimes, namely: (i)
inverted annular flow film boiling (IAFB) at void fractions of less than 0.5, and (ii)
dispersed flow film boiling (DFFB) at void fractions of greater than 0.8. The transition
zone between these two regimes is called the agitated or inverted slug flow regime. In
IAFB, a vapor film separates the heated wall from a continuous liquid core while in
DFFB the liquid is entrained in a continuous vapor core in the form of small droplets.
The IAFB regime is characterized by high heated surface temperatures, compared to the
moderate heated surface temperatures in the DFFB regime. These high temperatures

could lead to physical failure of the heated surface.

The choice of this thesis topic came from the need for a reliable prediction method for the
IAFB regime to be applied in nuclear safety analysis. An investigation of the available
experimental data revealed the lack of subcooled and low quality experimental data of
water and the limited range of other fluids’ experimental data. Also, the IAFB regime has

received relatively little attention compared to the DFFB regime.



It is hoped that the results of the present study will contribute to an improved
understanding of flow film boiling and can be used for enhancing thermalhydraulic codes

for reactor design and safety analysis.

This thesis is subdivided as follows: in Chapter 2 a literature review of the boiling
phenomena with the emphasis on film boiling heat transfer is presented. A description of
post-CHF heat transfer models and prediction methods is also given. Chapter 3 describes
the experimental techniques used to obtain inverted annular flow film boiling data.
Chapter 4 discusses the experimentally observed parametric trends as documented in the
literature. Chapter 5 provides a detailed description of the experimental equipment and
procedure used during this study. Chapter 6 presents an analysis of the experimental
results obtained during this study. Chapter 7 provides a theoretical analysis of the IAFB
phenomena and describes the derivation of an improved IAFB model. Chapter 8
compares the IAFB model predictions with the experimentally derived inside wall
temperature and heat transfer coefficient distributions. It also discusses the predicted and
observed effect of various flow parameters on the heat transfer cbefﬁcient. This Chapter
is concluded by examining the model’s sensitivity to the choice of constitutive (closure)
relations. Chapter 9  presents conclusions resulting from the study, and makes

recommendations for future work.
1.2. Objectives

The main objective of this thesis is to develop a model for predicting subcooled film
boiling heat transfer over a wide range of flow conditions (pressure, mass flux, heat flux,

inlet subcooling, local quality and diameter) and various fluids. In order to achieve this

objective, the following steps are undertaken:

e Review the available film boiling heat transfer data and prediction methods with

emphasis on inverted annular flow film boiling heat transfer. This will include an



examination of measured and predicted trends, and summary of experimental

procedures applied to obtain subcooled data.

Experimentally investigate the subcooled film boiling heat transfer for vertical up-
flow in a directly heated tube using the refrigerant R-134a as test fluids and
utilizing the indirect hot-patch techniques. This will cover a wide range of
pressure (4000 to 14000 kPa water equivalent based on density ratio) and mass
flux (500 to 4000 kgm'zs'l). The inlet quality and input heat flux to the test section
will be controlled in a way to prevent Freon decomposition when maintaining a

stable dry film.

Assess the new model with the experimental data obtained and with the available
film boiling data of water and compare its prediction capabilities with other

available models.



CHAPTER 2 REVIEW OF BOILING HEAT TRANSFER
MECHANISMS AND PREDICTION METHODS

2.1 Boiling Classifications

The most common classifications of the boiling phenomena are shown in Figure 2.1.
Boiling can be classified as nucleate, transition, or film boiling depending on the surface
temperature and /or heat flux. Based on the liquid velocity, the systems are classified as
either pool boiling or flow boiling. In the absence of fluid motion, pool boiling occurs,
while boiling systems where the flow is being circulated are said to be in flow boiling.
Boiling can also be classified as saturated or subcooled boiling depending on the
temperature of the bulk liquid. Boiling systems can also be classified into steady or
transient boiling depending on how the system behaves as a function of time. Transient
boiling refers to an unstable situation where the flow conditions change with time for a

fixed location on the heated surface.

A combination of these categories will assist in defining a boiling problem. Taking the
research topic under consideration as an example, it can be identified as steady state (time

dependence) inverted annular (flow regime) flow (liquid velocity) film boiling (regime).

2.2. Pool Boiling Heat Transfer

A typical pool boiling curve, where the heat flux is plotted against the wall

supetheat, (T, —T.,,) is shown in Figure 2.2. The pool boiling curve can be divided into

four distinct heat transfer regimes; three transition points between these regimes can be

identified. The heat transfer regimes are:
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1. Natural convection (path A-B). This is a single-phase natural convection from the
heated surface to the liquid without formation of bubbles on the heated surface.

2. Nucleate boiling (path C-D). This is a two-phase natural convection process in
which bubbles nucleate, grow, and depart from the heated surface.

3. Transiﬁon boiling (path D-E). This is an intermediate regime between the
nucleate boiling and film boiling regimes.

4. Film boiling (path E-G). This regime is characterized by a stable vapor layer that

separates between the heated surface and the liquid.

The first transition point is called onset of nucleate boiling (ONB), at which bubbles start
to appear on the heated surface. The second is at point D in Figure 2.2 (the top of the
nucleate boiling portion of the curve), referred to as departure from nucleate boiling
(DNB), or the critical heat flux (CHF). The last transition point is located at the lower
point (point E) and is called the minimum film boiling (MFB) point.

At low wall superheats, the wall temperature increases as the heat flux is increased until
the first bubbles appear. These bubbles form at small cavities (imperfections) in the
heated surface, which are called nucleation sites. Increasing the heat flux activates more
nucleation sites until the surface is covered with bubbles that grow and depart rapidly.
The heat flux increases dramatically for relatively modest increases in wall superheat.
Increasing the heat flux further results in coalescing of departing bubbles into vapor jets.
A further increase in heat flux eventually prevents the liquid from reaching the heated
surface, which is referred to as the DNB or CHF. A complete blanketing of the heated

surface by vapor occurs, accompanied by a rapid rise in the surface temperature.

After CHF is exceeded, the process follows a path that depends on the manner in which
the heat flux is applied to the surface. For heat flux controlled systems, the process
progresses on a horizontal line of constant heat flux so that the wall superheat jumps to
point F, where film boiling prevails as shown in Figure 2.2. A further increase in heat

flux will eventually bring the surface to the burnout point (point G), where the surface



temperature reaches the melting point of the heater. By reducing the heat flux prior to
burnout, the film boiling curve passes below point F until it reaches point E, the MFB
point. After a further reduction in heat flux, the process path jumps horizontally from

point E to point H at constant heat flux to the nucleate boiling curve, C-D.

For wall temperature controlled systems, the process path moves from the DNB (point D)
to the MFB point (point E), and vice versa, following the transition boiling path. In
transition boiling, the boiling process can be considered as a combination of nucleate
boiling and film boiling, where each mode may coexist next to the other on the heated
surface or may alternate at the same location on the surface. In film boiling, the wall is
covered completely by a thin film of vapor, and therefore heat is transferred by heat
conduction across the vapor film and by radiation from the wall to the liquid. The vapor
film is stable in that liquid does not wet the heated surface. Large bubbles are formed
during film boiling by evaporation at the vapor-liquid interface. These bubbles then

depart and rise up through the liquid pool.

2.3. Forced Convective Boiling Heat Transfer

Taking as reference a heat-flux controlled vertical heated tube, two kinds of regimes are
possible, depending on the heat flux, as sketched in Fig. 2.3. Referring to case A (low
heat flux, which corresponds to a high quality at CHF) and, starting from single phase
liquid at the inlet, nucleation is initiated at the wall when the bulk of the fluid is still
subcooled (subcooled nucleate boiling) but the surface temperature exceeds the ONB
point. At a location further downstream, the bulk of the fluid becomes saturated (x = 0),
and saturated nucleate boiling takes place. The flow pattern in this region is gradually
modified from bubbly to slug and annular due to coalescence of the bubbles. CHF occurs
when the liquid film at the wall becomes depleted due to evaporation of the liquid film
and entrainment of liquid droplets in the vapor core. Beyond the CHF point the dispersed
flow film boiling (DFFB) region is entered. DFFB is maintained until all liquid droplets
are vaporized, at which time the dominant heat transfer mode becomes single-phase heat

transfer to the vapor.
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For case B at higher heat flux, the boiling crisis is reached directly from nucleate boiling
conditions: at CHF the bubble density at the wall becomes so large that the inflow of
fresh liquid to the wall is impeded, resulting in liquid superheating at the wall and the
sudden creation of a continuous vapor layer at the wall. This phenomenon is called
departure from nucleate boiling (DNB) and the type of flow regime after DNB point is
called the inverted annular film boiling (IAFB) regime. As the quality increases, the
liquid core starts to break-up to form slugs of liquid which eventually break-up more to

enter the dispersed flow regime.

The heat transfer coefficients vary drastically along the heated length, but in the single
phase flow regime the heat transfer coefficient is essentially constant. The transition to
the nucleate boiling is accompanied by a large increase in heat transfer coefficient. This
high heat transfer coefficient is maintained in the annular flow regime. Transition
between nucleate/annular flow boiling to DFFB or IAFB is characterized by a sudden
decrease of heat transfer coefficient and a consequent increase of wall temperature. The
increase in vapor velocity in the post-CHF region (due to evaporation of liquid droplets in
DFFB or increase in vapor layer in IAFB) results in increasing the heat transfer
coefficient, up to the point of single-phase vapor where the heat transfer coefficient starts

decreasing.
2.4. Post-CHF Heat Transfer Mechanisms

2.4.1. Transition boiling

This regime is enéountered in experiments where the wall temperature is varied
independently (i.e. wall-temperature-controlled system, such as a system where the heat
is supplied by condensing steam) or when the slope of the boiling curve is positive in a
heat-flux-controlled system [Groeneveld (2002)]. In this heat transfer mode, liquid and
vapor co-exist momentarily on the heated surface. This phenomenon keeps the heated

surface temperature between the CHF temperature (just above the saturation temperature)

10



and the minimum film boiling temperature. The importance of this heat transfer mode
arises in the case of loss-of-coolant accident (LOCA) in nuclear power plants when the
heated surfaces (the fuel elements) act as a temperature-controlled surface during a fast
transient. A comprehensive review of the published information on transition boiling

under forced convection conditions has been made by Groeneveld and Fung (1976).

Johannsen (1988) performed a review on transition boiling and IAFB of water. He
concluded that the MFB data are scarce and inaccurate. Moreover, the data are
inconsistent even when they come from the same data base. This would create difficulties

when studying the parametric trends of the MFB temperature.

2.4.2. Minimum film boiling (MFB) temperature

The minimum film boiling temperature can be identified differently based on the method
of heating. For a temperature controlled system, the MFB temperature can be viewed as
the minimum point on the boiling curve between transition boiling and film boiling. For a
heat flux controlled pool boiling system, MFB is the point at which the flow regime
changes from film boiling into nucleate boiling when the heat flux is reduced. Accurate
prediction of the MFB temperature is important in many industrial applications as well as
in providing the lower limit in the applicability of film boiling prediction methods.
Different terminology is used in the literature for the MFB phenomenon. Some of the
terms used are minimum film boiling, rewetting, film boiling collapse, Leidenfrost
phenomenon, etc. A review of the MFB temperature has been reported by Chen et al.
(1989).

2.4.3. Inverted annular film boiling (JIAFB)

This heat transfer mode generally occurs at low qualities and subcooled conditions at
void fractions less than 0.5. The main characteristics of IAFB are the low heat transfer

coefficients. The phase distribution during IAFB consists of a continuous liquid core at

11



the centre of the channel surrounded by a vapor blanket covering the heated surface. In
this regime, convective heat is transferred from the wall to the vapor layer, and then from
the vapor, through the liquid-vapor interface, to the liquid core. Heat transfer by radiation
from the wall to the liquid may also be important. Heat is transferred by forced
convective evaporation across the vapor-liquid interface. The vapor film is assumed to
have a higher velocity than the liquid core, and the vapor velocity increases as the vapor
layer thickness increases. This is due to the low viscosity and low density of the vapor,
which enables the vapor flow to experience a higher acceleration than the dense core
flow. Consequently, the high fluid velocity at the interfacial can cause liquid entrainment
from the wavy interface with the possibility of having vapor bubbles in the liquid core
(the vapor bubbles will condense almost immediately if the liquid is highly subcooled).
Heat transfer rates during IAFB have been predicted using the modified Bromley
equation [Bromley (1952) and Bromley et al. (1953)] for pool film boiling, turbulent-
boundary-layer theories, and two-fluid models. A review of physical mechanisms in

IAFB has been performed by Groeneveld (1984) and Groeneveld (1992).

2.4.4. Slug flow film boiling

The transition region between IAFB and DFFB regimes is called slug flow (or
agitated/inverted slug) regime. The main feature of this regime is the presence of slugs of
liquid flowing in the vapor core: this is generally considered to be an unstable regime. It
is believed that this regime can exist at void fractions between 50% and 80%. The slug
flow regime is usually observed downstream of the IAFB regime and prior to DFFB.
Groeneveld (1984) assumes that the formation of slug flow is the result of low flow rates
and low void fractions that will result in an intermediate flow regime in between the
IAFB and DFFB regimes. The heat transfer characteristics in this region are often treated

as a gradual transition between IAFB and DFFB regimes [Hammouda (1996)].

12



2.4.5. Dispersed flow film boiling (DFFB)

The DFFB is viewed as a continuous vapor core with entrained droplets and
characterized by a moderate surface temperature increase. This type of flow regime can
be encountered downstream of a liquid film dryout in annular flow or as the break-up of
the liquid core downstream of the IAFB regime or slug flow film boiling regime (usually
at void fractions > 80%). Generally, heat transfer in this regime is poor, but improves at
higher mass flowrates and higher qualities. For the same pressure, p, the heat transfer

coefficient is higher in DFFB than that in IAFB due to the higher vapor velocity.

Collier and Thome (1994) and Carey (1992) divided the heat transfer mechanisms in the

dispersed flow film boiling into six components:

convective heat transfer from the wall to the vapor,
convection heat transfer from the vapor to the droplets,
direct contact wall-to-droplet heat transfer,

radiative heat transfer from the wall to the droplets,

radiative heat transfer from the wall to the vapor, and

ISAEN AN ol A A

evaporation of droplets.
Andreani and Yadigaroglu (1994) added a seventh contributor which is radiative heat
transfer from vapor to droplets. It is difficult to include the effect of all the above

mechanisms in one model or correlation. Several of the above mechanisms are often

considered negligible to simplify modeling, resulting in reduced prediction accuracy.

2.5. Review of Post-CHF Heat Transfer Prediction Methods

In this section, a literature review of the available prediction methods for post-CHF heat

transfer is presented. The review covers the transition boiling, IAFB, slug flow film
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boiling and DFFB regimes. The review also includes prediction methods of the minimum
film boiling temperature. A more comprehensive review is given for the IAFB and DFFB

due to their relevancy to the thesis.

2.5.1. Transition boiling

In a temperature-controlled system, the transition boiling starts when the CHF
temperature is exceeded and ends when the minimum film boiling temperature is reached

(points D and E in Figure 2.2). These limits can be determined as [Groeneveld (2002)]

(TCHF — T ) =4cur / hyg 2.1)
and
(TMF - Tsat) = qMFB/ Py (2.2)

where gy sy, Thyes and Ay, can be obtained from CHF prediction methods, nucleate

boiling correlations, and film boiling prediction methods.

Many attempts have been made to correlate heat transfer in the transition boiling region.
One of the most useful available correlations is that by Tong and Young (1974) which is

given in terms of the heat flux in the transition boiling region (qTB)

23 _ (1+0.00288(7,, ~T,, )
915 = 4 np €Xp| —0.001 u [(Tw L )) (2.3)
(dv/dz)\  55.6
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In Equation (2.3), ¢,; is the nucleate boiling heat flux or the measured total heat flux
based on the instantaneous local conditions in Wm™ and (T, - T.,) is the temperature

difference between the surface and the saturation condition in K. Equation (2.3) gave a

satisfactory data fit for the range:

0<x<145, and 0<(T, -T, )<149K

Mattson et al. (1974) performed regression analysis on available post-dryout flow boiling
data. They correlated the heat transfer coefficient in the transition boiling region for flows
in tubes and annuli and rod bundle geometries. The RMS error in both cases was

relatively high due to the variation of relevant experimental data.

Collier and Thome (1994) suggest that a transition boiling correlation with a wide range
of application may be developed if the heat flux and wall superheat at the points of
maximum and minimum in the boiling surface can be predicted with confidence. At
present, the prediction techniques allow an accurate prediction of g, and also AT,
but the conditions at the minimum point are still subject to a large degree of uncertainty.

Ilogje et al. (1974) demonstrated that the conditions at the minimum point are a complex

function of the mass quality and flow-rate in the channel.

Based on shape of the boiling curve, Groeneveld (2002) recommended the use of a

correlation which gives a correct asymptotic trend at all conditions:

I0(Gerr /91s) _ (AT, /ATy )
ln(QCHF /QMFB ) ln(ATMFB /ATCHF)

(2.4)
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2.5.2. The minimum film boiling temperature

A summary of the main theories describing the MFB phenomenon is given by
Groeneveld (1984). Available MFB data related to the vapor film collapse of a stationary
IAFB were obtained by Stewart and Groeneveld (1982), Cheng et al. (1985) and Chen et
al. (1989). Stewart and Groeneveld (1982) derived for water a correlation for the MFB

temperature as follows:

For x<0 and p <9MPa

T, (°C)=284.7+0.0441-3.72x107 p* ~ T i 2.100(:1221) (2.52)
for x>0 and p <9MPa

Tp (°C)=284.7+0.0441p ~3.72x10° p* (2.5b)
and for p > 9MPa

T, (°C) = (AT, 1 ,9Mpa{€fj§§j +T, (2.5¢)

Cheng et al. (1985) measured the “true quench temperature”. They derived a correlation

for the MFB temperature at low pressures (p = 101 — 1034 kPa) as

16



Tos (7 C)=169.66 +0.1050 p + 0.1444G + 3.0347AT,, (2.6)

where AT, represents the inlet subcooling, in K.

Chen et al. (1989) derived a correlation from the MFB temperature data for water of the

vapor film collapse under steady state conditions. Their correlation is:

Tp (" C)=363.6 +38.371p +0.02844 p ~3.86x 107 p? + AAT,, Q.7

17.1

=———— for AT , >0,and A=0 for AT, <0
3.3+0.0013p

sub

The correlation was derived for the following flow conditions:

e p=115t06050kPa
e G=531t01209 kgm™s™
e x=-0.055t0+0.08

2.5.3. Inverted annular film boiling

There are basically four types of prediction methods for IAFB available in the literature.

These methods are summarized as:

e Pool boiling correlations (applied to low mass velocity flows)

e Purely empirical correlations. This type of prediction does not account for any
physical mechanism (thermal equilibrium between liquid and vapor and cooling
the surface is maintained by convection from wall to vapor only, and correlations

take the same form of the Dittus-Boelter equation)

17



o Correlations that consider the physical mechanisms and account for
thermodynamic non-equilibrium (actual vapor temperature and actual quality)
o Theoretical or semi-theoretical methods to model various hydrodynamic and heat
transfer processes; they are based on
o Modified Bromley equation for pool boiling
o Turbulent boundary layer theories

o Two fluid models
2.5.3.1. Equations for low quality and subcooled IAFB
Groeneveld (1984) presented a review of the IAFB correlations. A summary of the
correlations available up to present is given in Table 2.1. This table is an updated version

of the Groeneveld (1984) table for low-quality and subcooled IAFB correlations.

IAFB equations are usually classified, based on the way they are derived and presented,

into three categories:

A. Modified pool-boiling equations

These equations have the general form:

gklp, (o, - p)H, |
h. =4 ‘h 2.8)

H, (Tw T, )"i’c
where A. is the minimum wavelength for Taylor instability, and 4 is chosen to account
for the velocity and subcooling effects. This type of equation considers conduction across
a laminar vapor film and a smooth vapor-liquid interface. Equations in this category

include those of Bromley (1952), Bromley et al. (1953), Berenson (1961) and Bailey

(1972) (see Table 2.1 for more details).

18



61

ao po=Qq pajeimes SpOI [edIHdA Arooy[, av =Y (eeen)
= : Ty Ai -7 Qv 08y Aarieg
/1
"
.|~N|~% =40
avy
a
s3u1jo0oqns w9 -7'¢ Juaziajop ANE 6v w<ﬂm.o = (0L61) apd
Jo a5t 2111U9 9} 1340 23%P06-0 3urioq jooq 101°0 O SIpuUIAd snjd 1372 M UE INOTAL
[19A% BIEP 191 PIJR[a.LI0D) [eIUOZLIOH JeM "b+'b="b P S
\EW mNQu\.N\ s a ‘b
+ |77 - IVa-E190=
H('d - ) I8 y
YT i n\v
af S
(7=
)
soejINs . _ &, (1961)
Ajuo A109y ], paleineg 3urpiog joog [EIU0ZLIOK ] }A o 7 n\v "y Sy 0="14 uoswaIdg
P/
ww
. T'9L-p3us] ww 77V T
X -
9570682 mw%mﬁmmwvﬁ wo-1ro o-al i $°69 M b+ | ddg Ely=4 w%w%
-(JO snnuue o H 7 !
[BOIHIA
i
H
D5 + = M\
"rviovo L HTH
(4
W] Joyoo[e [Ae o
— T SpLOfYyoLI s 3 "3 (cc61) T
K109 -19) HoqIed IV ===+ — £56
W — w9 1 uoq I I 19 AoJwo1g
Jeupwe'| "SISPUI[AD [BIUOZLIOY pajeINIES Suiproq [004 u2A1S JON 1) SIDULIAS Juszuaq — =y iy )
woy NE—_OD Wiy [j00d QAWHODHMO~ suejuad-e vl = yL)g-01XLY'S v\mo—ﬁw%.m%
1 s _a
[RJUOZLIOY] :mmuo .%Z Vg @
: 790="Y
¥l d—/d)'d8"
v/1 ~N&A v mu\
Pupre+ My="y
Apenb 1S WBY
SUIUIOY) 10 (D,) Surjoooqng XN[J SSBIA BN IMssald Anowoas Py saL uonenbyg sioyiny

uoneosrdde o a3uey

[(#86 1) PI2AU3045) Wwoaj pojepdn] suonenbs Juiroq wyly pajoodqns pue Ajenb mo 1 7 9Iqe




0¢

‘suorjenba
S Jpreyoley payIpows oyl wol ANAISTYIp £ppa : M’z
IoAe] 10dRA 211 SSOIOR :oanebmﬁ xnf 1eay b
. =da
oy Hm
SuimomaI ay} JO wreansumop e
AJoreIpaunut Uoiga1 Moy uwoﬁmwwmzw aqny [EOTHOA A10ay3 0 ?wmh WM_M
oy 0 91qeo1ddy “sisAeue PaleIES ap _. Y=g
IoA®] Arepunoq jus[ngimny - xN o0
rn
(aes1+gLin o'd="y
(ir-""1)"y="b
vy Q.Awwl Nﬁvx\Auﬁl NKX:W\ "B~ ")y="b/b
wi
= 4
Ale\vaQMN 4D
¢ (0861
wiiy 1odea Jusnginy, J0BLINS [BOTHOA oy beliive)
o - Givzomﬁo 0= A
v (0861)
iy JodeA Teurure S0BJINS [EONIDA Aoay1 £3 N.A E u U3 2 10D
Ajuo K1034L 2,002 < IV 86v5'05 'DS1TEE0
107 uonenbs s uosuslng pateInjes SO1RI MO[J MO o'V :wwuhumc
uey) JUSIDIFR0d Iysuen Ty (0 Td\%d 8 « 4
Jeay Joy31Y APYSI[S SOAID . ik © A Qv vt
Kpenb S, W3
SIUSWILOD) 10 (D,) Smjooagng M:m SSeN PN 2InsseId Anauiosp PG 1sSL uonenbg sioyny
uonesijdde jo asuey

(panunuod) 1°7 3qe L,




1T

A~.\u-+ -wx¢ﬁ| .N 0
pr—o N ._.
ﬁﬁiﬂﬁl xv._. 4
-
“AloAnadsar '4p ¢A M~ cv._.
‘saseyd pinby| oty pue 10dea — “ = p
oY) AQ paurelal saxnfy 1esy W C8H-006 A 1="p"D
‘b pue b b
e a1 o1 m_s ) . wSue] ww o ) Leiiein (6861) T
[EMmOE 2y} A194M UoISaI 0401 0821-9€1 010 -1 W 11-00 €11-y dp'n( 4 ~ i e 10 EBUOYEL
o) 0) Iyt st sisA[eue e - ='h
sIy L ‘suonenba Jpeyoray] : Lt 1 0 “bY
payIpow Susn sisjeue dp'n('€ ~ .o._.
Ioke] Arepunoq jus[nqiny “
0
- |y,
“ _ =
é,x_fw@,ﬁ@s
- d DA—-D 4
-9
§60="3%0=
("2= " 1= "2+ "2 (VL= (D), 0195 ="
DS, a s ‘ Q .
Y/ A="9 m SL+I=V
9
< %N B Q sn\-
=3 I
0002 29U et0 = "
wur 08T %N a
stsfere 0€-0 005-05 101°0 “piual i 6 oM 0002 > A"~ —99'¢ = 5%%%2
IaAe} Arepunoq Jeurwe | ~J1 W Z1-ao pU® peEsOIN
2qM [eI1ISA [(zra)sz+ ﬁ_ﬁ_
[("z-"p"Dso+)"m= M\m
(7 H LV 1191) % ("0 - '0)"08] =
("u"Iv)y 'YV =""9
" 65L0°0+ gro+ 1Y ="y
Py e+ Hy =y
Ajienb 1S, U8y
SJUSWIWIOY) 10 {D,) Suj003qng xsm SSeIA BN 2mmssaid Anawoan pinf3sSL uonenby sioyiny
uoneorjdde jo auey

(popnyu0d) "7 3qe L



To simplify the modeling of the heat transfer mechanisms in the IAFB regime, Collier
and Thome (1994) and Carey (1992) suggested the use of a method similar to annular
film condensation but with inverting the role of the liquid and vapor and the direction of
heat flow. By assuming that the interfacial shear and the acceleration pressure gradient

are small, Carey (1992) obtained a Nusselt-type equation for the heat transfer coefficient

as

h:{ plo, - pJek 1"
)

(2.92)
4(Z 24 )luv (Tw - Tmt
where
T, —-T
H}g — Hfg 1+_3_CP,v( w sat) (29b)
8 H,

This equation is similar to that of Bromley (1950).

B. Convection-type equations

The convective equations are generally used to calculate different paths of heat transfer
(wall-to-vapor, vapor-to-interface, etc.). The heat transfer coefficient is considered to be a

function of Reynolds and Prandtl numbers,

Nu=aRe’Pr’ F (2.10)
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where a, b, and c are constants and F is to approximately account for the entrance length
effect. Equations such as Collier (1980) and Mosaad and Johannsen (1988) in Table 2.1
belong to this category.

C. Phenomenological equations

These equations take into account the different physical mechanisms of film boiling heat
transfer. They are semi-theoretical models with parameters correlated empirically. These
equations are more complex than the other types of equations, and may be based on
modified pool-boiling equations [e.g., Ellion (1954), Table 2.1] and the convection-type

equations. However, phenomenological equations are easier to apply than models.

2.5.3.2. Phenomenological models

Heat transfer predictions of IAFB are generally based on (i) modified Bromley (1950)
equations for pool film boiling, (ii) turbulent boundary layer theories, or (iii) two fluid
models. For the latter two theories, most of the uncertainties are related to assumptions
with respect to interfacial heat and mass transfer. These assumptions are often
oversimplifications of the physical mechanisms governing film boiling, in order to

facilitate a mathematical solution.

Dougall and Rohsenow (1963) used a turbulent flow model by implementing a three
layer velocity model to predict the heat transfer in saturated inverted annular flow of low
qualities inside vertical tubes. Their results show agreement between predictions and

experimental data of R-113 flow.
A one-dimensional model with the use of the continuity and energy equations was

developed by Kalinin et al. (1977). The momentum equation was not used in the

derivation due to the assumption that the interface slip is zero. Kalinin et al. argued that
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this assumption is valid for large flow velocities and small pressure drop along the

channel.

Other models including Hammouda et al. (1997), Cachard (1994) and Analytis and
Yadigaroglu (1987) are based on solving the one-dimensional conservative equations for
the liquid and vapor phases. The major components in these models are the relations for
the shear stress and the heat transfer rates. Table 2.2 summarizes the IAFB models
available in the literature. The table is an updated version of Groeneveld’s (1984) table

for IAFB models.

2.5.4. Slug flow film boiling

Not much attention has been given to the slug flow film boiling compared to other film
boiling regimes. In most cases it is treated as a transition between IAFB and DFFB and
the heat transfer coefficient is calculated by interpolating the transition region [e.g.
Hammouda (1996)]. Chi (1966, 1967), and Chi and Pierse (1970) studied slug flow film
boiling to boiling hydrogen. From their data it is shown explicitly that the liquid core will
break up into slugs equal in lengths to the most unstable wavelength of interfacial waves.
The effect of subcooling is to make the liquid-vapor interface stable, resulting in reducing

the possibility of the formation of slug flow.

2.5.5. Dispersed flow film boiling

Basically, there are three prediction methods of DFFB heat transfer coefficient available

in the literature. These are:
~ 1. empirical correlation,

2. phenomenological models, and

3. mechanistic models.
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Table 2. 2 IAFB Models [updated from Groeneveld (1984)]

Reference Assumptions Heat flux components Comments
.. uv = u’ NuWV = f(ReV’PrV’ TW /7;01) MOdel was
Kalinin et al. (1970) compared to
T, =T, Nuy = f(RChP"/,Z/De) nitrogen data
Atdryout u, =u, Model permits

Nu,, =aRe? Pré(p, /42, Y C

»

entrained vapor in

Groeneveld (1972) 7, =k6,(u, —u,) C, = enhancement in A,, due to liquid-wall o liquidd cor;.
1,=7T,=T, interactions and turbulence in vapor film ompar;at;o feon
Interfacial heat
T,=(T,+T,)/2 Re, <100: Nu,, =1,else Nu,, = f(Re,Pr) transfer and
Kaufman (1976) frictional
£,=0.005(1+3005 /D) Re, <2000: Nu, =3.66,else Nu, = f(Re,Pr) enhancement by
factor 1+3005/D
=0 Dsor = Aradwi T D
Chan and i = ; . Vapor entrained in
. ; = conduction across laminar vapor fil por ef
Yadigaroglu (1980) Hy,=H, +0~34Cp,v(Tv - Tm,) ui tetion across faminar vapor tim liquid core
‘ Nuy =0.023ReM Pr* C,C=1.5-2.0
Compared well with
Fung’s low pressure
T, = (Tw + Tm)/z qy =k dl, | dr.k ; includes eddy diffusivity data.
Fung (1981 - :
) U, =U, q, =k, (Tw -T,, ) /8,0y d,,, = laminar vapor
film or thermal
sublayer thickness
D tot = Dradow—i + Qi Model i tricted
Vapor entirely generated at the _ 0del 1s restricte
Elias and Chambre’ quench front. Constant vapor 9. = S (Pe,.u,.6.k,) to the entrance
(1981) film thickness. Pe, = vapor Peclet number. subcooled region.
T<T T = ‘ . o Compared to Fung’s
i = L1y = CONSL g, = heat flux from boundary layer in the liquid at data
the interface.
Han and Bankoff 7, according to Barathan q,, = conduction across laminar sublayer Entrained droplets in
(1982) (1979) vapor phase

q, use one-seventh power law in liquid core

Kawaji and Banerji

Laminar flow in core

q,; from thermal entry problem in laminar flow

q,,and g, from formulation of convection

Stability analysis
predicts transition to

(1987) u = u, slug or dispersed
between parallel plates. flow film boiling.
f : the heat transfer
T,=(T,+T,)2 Nu,,,Nu,, and Nu, all have the form of cnhancement factor.
Laperriere (1983) v T bt # Results compared to
u, = (u, +u,)/2 Nu=aRe’ Pre f Stewart’s (1981) and
Laperriere’s (1983)
data.
Turbulent flow in both vapor E— )
and liquid core Gsor = Qi TG rad wi
u, =u, =u, atinterface 9w =kdT 1 dr; q,=kdl /dr Model is two-

Hsu et al. (1986)

flow field is divided into two
regions:
- region I: § = constant and

k, = f(kvL,u,,pv,CP‘v)in region |
ko =Ko+ f s Ty ) in region 1

dimensional, two-
region and two-fluid
model. Compared to

Wang and Shi (1984)

interface is slightly k= f1 (ku,é',u,,cp,,) Stewa:jt’s 1981)
subcooled k,, = vapor thermal conductivity in laminar flow ata
- regionll: 6 = f(z)and k. = liquid th | conductivity in laminar
interface is at saturation » = liquid thermal conductivity in laminar flow
Gupot =9, 49y
Similarity to single-phase Guser 15 by using Karman’s theory. Model valid for

turbulent boundary layer flow

is assumed.
u, = const.
u, ~(/8)"7

g, = heat flux to evaporate the liquid
Guin = AT, =T ) A= 1z, Pr, )
q, zf(ula‘s’Hfg)
qy = kqde] /dr, ke/f includes eddy diffusivity

turbulent flow on
horizontal plate.
Compared to water
data.
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Table 2.2 (concluded)

Wang et al. (1988)

Uy = U, = CONSL.
5, =bx"
no vapor superheat

Reference Assumptions Heat flux components Commients
9ui = kv(Tw - T;at )/5
& from Bromley’s
Denham (1984) T,=(1,+T,)/2 9 =k (T =T ) 0. F,) laminar flow theory.
- Nty F, = Fourier factor
k= k) o °
" Nuy,
Laminar flow in vapor film Qsor = Dradowi t Gumi
7, = L. = -
w = 0TS " 9 =k, (Tw Tsﬂ/)/ s Model is applicable
two boundary conditions for 4= h(T, -7,) to laminar and
Yan (1987) interface are considered: ! “ turbulent flow.
7,=0 or u, =y, Re, <2200,/ = f(Re,,Pr,,Gr,) Compared to water
turbulent flow in vapor film Re, >2200;h= f1 (Re ,,Pr,) data
7,=07,=5(0-p)e 9 =P.Cp,(k, +&,)dT I dy
94 =T ~T)) .
. Interfacial heat
In core both laminar and Re, <2000,k =3.66kF7/ (R - 5) transfer and friction
Analytis and turbulent flow are considered Re, >2000;/, = f(Re, Pr)F enhancement factor
Yadigaroglu (1987) _ 1+3006/D
u, =u, F=1+14R/z .
) . (for more details see
4., and g, from formulation of convection Table 7.1)
between parallel plates.
Gugot =9y t i

g, = heat flux to evaporate the liquid

Qo =0.023p,C, (T, - T, )7 (u,.5)

sat

g, =(as/ax)f (e, u,,5)

fg> T
Gy = PCp s 4T}/ dr
&, = turbulent diffusivity of momentum
exchange.

Model is restricted to
liquid flowing with
high velocity.
Compared to R11
data and Dougall and
Rhosenow (1963)
data

Chen et al. (1988)

T, =(T,+T,)/2
T, = bulk liquid temperature
Uniform liquid velocity

Gvit Draam =9ut4,
g, = heat flux to evaporate the liquid
q,=H, /(27n;)dl"/dz
I' = vapor flow rate
4, = p.Cp,le, + @, )T ldr
qy = pICP,I(gl +a )dT/dr
e, = flu,.6,AT, . H,)

sat >

Model was compared
to water data

£, =0.05U,5
{u, —u,) 4y =h{Tu~T) Model was compared
7, = 1.0, —u,.]————-z Re, < 2000;/, = 3.66k,F /(R - 5) to low pressure and
Cachard (1994) ‘ | low flow water data
Ty =Ty . TilCpi (for more details see
Oth hy =t
erwise, #, l"l “"il Pr,w Table 7.1)
g, =q T T Model was compared
. 1596 7, =1, LI T, -T, to Freor& atnd water
ammouda ata
u, =u, 4. =q T, T (for more details see
R Table 7.1)

26



A brief description of each method and the work done is given below. Most attention will

be given to the better-known correlations and models.

2.5.5.1. Empirical correlations

Generally, empirical correlations for convective heat transfer coefficient for DFFB are

modifications of the well-known Dittus-Boelter equation for single-phase flow heat

transfer,
Nu = }/ZTD =0.023Re;" Pr,* (2.11)

g

Empirical correlations can be classified as thermal equilibrium correlations and thermal

non-equilibrium correlations.

A. Thermal equilibrium correlations

Thermal-equilibrium correlations usually are based on the two major assumptions: (i)
thermodynamic equilibrium between the phases and (ii) turbulent convective heat transfer
from the heated wall to the vapor phase. Generally, the film boiling mechanisms are not

considered when using thermal equilibrium correlations.

Comprehensive reviews of published heat transfer correlations can be found in papers by
Groeneveld and Gardiner (1977), Mayinger and Langner (1978), Chen (1986) and
Groeneveld and Snoek (1986). Table 2.3 is reproduced from Groeneveld and Snoek
(1986) and represents a summary of most of the empirical equilibrium equations found in

the published literature.
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Thermal equilibrium empirical correlations give reasonably accurate predictions of heat
transfer coefficient in their range of data. It is not recommended to extrapolate
thermodynamic equilibrium correlations outside their stated range of application. One of
the best-known and most representative equilibrium correlations is that of Dougall and
Rohsenow (1963). It was derived by assuming a complete thermodynamic equilibrium
between the vapor phase and the liquid phase. Dougall and Rohsenow modified the
Dittus-Boelter equation to justify their work by postulating that if the amount of fluid
present is small, a modified form of Dittus-Boelter equation would give a fairly accurate
prediction of the heat transfer coefficient in the DFFB. To represent the flow field due to
the presence of liquid droplets, Dougall and Rohsenow defined a two-phase velocity that

is to be used in the Reynolds number as

_0,+0,
A

u (2.12)

where O is the average volumetric flow rate of liquid, Q, is the average volumetric flow
rate of vapor, and 4 is the fluid flow cross sectional area. Equation (2.12) represents the
velocity as the total volumetric flow rate of the fluid across the cross sectional area.
Substituting Equation (2.11) into the Dittus-Boelter equation and rearranging the terms

results in terms of two-phase Reynolds number. The Nusselt number is given as

08

Nu="2 20023 | 92 | x4 Pe(e1)|| P2 2.13)

kg Hg Py

The fluid properties in Equation (2.13) are evaluated at the saturated temperature.
Dougall and Rohsenow recommended the use of their correlation at moderate qualities,

without specifying the recommended quality range.
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At low flow, non-equilibrium becomes very significant which, generally, results in a
large error when using thermal equilibrium correlations. The vapor superheat increases
with increased thermal non-equilibrium, resulting in lower heat transfer coefficient. As a
result, thermal equilibrium correlations over predict heat transfer coefficient for low
flows. The accuracy of the thermal equilibrium correlations diminishes considerably at
low flows and low qualities, where the flow regime might be that of the inverted annular
and since thermal equilibrium correlations are only applicable to the high positive quality

region.

B. Thermal non-equilibrium correlations

The main assumptions when formulating thermal non-equilibrium equations are the
thermodynamic non-equilibrium between the phases, and turbulent convective heat
transfer from the heated wall to the vapor phase. Thermal non-equilibrium equations are
expected to give better results than thermal equilibrium equations [Andreani and

Yadigaroglu (1994)].

Thermal non-equilibrium can be expressed as the ratio or the difference between the

actual quality to the equilibrium quality, which is related to the actual average vapor

enthalpy as

H,
Yo o TE 2.14)
x, H,-H,

Thermal non-equilibrium can also be expressed by the bulk vapor superheat or Ty-Tg.

If the vapor temperature is known, the wall heat flux is calculated from
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q,=HT,-T,) (2.15)

Probably the best-known correlation of this kind is that of Groeneveld and Delorme
(1976). Predictions from the Groeneveld-Delorme correlation are in good agreement with
data from a variety of sources. Groeneveld and Delorme have shown that the correlation
exhibits correct asymptotic trends. The use of the correlation outside its database range
can lead to large prediction errors. Good performance of this correlation under high mass

flux conditions has been reported by Kumamaru et al. (1987).

In order to estimate the actual vapor qualities, Groeneveld and Delorme (1976) calculated
values of actual quality x, from data of wall temperature measurements. They also used
the Hadaller and Banerjee (1969) correlations with the vapor properties calculated at the
film temperature and replaced the Reynolds number with a two-phase Reynolds number

used by Dougall and Rohsenow (1963). The heat transfer coefficient calculated using the

Groeneveld and Delorme (1976) correlation is given as

b
g

"D _ gD =aK§~9)(xa +f—¥-(x,,—1)ﬂ Pr;g(e+ fg) (2.162)
k. \T,-T,, Hi Py L

where

H
¥, =BT (2.16b)
H,(p.T,)-H,

Hv(p9Tv)_Hv(p=Tsat)
H

=exp(—tany), (2.16¢)
¥/
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Qe | &
¥ =a, P Reg;m[—iuJ > bxl, (2.16d)

if y < 0 then y = 0,if v > 7/2 then y = 7/2,

and,

Re, = [@][x, 4 L (l—x,)] 2.16¢)
Yol

v.eq J

O<x;=x,4<1)

For flows in tubes, the constants in Equation (2.16) are given as
a, = 0.13864,a, =0.2031, a, = 0.20006, and a, = —0.09232
and,

b, =1.3072,b, = -1.0833,and b, = 0.8455

Hein and Kohler (1984) provided a non-equilibrium equation which gives very good
agreement with the database of water, Freon-12 and hydrogen, as reported by Andreani
and Yadigaroglu (1994). Its range of application covers high pressures, moderate to high
mass fluxes and high qualities. Table 2.4 is updated from Hammouda (1996) and lists the

better-known non-equilibrium post-dryout equations.
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2.5.5.2. Models

There are two types of models used to predict post-dryout heat transfer in the liquid
deficient region. These are the phenomenological models and the mechanistic models.
The primary objective of phenomenological models is to calculate the vapor superheat
based on the physical processes involved. The wall-liquid contact heat transfer and
radiative heat transfer are usually neglected with these models. The phenomenological

models can be divided into local-conditions models and history-dependent models.

e The local-condition models calculate the vapor superheat and the wall transfer at

any location downstream from the dryout point based on local thermodynamic

parameters, such as X, D> G, and T, or gq,. The correlations used are not only

based on regression analysis of measured or inferred data but they are based also
on simplified phenomenological description of the physical processes. Models in
this category are those of Chen et al. (1979) (also known as the CSO model),
Yoder and Rohsenow (1983) and Varone and Rohsenow (1984).

e The history-dependent models estimate the vapor superheat at any location
downstream from the dryout point, recognizing that thermal non-equilibrium is
dependent on upstream conditions starting from the CHF point. Thermal non-
equilibrium is calculated from a stepwise integration of the conservation of mass
equation for the vapor phase, which includes an actual volumetric vapor

generation function I',

d, L 2.17)
dx,, T,

where T, =4q /(DH fg) is the volumetric vapor generation function at

equilibrium.
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The main feature for identifying these models is the method used in attempting to
estimate I'. Examples of such models are those of Jones and Zuber (1977), Webb et al.
(1982) and Webb and Chen (1984). Andreani and Yadigaroglu (1994) do not recommend
the use of history-dependent models. Their argument is that more experimental work is

needed to improve these phenomenological models.

The mechanistic models are all based on the same calculation method: at any elevation z
the heat transfer processes are calculated by taking into account the local values of the
flow variables, as obtained by a stepwise integration of the conservation of mass,
momentum and energy equations downstream starting from the point of onset of
dispersed flow. All of them aim at the mechanistic prediction of the wall-to-vapor and
vapor-to-droplet heat transfer (two-step models): some consider also the direct contact

heat exchange between the wall and the droplets (three-step models) and/or radiation.
2.6. Film Boiling Look-up Table

The success of the critical heat flux look-up table [Groeneveld et al. (1986)] led Leung
and Groeneveld (1988) to propose a film boiling look-up table (FB-LUT). The new FB-
LUT of Groeneveld et al. (2003) is a four dimensional normalized data bank and provides
fully developed film boiling heat transfer coefficients as a function of pressure, mass
flux, equilibrium quality, and wall superheat or wall heat flux. The advantage of this table
is that it is applicable to a very wide range of conditions and provides good prediction

accuracy for the film-boiling heat transfer coefficient.
The main steps followed in building the FB-LUT of Groeneveld et al. (2003) are:

e constructing a skeleton table

e updating the skeleton table with the University of Ottawa database for

experimental post-dryout heat transfer coefficient
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e smoothening of the table to minimize fluctuations due to the scattering of

experimental data

Five different skeleton tables were constructed using the most accurate prediction
methods available to date. The methods used are of Groeneveld and Delorme (1976),
Kohler and Hein (1986), Hammouda (1996), Chen and Chen (1998) and Shah and
Siddiqui (2000). Each skeleton table was divided into 64 sub-regions and these sub-
regions were assessed against the database. The final skeleton table then was constructed
by taking the best prediction of the five methods in each sub-region. Moreover, the
skeleton table values are filtered to be at least equal to the heat-transfer coefficient of

laminar flow of the vapor:

h

table

=Max[ h

mod e/ ?

k
4.3636%) (2.18)

The vapor-film properties were evaluated at the vapor-film temperature defined as

T,+T,
”lez—bulk— (2.19)

where .

Tbulk =T,

sat

for x<1, and

Ty =T, for x>1.

The skeleton table values are then smoothened manually to remove discontinuities
between sub-regions and then modified with the University of Ottawa film boiling
database. A final LUT was obtained after smoothing the modified skeleton table using the

method of Huang and Cheng (1994) for multi-dimensional smoothening.
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The principal advantage of the FB-LUT is in its ability to predict the heat transfer
coefficient for a very wide range of application (p = 100 to 20000 kPa; G = 0 to 7000
kgm?s?; x = -02 to 2.0; AT, = 5 to 1200 °C). It is able to predict the heat transfer
coefficient as well as the correlations and models used in the regions where there are no
experimental data available. In regions which are enhanced (modified) with experimental
data, the look-up table predicts the heat transfer coefficient with an RMS error of 10.57
% and an average error of 1.7% which is better prediction accuracy than most of the

available prediction methods.

The FB-LUT is divided into three main regions indicated by color code. These regions
are: the experimental data dependent region, the correlations and models region, and the
“impossible to occur” region which is used for the purpose of interpolation.
Unfortunately, the experimental data dependent region represents a small part of the table
due to the scarcity of data. Improvements of the table can be achieved by either finding
new data from the unpublished sources (most film boiling data can only been found in
unpublished reports) or by performing experiments at conditions where data are
unavailable , possibly in fluids other than water with the proper fluid-to-fluid modeling

techniques.
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CHAPTER 3 REVIEW OF EXPERIMENTAL METHODS
FOR TAFB HEAT TRANSFER

3.1. General

The occurrence of CHF in a heat flux controlled system will result in a large increase in
wall temperature of the heated surface. This increase might cause physical burn-out of the
heated surface. This is especially true for subcooled water where the heat flux at CHF is
very high. Although the resulting IAFB conditions are impossible to obtain during
normal operation of nuclear reactors, they could occur during a LOCA. Experiments to
measure IAFB are nearly impossible to obtain using a conventional heat flux controlled
system. To overcome the difficulties associated with obtaining IAFB data, the “hot-
patch” techniques are implemented. Currently there are two successfully implemented
hot-patch methods, (i) the indirectly heated hot-patch and (ii) the directly heated hot-
patch. They are described in the following two subsections. Subsequent to the
introduction of this technique, large amounts of data have been generated for water
flowing upwards in vertical tubes. These data include data of Fung (1981), Stewart and
Groeneveld (1982), Laperriere (1983), Swinnerton et al. (1988), Mosaad and Johannsen
(1988), and Chen et al. (1988).

3.2. The Indirectly Heated Hot-Patch Technique

This experimental technique uses a cylindrical copper block brazed onto the test section,

as shown schematically in Figure 3.1. The hot patch is heated by cartridge heaters
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embedded in the copper block. The power supply to the hot patch heaters is independent
from the power supply used for heating the remainder of the test section. This will allow
the hot patch heat flux to exceed the critical heat flux, while the test section heat flux is
still low enough to prevent failure. IAFB data using the indirectly heated hot-patch

technique have been obtained by several authors and are summarized in Table 3.1.
3.3. The Directly Heated Hot-Patch Technique

In this method the wall thickness of the tube test section is reduced over a short length at
both ends (a notch or groove), to increase the electrical resistance of the tube at the
reduced thickness location (see Figure 3.2). This produces more heat flux at the notch
location for the same power applied to the test section. The power to the hot patch and the
test section may be controlled separately. This method was first applied by Chen and Li
(1984) to obtain IAFB data. Table 3.1 summarizes the test conditions of IAFB
experiments that have used the directly heated hot-patch technique.

3.4. Use of non-Aqueous Fluids

Some of the issues related to using water as a working fluid are safety (high-pressure and
high-temperature conditions), and operational (high power and high operating cost). The
use of lower pressure and lower boiling temperature fluids is more attractive in such
cases using suitable fluid-to-fluid modeling relationships for film boiling. A similar
approach has been used by many investigators for critical heat flux experiments where
Freon is usually the modeling fluid of choice because of its low latent heat and low
boiling points. Freon was also used as a coolant in IAFB experiments, including those of
Hammouda (1996) and Takenaka et al. (1989) as shown in Table 3.1. Appendix C
describes the fluid-to-fluid modeling methodology applied to film boiling.
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Figure 3. 2 Schematic diagram of the directly heated hot-patch technique.
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CHAPTER 4 REVIEW OF OBSERVED PARAMETRIC
TRENDS OF IAFB HEAT TRANSFER

4.1. General

The overall film boiling heat transfer coefficient is affected by flow parameters such as
pressure, mass flux, heat flux and liquid subcooling, and some other secondary factors.

The parametric trends observed in experimental studies are discussed below.

4.2. Pressure Effect

The general observed trend of the pressure effect is that the IAFB heat transfer coefficient
increases with increasing pressure. No systematic experimental studies have been carried
out on the pressure effect on IAFB. Pressure affects the values of the thermophysical
properties of the vapor, especially the thermal conductivity k that increases with
increased pressure (see Section 6.4). Single phase equations show that the heat transfer

coefficient scales with k%7,

Stewart and Groeneveld (1982) found that in general the heat transfer coefficient
decreases with a decrease in pressure. They also found that, at higher pressures, the axial
temperature distribution is more uniform than at lower pressure. These observed trends
by Stewart and Groeneveld (1982) of the pressure effect on heat transfer coefficient are
demonstrated in Figure 4.1. Chen (1987) observed that at low subcooling and low flow
rates the heat transfer coefficient increases with pressure. At higher subcooling and lower
flow rates the trend is reversed. Further Chen et al. (1988, 1989) reported that the general

trend of heat transfer coefficient is that it increases with increasing pressure.
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4.3. Mass Flux Effect

In general, as mass flux increases, the heat transfer coefficient increases. This is
explained by the increase in vapor Reynolds number with increased mass flux which
results in better mixing in the vapor film (more turbulence which might result in
increased entrainment). This will reduce the vapor film superheat and enhance the heat
transfer coefficient. At high subcooling, the mass flux has less effect on heat transfer
coefficient. In this region, the vapor film is thin and heat transfer is mostly controlled by

conduction.

Bromley et al. (1953) studied film boiling of liquid in upward flow over horizontal tubes.
They observed that the heat transfer coefficient increases with mass flux. Kalinin (1969),
Fung (1981), Denham (1984), Chen (1987), Chen et al. (1988, 1990) and Mosaad (1988)
observed a similar trend. Stewart and Groeneveld (1981) found that the heat transfer
coefficient increases with an increase in mass flux. At high inlet subcoolings, the mass
flux effect is strong. At lower inlet subcooling mass flux effect is much smaller. The
findings of Stewart and Groeneveld (1981) appear to differ from these findings.
Laperriere (1983) observed that at low subcooling and positive inlet quality, the heat
transfer coefficient is strongly affected by mass flux. Takenaka et al. (1989) found that,
using R-113, mass flux effect on heat transfer coefficient is stronger when G > 320 kgm’
s For G < 210 kgm™s™, the heat transfer coefficient is less affected by mass flux. A
representative result on the effect of mass flux on heat transfer coefficient is shown in
Figure 4.2. The figure shows that the effect of mass flux on heat transfer coefficient is

weak at low qualities and the effect increases as quality increases.
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4.4. Heat Flux Effect

There is no definitive conclusion on the effect of heat flux on heat transfer coefficient.
Mosaad and Johannsen (1989) showed that higher heat transfer coefficient values
resulted at higher heat fluxes (Figure 4.3). For higher pressures and mass fluxes,
Hammouda (1996) observed the same effect of heat flux on heat transfer coefficient as
Mosaad and Johannsen (1989). On the other hand, Stewart (1981) observed that the heat
transfer coefficient decreases as the heat flux increases (see Figure 4.4). This effect
becomes more pronounced as the mass flux increases in the negative quality region. Also
Laperriere (1983) reported that the heat transfer coefficient increases with decreasing
heat flux. For higher mass fluxes, the heat flux effects are more noticeable at the
upstream region of IAFB, especially at lower heat flux. In the downstream region, this
effect decreases. The general observation of Chen and Li (1984) is that heat transfer
coefficient decreases with increasing heat flux. Chen et al. (1989) found that in general in
the subcooled region an increase in the heat flux produces a decrease in the heat transfer

coefficient; however, the trend is reversed at positive qualities

There are two opposing components that can contribute to the effect of heat flux on heat

transfer coefficient during subcooled IAFB:

e as the heat flux increases, the vapor layer thickness increases, and since
conduction is the dominant heat transfer mode, the heat transfer coefficient drops.
e as the vapor layer thickness increases, the velocity increases and the flow

becomes turbulent, resulting in an increase in heat transfer coefficient.

The balance between these two effects determines the overall effect of heat flux on heat

transfer coefficient.
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4.5. Inlet Subcooling Effect

Stewart (1981) found that inlet subcooling has no effect on heat transfer coefficient at
low mass fluxes and low pressures. He also found that the heat transfer coefficient is
higher at higher inlet subcooling, when mass flux and pressure are increased. The effect
of inlet subcooling becomes less pronounced as local quality increases. Chen (1987)
reported that the heat transfer coefficient increased significantly with increased inlet
subcooling. This increase seems less steep at lower inlet subcooling. In a more recent
study, Chen et al. (1989) observed that the inlet quality effect is most significant over a
short region near the dryout point (subcooled region). Similar findings were observed by

Hammouda et al. (1996).

In general it can be concluded that the heat transfer coefficient is affected by inlet
subcooling downstream of the CHF location. The effect of inlet subcooling on heat
transfer coefficient decreases and even vanishes as local quality increases for the different
inlet subcooling data. Figure 4.5 shows how inlet subcooling affects the heat transfer

coefficient as observed by Chen et al. (1989) and Hammouda et al. (1996).

4.6. Effect of Length and Local Quality

Both length and local quality have the same general effect on heat transfer coefficient due
to the linear proportionality between them. Fung (1981) and Fung et al. (1979) observed
that, when moving downstream along the test section, the heat transfer coefficient
initially decreases, then levels off towards the end of the test section (Figure 4.6). Chen
and Li (1984) found that at low inlet subcooling, the heat transfer coefficient decreases
continuously along the test section. At high inlet subcooling the heat transfer coefficient
increases to a maximum, then decreases further downstream. Denham (1984) and

Mosaad and Johannsen (1989) reported that from negative to positive quality, the heat
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transfer coefficient shows a continuous decrease along the axial direction downstream of
the quench front. Chen (1987) observed that at very low inlet subcooling, the heat
transfer coefficient distribution is rather uniform. At higher subcooling and mass flux, the
heat transfer coefficient increases to a maximum, then decreases. At lower mass flux, it
decreases along the heated length. Chen et al. (1989) also observed that at lower mass
flux, the heat transfer coefficient decreases continuously along the heated length. As mass
flux increases, the heat transfer coefficient levels off, then it increases at higher mass
flux. The same observed length effect is applicable to the local quality effect on heat

transfer coefficient.

Although the various observations show different trends of heat transfer coefficient vs.
quality or length, these trends are usually mass flux dependent and are a result of

opposing effects:

o the initial decrease in heat transfer coefficient with decreasing subcooling is due
to heat transfer in the IAFB region being dominated by conduction at high
subcoolings: with a decrease in subcooling the vapor thickness increases, hence
the resistance increases as well

e at locations further downstream, the positive quality region is reached where
convective heat transfer becomes important. For high mass velocities the vapor
superheat is minimal, and an increase in quality will result in an increase in vapor
velocity and hence an increase in heat transfer coefficient

e for low mass velocities, the convection also becomes more important with an
increase in quality forx >0. However, because the vapor superheat also
increases, the net effect of a quality increase on heat transfer coefficient h [h is

generally defined as ¢"/(T, -T " )] can be very small or even negative.
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4.7. Heat Transfer Regions

Takenaka et al. (1989) performed steady-state IAFB experiments in a vertical tube using
R-113. Three heat transfer regions were identified and attributed to the different flow
patterns. They concluded that these regions can be determined by the mass flux and
thermodynamic equilibrium quality, and that these regions are slightly affected by the
heat flux and inlet subcooling. Ishii and Denton (1988) observed similar flow patterns in
their experimental study but divided the film boiling length into four regions related to
the smooth, rough wavy, agitated and dispersed flow regimes. Hammouda et al. (1996)
classified their observations based on Ishii and Denton (1988) conclusions. Figure 4.7
shows the four heat transfer regions as interpreted by Hammouda et al. (1996). The heat
transfer mechanisms involved in the heat transfer regions will be explained in Section
6.2.
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CHAPTER S DESCRIPTION OF FILM BOILING
EXPERIMENTS

5.1. Experimental Loop Description

The experimental test facility is located in the Thermalhydraulics Laboratory of the
University of Ottawa. It consists of a multi-fluid loop, shown in Figure 5.1, which is

connected to a data acquisition system. Currently, all experiments are performed using
HFC-134a as a working fluid.

The Freon is pumped around the loop by two gear pumps connected in series with bypass
valve to control the flow rate. The Freon flow is measured by a Coriolis type flow meter
with accuracy better than 0.5% (flow range 0-0.34 kgs'). An electric pre-heater
(maximum power of 5 kW) and a coaxial heat exchanger (with hot water on the
secondary side) are located between the pumps and the test section. They are used to
adjust the test section inlet fluid temperature or inlet mass quality to the desired values.
The coolant flows vertically upwards through the test section, that is directly heated by a
12 kW DC power supply (40V, 300 A). The fluid temperatures at the inlet and outlet of
the test section are measured by RTDs. The pressure in the loop is controlled by a
pressurizer. The pressurizer contains a heating coil, located at the bottom, and a cooling
coil near the top. The power to the pressurizer heater (maximum 500 W) is regulated by
an adjustable AC transformer. The vapor generated in the test section is condensed by a

coaxial heat exchanger prior to the fluid being recirculated to the pump inlet.
A description of quality assurance and calibration procedures, and error estimates for

temperature, pressure, mass flow rates, and power measurements are given in Appendix-
B.

60



a~)

H%”UW"‘"‘EQFUUUJW>

Pumps

Mass flow meter
Bypass
Preheater
Pressure gauge
Test section
Heat exchanger
Pressurizer
Relief valve
Filter

Pressure transducer
Sight glass
Thermocouple

BP

&
7N
=

O

Figure 5. 1 Schematic diagram of the experimental facility.
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5.2. Test Section Description

The test section is made of Inconel 600, and has an inside diameter of 5.46 mm and an
outside diameter of 7.54 mm. The test section is installed in a vertical orientation and
heated by a direct DC current supplied through copper power terminals clamped tightly
to the tube. The heated length of the test section is 1.20 m. The outer wall temperatures of
the test section are measured by attaching 24 K-type self-adhesive thermocouples (a pair
of thermocouples at each plane in 12 locations). Figure 5.2 shows the test section
schematic with the dimensions and the thermocouple locations. Inside wall temperature

calculations are explained in Appendix-A.

The indirectly heated hot-patch technique, described in Section 3.2 is used to facilitate
IAFB measurements at low powers. The hot-patch is silver-brazed to the Inconel tube and
equipped with six 200W cartridge heaters heated by a separate DC power supply. The
purpose of the hot-patch is to prevent the quench front from propagating downstream and
to avoid refrigerant decomposition (due to excessive temperatures needed to maintain
IAFB flow without the use of the hot-patch technique). Figure 5.3 shows a schematic of
the hot-patch block.

5.3. Controls and Instrumentation
Controls are located at the front panel of the loop. They perform the following functions:

e Control temperatures (inlet and outlet of pump, inlet and outlet of test section,
etc.).

¢ Control loop pressure.

e Control flow rate in the test loop.

e Control the flow rate in the heat exchangers.
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Figure 5. 3 Hot-patch dimensions.
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The instrumentation used to perform the film boiling experiments provides the following

measurements:

Mass flowrate in the test section: Flow around the loop was provided by two 350

W gear pumps manufactured by the Micropump Corporation. Each pump is
equipped with a flow bypass, to prevent flow instabilities. Flow control valves are
manually operated from the front control panel of the loop and are used to vary
the flow through the test section and the bypass. The mass flow rate is measured
directly with a high- precision Coriolis-type mass flow meter, covering a range
from 0 to 300 kgh™. The mass flow meter signal is converted to D.C. voltage and

processed by the data acquisition system.

Coolant temperature at the inlet and outlet of the test section: Inlet and outlet

temperatures to the test section are measured with calibrated RTDs inserted in the
flow stream. Fluid inlet and outlet temperatures of the heat exchanger are

measured with chromel-alumel thermocouples to monitor loop operation.

Pressure at the inlet and outlet of the test section: The absolute pressure at the exit

of the tube is measured by a pressure transducer. The pressure drop across the test
section is measured using differential pressure transducer located at inlet. The
pressure at the inlet of the tube is obtained by adding the pressure drop to the

outlet pressure. The pressure at the inlet is also monitored with a pressure gage.

Power to the test section and the hot-patch: The D.C. power applied to the test

section is measured by monitoring the voltage across the test section and the hot
patch, and the current across a calibrated shunt in series with the tube. Both
readings are connected to the data acquisition system for recording and on-line
display on the monitor. The hot-patch power reading is directly read from the

power supply dial and inserted manually into the data file prior to processing.
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o Test section outside wall temperatures; Measurements of wall temperatures of the

test section are made with self-adhesive chromel-alumel thermocouples. All
thermocouples are connected directly to the data acquisition system for

monitoring and recording.

All sensor outputs are displayed on a computer (CRT) monitor. The data acquisition
system is composed of an IBM PC compatible as the host computer for data processing, a
PCI interface card (PCI-MIO-16E-1), 30 channels (SCXI-1303), 8 channels (SCXI-
1327), and 4 channels (SCXI-1320) terminal blocks, and a table-top chassis (SCXI-1000)
to encase the terminal blocks. The interface card, terminal blocks and chassis are
manufactured by National Instruments Inc. LabVIEW (version 6.0) is the software used

for controlling the data acquisition process.

5.4. Experimental Procedure

To establish steady film boiling conditions in the test section, the following procedure is

followed:

e Establish the flow conditions at the test section inlet.

e Increase the hot-patch power to achieve the desired film boiling temperature. This
can be detected when the dry-patch reaches the first thermocouple location
located 10 mm downstream from the hot-patch.

e The test section power is then increased gradually until the dry-patch starts to
propagate in the test section downstream from the hot patch. The test section
power is then kept steady.

e When film boiling conditions are established along the complete length of the test
section, the test section power is adjusted to a safe level in order to prevent Freon
decomposition.

e Sufficient time is allowed for test conditions to stabilize. Then a scan of the

readings is taken and stored for off-line processing.
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e The test section power is then reduced in steps. At each power level, the flow
conditions will be allowed to stabilize, and a data scan is taken and stored until

the test section rewets. .

5.5. Test Matrix

A survey of subcooled experimental data (for water and Freon) was performed to
determine the range of flow conditions for which experimental data are not available.
This was used to establish the range of flow conditions for the experimental work. The
test matrix of the experimental program is based on the experimental loop limitations,
flow condition limitations, the gaps in the available experimental data and the need of a
continuous range of data. Table 5.1 shows the test matrix. The water-equivalent pressure
is also shown and is calculated based on equal density ratio for both Freon R-134a and

water (see Appendix C for details).

5.6. Test Section Heat Loss and Heat Balance

5.6.1. Heat loss test

Heat loss tests were performed by applying the power to the test section without
insulation after removing the Freon from the test section. After all readings of the
thermocouples installed on the test section showed that the surface temperatures had
stabilized, the power supplied to the test section was recorded. In this case, the power
supplied to the test section was assumed to equal the heat loss from the outside tube
surface to the surroundings. The heat loss was measured at various wall temperature
levels up to a maximum of 200°C which approximately correspond to the maximum
average outer surface temperature during the IAFB tests. The results of the heat loss test
are shown in Figure 5.4. The maximum heat loss corresponding to the temperature level
of 200°C is 0.044 kW, which is less than 4% of the total power supplied to the test

section during the experiment. No correction for heat loss was applied to the results.
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5.6.2. Heat balance test

Heat balance tests were performed before the start of experiment to check whether all
instrumentation systems were working correctly. Heat balance tests were conducted by
supplying the power to the test section while a single-phase liquid flowed through the test
section at a pressure of 2300 kPa, and mass flux of 4500 kgm™s™. The power supplied to
the test section was compared with the enthalpy rise of the fluid. The heat balance results
are shown in Figure 5.5. The difference between the power supplied to the test section

and the enthalpy rise of the working fluid is less than 1%.

5.7. Data Reduction

The outer wall temperatures are measured during the experiment. No thermal insulation
was applied to the test section due to the low heat losses (see Section 5.6.1 for further
details). The inner wall temperatures were calculated after correcting for the temperature
drop across the heated wall. Appendix-A gives a detailed derivation of the equation used
to account for the temperature drop across the wall. Heat transfer coefficients are
evaluated based on the difference between the inside wall temperature and the saturation
temperature corresponding to pressure at the outlet of the test section. The effect of

pressure drop on saturation temperature was relatively small and was therefore ignored.

h=—4 (5.1)

A study of the parametric trends of the heat transfer coefficient with respect to the flow
parameters (pressure, mass flux, inlet quality and heat flux) is made based on the
calculated values of inside wall temperature and the heat transfer coefficient. The
thermodynamic properties of R-134a are obtained by using the International Standard
Formulation for HFC-134a [Tillner-Roth and Baehr (1994)]; and transport properties are
according to Krauss et al. (1993).
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Figure 5. 5 Heat balance test results. (a) Heat balance, (b) error in data. (Power

input denotes the electric power, Power gain denotes the power calculated from the
enthalpy rise)
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5.8. Data Reproducibility

Hammouda (1996) discussed the problems due to Freon decomposition at elevated wall
temperatures. This decomposition could result in changing the thermophysical properties
of Freon and make the experimental data non-producible. It would also affect the inside
surface of the heated tube and would require extensive cleaning. During the current
experimental work, the wall and hot-patch temperatures were kept below 220 °C to avoid
this phenomenon. Also at each pressure level, the test section was removed and the inside

wall surface of the tube was cleaned using a smooth brush and flushed with alcohol.

To assure the reproducibility of the data, several runs were repeated at different periods
of time. The flow conditions for these runs were kept the same. Figure 5.6 shows the
measured outside wall temperature vs. axial location. It is clear in the figure that the

outside wall temperature is reproducible and hence the heat transfer coefficient.
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Figure 5. 6 Reproducibility tests of outside wall temperature vs. axial location.
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CHAPTER 6 EXPERIMENTAL RESULTS AND
DISCUSSION

6.1. CHF Location

The exact location of the starting point (CHF) of film boiling along the hot-patch was not
measured during the experiment. However, the correct determination of CHF location is
important in determining initial conditions for numerical solution of history-dependent
analytical models. Fung (1981) and Hammouda (1996) assumed that CHF occurred at the
inlet to the hot-patch, and the corresponding quality was calculated based on that
assumption. However a different approach is followed in the current analysis and is

explained below.

The hot-patch block has two 1-mm holes at each side drilled to reach the tube wall (see
Figure 5.3 for details). Sheathed thermocouples were inserted in the holes all the way to
reach the wall of the test section. This method was described by Hammouda (1996) to
determine the occurrence of CHF at the inlet of the hot-patch. Using this method does not
demonstrate that CHF occurs at the inlet to the hot-patch block, due to the following

observations:

1. First, the thermocouple readings are strongly affected by conduction from the hot-
patch block. This was observed when gradually increasing the power supplied to
the hot-patch block. The increase in power was accompanied by a simultaneous
increase in thermocouple temperature readings regardless of their location along
the hot-patch block.

2. Also when switching off the power supplied to the hot-patch, the inserted
thermocouple readings stayed above saturation (> 20 °C) with the test section

experiencing re-wetting.
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3. The final observation is that when having complete dryout in the test section and
the power to the hot-patch is gradually reduced, the temperature distribution along
the test section stays the same. This happens even when experiencing partial re-

wetting just downstream of the hot-patch block.

In this analysis it is assumed that the CHF occurs at the downstream end of the hot-patch
(as in CHF experiments where CHF is measured at the exit of the test section). To check
this assumption, the average hot-patch heat flux has been compared to the corresponding
CHF value using CHF look-up table of Groeneveld et al. (1995). The comparison is
performed by applying fluid-to-fluid modeling techniques. The following example is
used to demonstrate the correctness of assuming that CHF occurs at the exit of the hot

patch.
Example:

R-134a flow conditions: pressure = 1667 kPa, mass flux = 1000 kgm™s™, hot-
patch power = 0.36 kW (correspond to an average heat flux of 381 kWm™),
quality at exit of hot-patch = -0.095.

Using fluid-to-fluid modeling, the approximate water equivalent values are:

pressure = 10000 kPa, mass flux = 1400 kgms™.

For CHF quality of -0.095, the CHF look-up table gives the CHF value of around
4580 kWm™ (for a diameter of 0.008 m). After correcting for the diameter effect
and using fluid-to-fluid modeling backward, the corresponding CHF value for R-
134a is around 403 kWm™. This value is close to the average hot-patch heat flux
which validates the assumption of having the CHF location closer to the exit of

the hot-patch.
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6.2. Heat Transfer Regions

Four separate heat transfer coefficient regions are previously described in Section 4.7 at
moderate to high mass flux (see also Figure 6.1). As Figure 6.1 shows, region I represents
a sharp drop in heat transfer coefficient. In this region conduction is the dominant heat
transfer mode: as the liquid core temperature increases, the condensation rate decreases
resulting in an increase in vapor film thickness which in turn results in a drop in heat
transfer coefficient. As the liquid core temperature increases, the heat transfer rate to the
liquid core decreases and the excess heat increases the evaporation rate. This results in an
increase in vapor velocity and convection starts to dominate in region II. In region III,
the heat transfer coefficient levels, with small increase or decrease with respect to
increasing quality. Region IV is again characterized by an increasing heat transfer
coefficient as quality increases, presumably due to the start of DFFB regime. In this
regime, evaporation rates increase with quality resulting in increased heat transfer
coefficient. It is observed that the regions I and II usually appear in the subcooled IAFB
region (x < 0) and regions III and IV extend from the negative to the positive quality
regions. The effect of the flow parameters on these four regions will be discussed in more

detail in the following section.
6.3. Effect of Axial Location

The axial location has a strong effect on heat transfer coefficient (see Figure 6.2).
Generally, the heat transfer coefficient decreases, then it either levels off or increases,
depending on flow conditions. Fung et al. (1979) attributed the axial location effect to: (i)
entrance effect, (ii) change in vapor film thickness, and (iii) increase in vapor superheat.
The effect of various flow parameters (pressure, mass flux, heat flux and CHF quality) on
heat transfer coefficient with respect to axial location is also shown in Figure 6.2. It
seems that the only effect of flow parameters is to change the magnitude of heat transfer

coefficient while keeping the general shape of the curve.
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6.4. Effect of Pressure

Figure 6.3 shows that the heat transfer coefficient increases with increasing pressure for
low, moderate and high mass fluxes. Hammouda (1996) reported that at low mass flux
the effect was less pronounced. The figure shows a clear effect of pressure on the heat
transfer coefficient even at a low mass flux (G = 1000 kgm™s™). The increase in heat
transfer coefficient with pressure is primarily due to the increase in thermal conductivity

of the vapor (Figure 6.4).

The relation between pressure and heat transfer regions (Section 6.2) can also be
identified in Figure 6.3. It is observed that at lower pressures and low to moderate mass
fluxes (Figure 6.3 a, b) heat transfer region II does not appear. At high pressures, region
II appears regardless of the value of mass flux. Another observation from the figure is
that at low pressures, the heat transfer coefficient following region I is almost constant
(probably due to the presence of the saturated inverted annular flow regime). The
observed effect of pressure on heat transfer coefficient is consistent with observations by

previous investigators [e.g. Hammouda et al. (1996) and Stewart (1981)].

6.5. Effect of Mass flux

A strong effect of mass flux on the heat transfer coefficient was reported in the literature
by most investigators (see Section 4.3). Figure 6.5 shows that the observed mass flux
effect agrees with the reported mass flux effect on heat transfer coefficient: an increasing
mass flux always increases the heat transfer coefficient. At low mass velocities only

regions III and IV appear present, but the number of regions increases as the mass flux
increases. At moderate pressure, the four regions become distinctive at moderate mass

flux (Figure 6.4b).
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Figure 6. 5 Effect of mass flux on heat transfer coefficient at (a) low, and (b)

moderate pressures.
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As the mass flux is reduced from 3000 kgm™s™ to 2000 kgm™s™, region II starts to
become less pronounced and, with further decrease to 1000 kgm™s”, this region
disappears. This might be attributed to the quality range of the subcooled IAFB region.
At high mass fluxes, the transition from subcooled (regions I and II which are
characterized with thin vapor film) to saturated inverted annular film (region III which is
characterized with higher qualities and higher vapor generation) occurs further

downstream in the test section than for low mass fluxes.
6.6. Effect of Heat flux

In general, varying the heat flux has a weak effect on heat transfer coefficient. This effect
is demonstrated in Figure 6.6 for different flow conditions. In most cases, heat transfer
coefficient marginally increases with increasing heat flux. An explanation of this effect is

given in Section 4.4.

At all pressures, the shape of the heat transfer coefficient vs. quality curves stays the
same for all regions (regions I-IV). Also it is noticed that the transition quality between
regions I and II always occurred at the same quality regardless of the variation in heat

flux. This is the same observation made by Hammouda (1995).

A final remark on the effect of heat flux on the heat transfer coefficient is that region II is
not always evident at low pressures (e.g. Figure 6.5a). This might be attributed to the

higher qualities at this pressure.

6.7. Effect of Inlet Subcooling

Figure 6.7 shows the effect of inlet quality/subcooling on the heat transfer coefficient at
different flow conditions. It is clear that as the quality increases, the heat transfer
coefficient curves for different inlet qualities (keeping other flow conditions the same)

converge to a single curve.
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An increase in inlet subcooling shifts the transition between region I and II to lower
qualities as shown in Figure 6.7 b-d. At moderate and high pressures and high inlet
subcoolings, region IV is hardly present since the whole heat transfer coefficient curve is
in the subcooled region (x < 0, see Section 6.2 for explanation). As the inlet subcooling
decreases this region starts to develop at the expense of regions II and IIT and becomes
the dominant region as the inlet temperature approaches saturation. As explained earlier
this is due to the increase in vapor generation and the change in the flow regime from
subcooled inverted annular flow to saturated inverted annular flow or even to dispersed
flow regime. Also at higher inlet subcoolings the drop in heat transfer coefficient in
region I is slightly larger and the minimum heat transfer coefficient becomes smaller.
This explains the large wall temperature gradient directly after critical heat flux point in

highly subcooled flow.

Figure 6.8 represents the same data of Figure 6.7 plotted versus axial location. The figure
shows that the minima in heat transfer coefficient curves coincide along the test section
regardless of inlet subcooling and flow conditions. This suggests that the main
contributor to this reduction in heat transfer coefficient is the entrance effect since after

L/D = 20-30 the minimum appears to have been reached.

6.8. Effect of Hot-Patch

Several runs were performed to check the hot-patch effect on the wall temperature. These
runs were carried out by switching off the power supplied to the hot-patch and waiting
for the hot-patch temperature to drop. The temperature drop resulted in gradual re-
wetting of the test section. Figures 6.9 - 6.12 show the variation of wall temperature (and
heat transfer coefficient) as the quench front moves downstream from the hot patch
towards the outlet of the test section for different flow conditions. The figures show that
after quenching of the hot-patch, the wall temperature changes slightly. The effect of
quench front propagation on heat transfer coefficient is shown in parts (b) and (d) in the

figures. The region next to the quench front (developing heat transfer region) is the
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mostly affected part of the heat transfer coefficient curve. Further downstream from the
quench front, the deviation between heat transfer coefficient curves starts to disappear
(fully developed heat transfer region). This effect is similar to the effect of inlet
subcooling on heat transfer coefficient. Figure 6.13 is reproduced from Groeneveld and
Gardiner (1978) for the boiling curve of R-12 with and without using hot-patch. The
figure shows that the CHF at the hot-patch does not affect the film boiling temperature.
Hot-patch effect data used in the analysis are listed in Appendix D.
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CHAPTER 7 THEORETICAL MODEL

7.1. General

There are many models available to predict film boiling heat transfer. The majority of
these models are for DFFB, and are not applicable for IAFB due to the different heat
transfer mechanism. Also, most of the available IAFB models are fine-tuned to a specific
range of flow conditions. Because of these reasons, there is a need for a more general

IAFB model that is applicable over a wider range of conditions.

In this chapter, the derivation of a new two-fluid (vapor and liquid) model to predict heat
transfer in the subcooled and low quality region (or IAFB) is presented. The new model
derivation starts with the general form of conservation equations (mass, momentum and
energy). This will be based on the one-dimensional separated flow model as conservation
equations are considered for liquid and vapor phases separately. The conservation
equations are then simplified to have them in the form of ordinary differential equations

that are solved numerically as an initial value problem.

The conservation equations can not be solved without having constitutive (closure)
relations. These relations control the different modes of heat transfer and the wall and
interfacial characteristics (shear stress relations) of the flow. The heat transfer modes that

are considered in the course of derivation are:

e convection heat transfer from the heated wall to the bulk vapor,

¢ radiation from the heated wall to the vapor-liquid interface,

e convection from the bulk vapor to the vapor-liquid interface, and

e convection/conduction (depending on flow condition) from the vapor-liquid

interface to the liquid core.
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The shear stress relations are major components in the model derivation. These include

shear stress relations for the wall, vapor-to-interface, and interface-to-liquid.

The model is optimized with more general constitutive relations and more physical
phenomena involved than with previous models. It is believed that this will improve the
prediction accuracy for a wider range of application (at least for the flow conditions
covered in the experimental program of the thesis) with capabilities to predict for

different fluids (e.g. Freon, water, etc.).

In principle, the general derivation technique followed is similar to that of Analytis and
Yadigaroglu (1987), Cachard (1994) and Hammouda (1996). The previous three models
have many common considerations such as assuming the vapor flow between two parallel
plates and considering convective heat transfer between the wall and vapor, and between
vapor and vapor-liquid interface. Most of other older models [e.g., Denham (1984), Fung
(1981), and Chan and Yadigaroglu (1980)] followed a different strategy by considering
conduction through the vapor film (heat is transferred directly to the vapor-liquid
interface by conduction through the vapor layer), which limited the applicability of the
models to low mass fluxes. A detailed comparison between the new model and the
Analytis and Yadigaroglu (1987), Cachard (1994) and Hammouda (1996) models will be
given at the end of this chapter.

7.2. Assumptions

For the IAFB regime, the mass, momentum and energy equations are derived based on

the following assumptions:

e The flow is one-dimensional incompressible for both vapor and liquid phases.
e The mean flow is steady.

e The interface is always assumed to be at the saturation temperature
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o The vapor film flow is assumed to be the same as a vapor flow between parallel
plates. This is a reasonable assumption for a thin vapor film.

e At any cross-section along the heated length, vapor, interface and liquid exist at
the same pressure.

o The flow in the vapor film is turbulent. This assumption is based on the
observation of Hsu and Westwater (1959) that the transition to turbulent flow in
the vapor phase occurs at very low Reynolds number (around 100).

e No vapor is present in the core and no entrainment of the liquid is present in the
vapor film. Lee and Kim (1987) showed a smooth liquid core in examining JAF
visually without significant entrainments in the vapor film. Also in there flow
visualization experiment, Ishii and de Jarlais (1987) found that at subcooled
conditions, the liquid core is smooth up to high void fractions (void fractions of
0.3 to 0.4). This was also discussed by Nelson and Unal (1992) in their model
development.

o There is no direct contact between liquid and heated surface.

e The heat transfer coefficient between wall and vapor is equal to that between
vapor and interface.

e Thermodynamic non-equilibrium is present in the IAFB regime.

e There is no effect of liquid core oscillation perpendicular to the flow on heat
transfer [Baum et al. (1978)].

e The vapor film is transparent and the wall is gray. Radiation is transferred directly

to the vapor-liquid interface.

7.3. Conservation Equations

7.3.1. Conservation of mass

For the control volume shown in Figure 7.1, the conservation of mass for the liquid phase

only can be written as
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Figure 7. 1 Control volume for deriving conservation of mass equations for the new
IAFB model.
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(m, +1’1’LAz)— v, = —Ai,, (7.1)
dz

But
m, = pu, 4, (7.2)
Then
d .
Ez—[p,u,A, Az = —Am,, (7.3)

For one-dimensional flow, the void fraction a is defined as the fraction of flow area

occupied by the vapor phase, or

a="r=1-2L (7.4)

Then for a constant tube cross-sectional area the mass conservation equation for the

liquid phase becomes

. 'gz'[(l_a)plul]z"'% (7.5
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where I'=Am, /Az is the amount of liquid evaporated per unit axial length in the

differential control volume.

In a similar manner as explained above, the mass conservation equation for the vapor

phase can be written as

(mv + 9, Az) — 1, = Arir,, (7.6)
dz

which is simplified to:

d r
;’,;[apvuv] =7 (7.7)

It should be noted that the rate of liquid evaporated from the liquid core is equal to the
rate of vapor added to the vapor film. This would lead to the continuity equation for the

two phase mixture,

d d
.d—z[alplul]-,-—d;[avpvuv]:o (78)

7.3.2. Conservation of momentum

For the control volume shown in Figure 7.2, a force balance can be written over the liquid

phase cross-sectional area to give
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Figure 7. 2 Control volume for deriving conservation of momentum equations for
the new IAFB model.
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“[P(Al + i AZ} +p 4, +p £i'jiAZ_P/gAzAZ'P"z‘PiAZ_1—‘uiAZ =
dz dz (7.9)

. dn :
(m,u, 4 St Az)— mu,
dz

or

_dpdy |, Ay o o poaT (7.10)
dz daz daz

The first two terms in the LHS of Equation (7.10) represent the pressure forces on the
element and the third term the rate of inflow of liquid phase momentum. The terms on the
RHS represent the gravitational forces, the interfacial shear force, and the rate of

generation of momentum due to mass transfer, respectively.

Applying the same procedure on the vapor phase, results in the following force balance

¥4

dp A dA
_I:vav +_-%_LAZ:|+vav +pi dV Az_pngvAz-Ti})iAZ_TwaAZ_l-ruiAZ =
zZ
(7.11)

dm u,

mu, +——=Az |—mu,
S

or

dp A, dd, dmu,
—_ + pi —
dz dz daz

=p, g4, +7, P +7, P, —Tu, (7.12)
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7.3.3. Conservation of energy

An energy balance on the liquid core would produce (Figure 7.3)

[rh,e, + d(m’e’)Az] — e, =ql, Az~ Arit e, (7.13)
dz
or
dme) ., (7.14)
dz

where the specific energy, e, and interfacial specific energy, e,, are respectively defined

as
u2

e,=H,+*+gz, k=lorv (7.15)
2

and
u’

e, =H, +—+gz, k=lorv (7.16)
2

The first term in Equation (7.14) represents the rate of change of energy per unit axial

distance for a control volume around the liquid core. The second term, q,, , is the rate at

which heat enters the liquid phase within the control volume per unit axial distance (the

amount of heat transfer used for liquid core heating). The last term is the rate at which
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Figure 7. 3 Control volume for deriving conservation of energy equations for the
new IAFB model.
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energy is removed (evaporation) from the liquid phase by the mass transfer across the

interface per unit axial distance.

A similar formulation for the vapor phase can be obtained by applying a differential

energy balance on the control volume over the vapor film. This would produce

d(ri,e,)

dz

=q',+Te, | (7.17)

where ¢!, is the amount of heat transfer used to heat the vapor film.

7.3.4. Simplification of conservation equations

7.3.4.1. Simplification of mass conservation equations

Equations (7.5) and (7.7) can be expanded and re-written, respectively, as

da dp, du r
~ hahadpiny | hatnf BTN | 2. 7.18
O 2z ( a)"l &z ( a)pl a2 P (7.18)
and
o 9% o Doy g B L (7.19)

The variation of liquid density along the heated length is negligibly small. Also by
neglecting the variation of vapor density along the heated length (which is valid if the
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vapor temperature variation is small like the case of IAFB), Equations (7.18) and (7.19)

can be simplified to

da du r
oY, e ( a')pl pa y ( )
and
da du r
-+ y — 7.21

This form of equation is more practical for numerical analysis.

7.3.4.2. Simplification of momentum conservation equations

By assuming that the interfacial pressure, p,, the liquid pressure, p,, and the vapor

pressure, p,, are all equal to flow pressure, p, the first term on the LHS of Equation

(7.10) can be expanded and combined with the second term

B dA(l—a)p +pdA(1—a)=_A(1_a)d_p

dz dz dz

(7.22)

Also, the third term in the same equation can be expanded, and with the use of the mass

conservation equation for the liquid phase [Equation (7.5)], it can be written as
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T, — Al a)pu, P (7.23)
dz dz

B dmu,

Substituting Equations (7.22) and (7.23) into Equation (7.10) and rearranging yields

C(1-a)® _(1-a)pu, M= (1-a)py g - i Do ) (7.24)
dz dz A A

By following the same practice of combining the first two terms and expanding the third
term for the vapor phase [Equation (7.12)] and upon substitution, the momentum

equation will be

dp duv 7’-if)i 7’-w[)w 1—‘(uv - ui )
—a—-—apu, =ap,g+ + +

(7.25)
dz dz A4 4 A

7.3.4.3. Simplification of energy conservation equations

By neglecting the kinetic and potential parts of Equations (7.15) and (7.16) and after
substitution, Equations (7.14) and (7.17) become, respectively,

di
(l_a)Aplul P - =gy, _F(Hf "Hl) (7.26)

¥4

and
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dH
adpu, —~ =g, +T(H, - H,) (1.27)

dz

By calculating enthalpy as

dH =c,dT, (7.28)

the final form of the energy conservation equations for the liquid and vapor phase can be

expressed as,

_F(Hf _H/)

(l—a)u, dT, __9n

(7.29)
dz  c,pA €A

and

v

o, & = Pl i (7.30)
dZ chpVA chpVA

dT, 9o F(H

7.4. Other Relations

The vapor layer thickness can be expressed as a function of the tube radius and the void

fraction,

5=Rl-V1-a) (7.31)
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and the cross-sectional area, inside tube wall peripheral length, and the peripheral length

of the vapor-liquid interface, respectively, are

A=7nR*, R =tube radius (7.32)
P, =27R, (7.33)
and

P=2z(R-5) (=P1-a) | (7.34)

7.5. Constitutive Equations

7.5.1. Heat transfer relations

The heat balance on the control volume (Figure 7.3) can be used to obtain the relation
between the different modes of heat transfer. The total power per unit axial distance

transferred by the test section to the coolant is given by

qllm :q::le :q:'va +q:’ade (735)

It is assumed that the vapor film is transparent and all radiation heat transfer goes to the

interface. The power per unit axial distance used for heating the vapor flow is .

a4, = qm Py — 40P, (7.36)

108



The evaporation heat transfer is

9., =9.,P =q,F, +q,,,P, —q;P, (7.37)

rad " w

Finally, the amount of heat transfer used for liquid heating is

an =P, (7.38)

The heat transfer components in Equations (7.35) - (7.38), based on the conservation of

energy principle, should satisfy the following conditions:

(JCh 20,

dn S 4P +q,P

rad " w?

and

' '
qlh S QW

Next, proper relations are needed for wall-to-vapor, vapor-to-interface, interface-to-

liquid, and radiation heat fluxes.

* This is not true if the heat flux is non uniform and part of the wall, is unheated
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7.5.1.1. Heat transfer from wall-to-vapor and from vapor-to-interface

By.assuming the vapor gap to be much smaller than the tube radius (§ << D), the
problem can be simplified as flow between two parallel plates. Then from Kays and

Crawford (1986), the wall-to-vapor and vapor-to-interface heat transfer coefficients can

be expressed, respectively, as

k. Ni
b, = (7.39)
25{1 —i”'—e*J
Ty
and
h, = b, (7.40)
25[1 - ﬁ- o' ]
qvi
where
4, =h,(T,-T,), (7.41)
and
qay =h,(T,-T,), (7.42)
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Nu, is the vapor Nusselt number, and 8" the influence coefficient (or non-dimensional

temperature) defined as the ratio between dimensionless temperatures of the heated wall
and the interface. A detailed explanation of the derivation of Equations (7.40) and (7.41)
is given in Kays and Leung (1963).

To calculate the heat transferred from wall-to-vapor and from vapor-to-interface, it is
assumed that the vapor-to-interface heat transfer coefficient is equal to that of the wall-to-

vapor one, or

hvi = hwv (743)

The vapor velocity relative to the wall (stationary wall) is higher than the vapor velocity
relative to the moving interface. For a vapor film temperature equal to the arithmetic
average of wall temperature and saturation and a perfectly smooth interface, which is a
common assumption in modeling IAFB heat transfer, Equation (7.43) is not exactly true.

Considering the heat transfer coefficient to be defined as

h= c—k——Re” Pr’, (7.44)
D

hy

where a, b, and ¢ are constants, the ratio of heat transfer coefficients will be

My |yt (7.45)
hWV uv

This implies, in general, that the vapor-to-interface heat transfer coefficient is less than

that of the wall-to-vapor. However, the interface is not perfectly smooth due to
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turbulence in the vapor layer, and the bulk vapor temperature is generally less than the
vapor film temperature due to oscillation of the interface and turbulence [Analytis and
Yadigaroglu (1987) and Mosaad and Johannsen (1989)]. This will enhance the heat
transfer coefficient at the interface and will move it closer to the equality relationship
(7.43). 1t will also decrease the vapor superheat for the same heat flux [see Equation
(7.42)]. Using this assumption [Equation (7.43)] with Equations (7.41) and (7.42), the

heat flux that crosses the vapor-liquid interface is related to the wall-vapor heat flux as

T,-T.,,
”. —~ ” \4 Sa 7.46
G =dw 7 —p (7.46)

This equation is used without using an enhancement factor as the enhancement is
implicitly included. This derivation is different than that of Analytis and Yadigaroglu
(1987) and Cachard (1994). In their analysis, Analytis and Yadigaroglu solved Equations
(7.39) and (7.40) simultaneously and used an empirical factor (A1) to account for the

enhancement in heat flux from the vapor to the interface, where A is defined as

3000
+ —_—
D

A=1

The value of this factor increases with void fraction and reaches around 45 at a void
fraction of 0.5. On the other hand, Cachard (1994) used the same equations of Analytis
and Yadigaroglu (1987) but with a complex correction factor derived empirically from

available low pressure data from Fung (1981). These correction factors may limit the

application of the model to the range for which they were derived for.

Now upon substitution of Equation (7.46) into Equation (7.39), the wall-to-vapor heat

transfer coefficient can be written as
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k,Nu, (T ~T,)

h,, = (7.47)
25[(Tw _Tv \'at)e ]
Finally, the heat flux from the wall to the vapor will be:
T 2
k,Nu, (T, - T,) (7.48)

" 26[r, 1), -1, )0"]

v

For laminar flow between two parallel planes, Nu, and 6 are given by Nu,6 =5.385

and@" =0.346. For turbulent flow between two stationary parallel plates, Kays and
Leung (1963) give Nu, and 6" in tabular form up to a Reynolds number of 10%, and
Prandt] numbers from 0 to 1000. Approximate linear correlations for Nu, and 6 are

derived by neglecting Prandtl number effect as:

Nu, =5.086 +0.00299Re, (7.49)

and

0" = 034762 - 2 1ORe, (7.50)
9900

7.5.1.2. Heat transfer from vapor-liquid interface to the liquid core

For the turbulent liquid core, the heat transfer coefficient is calculated using the Dittus-
Boelter equation for flow in a circular tube of diameter(D —25). For laminar flow, the

Nusselt number is considered to be equal to 3.66.
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k

3.66—_—F, Re, <2000

h, = D- k25 (7.51)
0.023—-—Re? Pr)* F, Re, >2000

D-26

where the liquid core Reynolds number, Re, , relative to the interface and the coefficient

F are defined, respectively, as

_ P 'ul - uil(D - 26)

Re, (7.52)
H
and
F=1+0.7—D— (7.53)
z
The heat transfer from the interface to the liquid core is calculated using
gy =hy (T —T) (7.54)

The coefficient F° [Equation (7.53)] is used to account for the entrance effect. Its
influence decreases downstream of the dryout location. Equation (7.51) is similar to the
one used by Analytis and Yadigaroglu (1987) to account for the interface-to-liquid core

heat transfer. It should be noted here that Hammouda (1996) assumed a relation between
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vapor-to-interface and interface-to-liquid heat fluxes which has a similar form as
Equation (7.46):

n n Tv B ]-;a
qi =9q : (7.55)
T.-T,

sat

In applying Equation (7.55) it was found that the liquid heated up and approached
saturation very rapidly since almost all the heat transferred from the wall-to-interface was

used to heat the liquid core without evaporation.
7.5.1.3. Radiation heat transfer

By assuming the vapor film is transparent and that the wall is gray, radiation to the vapor-

liquid interface, q,,, , can be expressed as

” O-T:—]-;j

Troa =7 ( 1 ) (7.56)
]

e, &Vl-«a

where o is the Stefan-Boltzman constant, and £, and ¢, are the emissivities of the wall

and vapor-liquid interface, respectively. Equation (7.56) is the Siegel and Howell (1972)

equation to calculate radiation heat transfer.

7.5.2. Shear stress relations

7.5.2.1. Wall shear stress

The wall shear stress is expressed by
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N

Ty =prv e (757)

where f, is the wall friction factor. The most common friction factor form used by the

majority of researchers is used here [Analytis and Yadigaroglu (1987)]:

_0.085

I Re’% (7.58)
where the vapor Reynolds’ number is defined as
Re o P2t(26) pu,Dll-V1-a) (7.59)

v

Hy Hy

7.5.2.2. Interfacial shear stress

The vapor-to-interface and interface-to-liquid shear stresses are, respectively, calculated

from

7, = fupulu, —u [ (7.60)
2

and

7y ==fuprlu —u | ;”" (7.61)
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where f,, is the interface friction factor at the vapor side and £, is the interface friction

factor at the liquid side.

The reason behind having Equations (7.60) and (7.61) is to calculate the velocity at the
interface. In this model, the velocity of the interface is needed to calculate heat transfer
from the vapor-liquid interface to the liquid core. To tackle this issue, the most common

practice is to assume the velocity at interface to be [Donevski et al. (1992)]:

u =T (7.62)
2

Due to the higher viscosity of liquid compared to vapor, it is expected that the interfacial
velocity will be less than the average of vapor and liquid velocity (close to liquid
velocity, Figure 7.4). This means that Equation (7.62) over-predicts the interfacial
velocity and subsequently results in under-predicted vapor-to-interface and over-
predicted interface-to-liquid heat transfer values. Other researchers [e.g., Analytis and
Yadigaroglu (1987)] assumed the interfacial velocity to be equal to liquid velocity. In
addition to contradicting the physical phenomenon, this assumption creates even more
complications and assumptions to predict the amount of heat transfer needed to heat the

liquid core.

In the current derivation, the interfacial velocity is calculated by equating the shear stress
at both sides of the interface [Equations (7.60) and (7.61)] and using iteration techniques.
This method would provide a more realistic estimate of the velocity of the interface with

more physical phenomena involved in the derivation. The friction factor for the vapor

side is taken to be
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A
=

u,

Figure 7. 4 Schematic of shear stresses and flow velocities used in modeling IAFB
heat transfer.
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_ 0.085

f”i . Re?2
where
—u |D\1-+/1-
Rewzp“u” u’l ( a)
H,
and for the liquid side,
16
_— Re, <2000
Re
i=1 0.085 |
oo Re, > 2000
Re,

7.5.3. Vapor generation

(7.63)

(7.64)

(7.65)

The evaporation heat flux can be calculated from Equation (7.37). Then the vapor

generation rate per unit axial length can be determined from a simple heat balance given

where H , is the latent heat of vaporization.

119

(7.66)



7.5.4. Termination of IAFB regime

There are several limiting criteria for the IAFB regime. Analytis and Yadigaroglu (1987)

suggested the use of a critical Weber number. However, in this study a void fraction of

0.5 will be considered as the termination limit for IJAFB. This void fraction value was

suggested by Groeneveld (1992) and used by many other researchers.

(7.67)

In addition the IAFB regime can only be maintained if Tw > Typ else the vapor film

will collapse and heated surface will rewet.

7.6. Summary and Implementation of the New Model

7.6.1. Summary of the new model

Conservation equations

du r
pu——+(1-a)p—t=—— (7.20)
da du, T
aax v oL 7.21
—(1-a)® _(1-a)pu, P~ (1-a)p g - 2L Tl —u (7.24)
dz z A A
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dp duv TiPt
—aT——op U, ——=ap. g
dz dz A

dTv _ q\’:h + r(hg —_hv)
dZ cpvva chpVA

au

v

Hear flux components:

q:v = q::Pw = q;va +q:"ade

q\’ih = q::;va - q:”l‘PI

q;v = q;,vf)i = q:’l})l +q:"ade -—ql’;‘PI

9 =gl

, k,Nu,(T, -T,)

_ w v

201, -1,)-(T, -1, )]

wy
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(7.25)

(7.29)

(7.30)

(7.35)

(7.36)

(71.37)

(7.38)

(7.48)



Nu, =5.086+0.00299Re,

0.16Re,
9900

6" =0.34762 -

" " T, _Tat
qvi =qu—

<
123

w v

q:; - hil (Tsat - Tl)

k,
D-26
kl
D-26

3.66 F,

0.023

_ P Iu, _uz‘l(D _25)

Re,
H
F =1+0.72
z
"o _ O-(Tv:" —Tsit)
rad 1 1

Re, <2000

Re’* Pr™* F, Re, > 2000
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(7.49)

(7.50)

(7.46)

(7.54)

(7.51)

(7.52)

(7.53)

(7.56)



Shear stress relations:

2
u

T = i

w prv 2
0.085
o= 025
Re’

#y H,
T, = JaPo U, —u;|— — U
2
=
I e )

123

(7.67)

(7.57)

(7.58)

(7.59)

(7.60)

(7.63)

(7.64)



U —u;

Ty = “filpl‘“l _ui|
16
_, Re, <2000
Re
=1 0.085
, Re, >2000
Re?.25
Model applicability:
a<0.5
Tw > TMFB

7.6.2. Implementation of the new model

(7.61)

(7.65)

(7.67)

(7.68)

The model summarized in Section 7.6.1. is solved numerically as an initial value

problem. After reading the input of flow parameters (p, G, q”, and x,), and determining

initial conditions (xpo, w,, u;, and ) at (z = 0.0), the program calculates the heat transfer

components and shear stress relations to determine the gradients of the conservation

equations. These gradients are used to calculate values at step (z = z + Az) which are

considered as initial conditions of the next step. The program predicts the wall

temperature using iteration techniques with heat flux input to the test section and

predicted total heat flux.
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7.7. Comparison of the New Model with Previous Similar Models

The derivation of conservation equations is very similar in most one-dimensional, two-
fluid models. These models differ from each others by the way constitutive relations are
derived. Table 7.1 summarizes the constitutive relations of the new model and the models
of Analytis and Yadigaroglu (1987), Cachard (1994) and Hammouda (1996). The reason
for choosing these models is due to the similarity of derivation. All these models treat the
vapor film flow as flow between two parallel plates. Another common feature of these
models is that heat transfer at the wall-vapor-interface is based on solution/modification
of the Kays and Crawford (1986) equation. The table shows that the new model does not
include correction factors or “tuning” factors and it uses the least empirical correlations

to account for the different heat transfer and shear stress effects.
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CHAPTER 8 MODEL ASSESSMENT

8.1. General

The new model described in Chapter 7 is expected to predict the parametric trends
correctly. It is also intended to predict the heat transfer in the IAFB regime accurately
covering a wide range of flow conditions. The observed parametric effects on film
boiling heat transfer are explained in Chapter 4. Further discussion of these effects is

given in Chapter 6 as a part of the experimental program for this thesis.

During the analysis, the limit for terminating the model prediction is set to be for a void
fraction of 0.5. The model’s prediction is not extended beyond this point to maintain

accurate results. So the model excludes predicting heat transfer region I'V (Figure 6.1).

The model is assessed by:

e cxamining the effect of flow parameters (pressure, mass flux, heat flux and inlet
quality) on predicted heat transfer coefficient,

e comparing the predicted wall temperatures and heat transfer coefficient
distribution in Freon 134a as described in Section 6 to corresponding
experimental values,

e comparing actual quality as predicted by the model with equilibrium quality and
the effect of flow parameters on the relation between these two values,

e performing a sensitivity analysis on the model,

e comparing the new model’s predictions with the predictions of other models, and

e comparing the predicted wall temperatures and heat transfer coefficient

distribution to the corresponding experimental values obtained in water.
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8.2. Examination of the Predicted Parametric Trends of the New Model

8.2.1. Effect of inlet subcooling and quality

Figure 8.1 shows the effect of inlet subcooling on heat transfer coefficient as predicted by
the new model at different flow conditions. The figure shows that increasing inlet
subcooling results in shifting the heat transfer coefficient curve to lower qualities while
keeping the shape of curve intact. Another observation from the figure is that at high
pressure and mass flux, the predicted minimum heat transfer coefficient (between region
I and II, see Figure 6.1) decreases with increasing inlet subcooling which is previously
observed from experiment (Section 6.7). It is clear that inlet subcooling strongly affects
the region just downstream of the CHF location. At locations further downstream, the
inlet subcooling effect gradually disappears and the heat transfer curves for different inlet

subcoolings collapse on a single curve

The effect of local quality on predicted heat transfer coefficient can also be observed
from Figure 8.1. Two trends can be identified.

e At low pressure and low mass flux, and as quality increases, the predicted heat
transfer coefficient decreases (region I) then becomes more or less constant
(region III).

e At high pressure and high mass flux, the predicted heat transfer coefficient drops
sharply (region I) then increases steeply (region II) and finally levels off with

little increase or decrease (region III).

The heat transfer region predicted by the model are in agreement with the University of

Ottawa observed trends described in Chapter 6 and other reported studies.
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Figures 8.2 and 8.3 show comparisons between measurement and model predictions of
wall temperatures and heat transfer coefficients. The model correctly predicts these

values with some discrepancy in predicting the near CHF region.

8.2.2. Effect of pressure

Figure 8.4 shows the effect of pressure on predicted heat transfer coefficient vs. quality at
two different mass fluxes. The figure clearly shows that the model correctly predicts this
effect: as explained in Section 6.3, the heat transfer coefficient increases with increasing
pressure. The figure also shows that region II starts to appear as pressure increases. The
presence of region II becomes more pronounced at high mass flux. This is in agreement

with the observed effect of pressure on heat transfer coefficient.

Figures 8.5 and 8.6 compare measurements to predicted values of wall temperatures and
heat transfer coefficient. The model prediction is in good agreement with experimental
results. Some discrepancies are observed in the figures between measurements and

predictions at high pressures for locations just downstream of the CHF location.

8.2.3. Effect of mass flux

Figure 8.7 shows the effect of mass flux on the predicted heat transfer coefficient vs.
quality curves. The new model correctly predicts an increase in heat transfer coefficient
increases with increasing mass flux. Figure 8.7 shows that the existence of heat transfer
region II becomes evident at high mass flux. The same observation is supported by

experimental data as explained in Section 4.6 and Chapter 6.

Comparisons between predicted and measured values of wall temperatures and heat

transfer coefficients with varying mass flux as a parameter are shown in Figures 8.8 and
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Figure 8. 8 Comparison between model predictions of wall temperature and data
from Figure 6.5.
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8.9. It is clear from these figures that the model predicts wall temperatures and heat

transfer coefficients for all values of mass flux.

8.2.4. Effect of heat flux

The effect of heat flux on predicted heat transfer coefficient is shown in Figure 8.10.
Varying heat flux level has a weak effect on the predicted heat transfer coefficient. This
effect is demonstrated by the slight increase in predicted heat transfer coefficient with
increasing heat flux. Compared to the measurements, the model shows a stronger heat
flux effect on heat transfer coefficient at high pressures and high mass fluxes. An
explanation of the effect of heat flux on heat transfer coefficient is given in Sections 4.4
and 6.6. This observation is consistent with the findings in Chapter 6, and reported

observations of Hammouda (1996) and Mosaad and Johannsen (1989).

Figures 8.11 and 8.12 compare the effect of heat flux on predicted and measured wall
temperature and heat transfer coefficient at different pressures and mass fluxes. The
model predictions are in good agreement with the data. As expected the data and

predictions show that the wall temperatures are higher for higher heat fluxes.

8.2.5. Effect of diameter

The effect of diameter on film boiling heat transfer has not received much attention in the
open literature. An examination of the diameter effect on heat transfer coefficient in
IAFB heat transfer is needed in order to assess the capability of the model in predicting
IAFB heat transfer for different tube diameters. The relation between diameter and heat

transfer coefficient can be derived based on
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Figure 8. 9 Comparison between model predictions of heat transfer coefficient and
data from Figure 6.5.
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Nu=~@=CRe“Prb (8.1)
k
This would yield
a b
_h.D_2 _|Re, | | P, | Dy (8.2)
hy, Re, J\ Pr, | D,

Considering Re = 6D and for same mass flux and pressure, the Equation (8.2) can be

H
simplified to
1~-a
hy, = D hy, O (83)
DZ

The coefficient a is usually considered to be around 0.8 (from the Dittus-Boelter
equation). This gives a qualitative indication of the diameter effect on heat transfer
coefficient. From Equation (8.3) it can be seen that the heat transfer coefficient increases

as the tube diameter is reduced.

Figure 8.13 shows the effect of varying tube diameter on predicted heat transfer
coefficient. The new model prediction is in agreement with the expected diameter effect.
This trend spreads over a relatively wide range of diameters. However, the model
prediction of diameter effect becomes weaker at larger diameters. No experimental data

are available to verify this effect.
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8.3. Assessment of Other Model Parameters

8.3.1. Prediction of actual quality and thermodynamic non-equilibrium

The new model is derived based on the assumption of thermal non-equilibrium in the
inverted annular flow regime. As a quantitative measure of thermal non-equilibrium, the
predicted actual quality is compared to equilibrium quality. Actual quality (or

thermodynamic non-equilibrium quality) is related to void fraction through the relation:

X

o = a (8.4)
x, +52 (1-x,)
P

where S is the slip ratio defined as the ratio of vapor to liquid velocities. The results of

x, vs. x comparisons are shown in Figures 8.14 — 8.17 for the different values of pressure,

mass flux, heat flux and inlet subcooling. The figures also show the effect of these flow
parameters on predicted vapor temperature vs. non-equilibrium quality, vapor film
thickness and void fraction which are connected to the actual quality via Equation (8.4).
Pressure, heat flux and mass flux have little effect on the thermodynamic non-
equilibrium. The thermodynamic non-equilibrium is lower for higher pressure, and lower
for higher heat flux. The effect of inlet subcooling (or quality at CHF, since the CHF
location is close to the inlet) on the thermodynamic non- equilibrium is similar to that of
pressure. At higher inlet subcooling, the vapor superheat decreases, resulting in lower
thermal non-equilibrium. The model does not show any specific trend for the effect of

mass flux on thermodynamic non-equilibrium.
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The model predicts the effect of flow parameters on vapor film thickness and void

fraction in the same manner due to the relation between these two values:

5=Rl-v1-«) (7.31)
Figure 8.14b shows that as pressure increases, the predicted vapor film thickness (and
void fraction in Figure 8.14c) decreases. The reduction in vapor film thickness results in

increased heat transfer coefficient due to the inverse proportionality between these

values:

h, o — (8.5)

The model also shows a decrease in predicted vapor superheat (Figure 8.14d) as pressure
is increased. This provides additional explanation for the observed higher heat transfer

coefficient at higher pressures (4 =q"/AT).

Increasing the mass flux (Figure 8.15b, ¢) increases the predicted vapor film thickness.
This might be attributed to the increase in heat transfér rate between the heated wall and
vapor-liquid interface which results in consuming the liquid core. The effect of increasing
mass flux on the predicted vapor temperature vs. non-equilibrium quality (Figure 8.15d)

is similar to pressure effect.

The model shows a weak relation between heat flux and vapor film thickness as
demonstrated in Figure 8.16b. However, the predicted vapor film thickness decreases
with increasing heat flux. This could be explained by Figure 8.16d. As heat flux is
increased, the predicted vapor temperature increases. This implies that a larger fraction of
the wall heat flux is used to heat-up the vapor film and a smaller fraction will be available

to heat up and evaporate the liquid core.
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The effect of inlet subcooling on predicted vapor film thickness is shown in Figure 8.17b.
As the figure shows, increasing inlet subcooling results in shifting the curves to lower
qualities. It also affects the initial vapor film thickness which becomes thinner at higher
inlet subcooling. However the effect of inlet subcooling on predicted vapor temperature

stays small (Figure 8.17d).

8.3.2. Prediction of vapor temperature

The vapor temperature is expected to be lower than the vapor film temperature which is

calculated as

T, =M_Tﬂ (8.6)

Figure 8.18 shows a comparison between vapor film temperature calculated by Equation
(8.6) and predicted vapor temperature, for low and high mass fluxes. The figure shows
clearly that vapor temperature is lower than vapor film temperature. It also shows that at
high mass flux, the two temperature values are closer than at lower mass flux. This might

be explained as a result of lower wall temperature at higher mass fluxes.

8.3.3. Prediction of vapor, liquid and interfacial velocity

Figure 8.19 shows the predicted velocities of vapor, liquid and interface for different
mass fluxes. The figure clearly shows that the velocity at the interface is closer to liquid
velocity. Also as the mass flux increases, all the three velocities increase in response.
However, the rate of increase in liquid velocity is less than that of vapor velocity due to
the higher inertia of the liquid core. A final observation is made for high mass flux where

the vapor velocity is less than liquid velocity near the CHF location. For a very small
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increase in quality the vapor accelerates rapidly and its velocity exceeds the liquid

velocity.

8.3.4. Comparing predicted void fraction to measurements

Many previous studies considered conduction heat transfer in the vapor film (see Table
2.2). However, this model in addition to some older models [e.g. Analytis and
Yadigaroglu (1987)] assumed convection heat transfer in the vapor film. The argument
that led to considering convective heat transfer in the vapor film is the low Reynolds
number at which transition to turbulent flow occurs (Re =100 ) due to the work of Hsu
and Westwater (1959). Figures 8.14 — 8.17 show that considering convection in the vapor
film leads to earlier than expected termination of IAFB regime even, in some cases, at
negative qualities. This suggests a rapid increase in void fraction (or vapor film

thickness) along short length of the test section downstream from the CHF location.

Fung and Groeneveld (1980) performed void fraction measurements in IAFB heat
transfer of water at atmospheric pressure and for low mass flux. Since these data are the
only data available to the author, they are used to compare the new model prediction of
void fraction to measurements. Figure 8.20 shows the comparison between predicted and
measured void fraction vs. equilibrium quality. The experimental data of Fung and
Groeneveld (1980) show that the void fraction increases from 0.08 to 0.6 for a relatively
small increase in quality (Ax =~ 0.02). A similar trend and magnitude are predicted by the
new model as shown in the figure. This implies that assuming convective heat transfer in

the vapor film is a valid assumption.
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8.4. Sensitivity Analysis

8.4.1. Sensitivity of the model to interfacial velocity

The model sensitivity to interfacial velocity is examined for two cases. The first case is
by computing u; based on equal shear stress across the interface (as in the model). The
second case is with taking the interfacial velocity as the average of vapor and liquid
velocity [Equation (7.62)]. Another possible case is assuming the velocity of the interface
equals liquid velocity [e.g., Analytis and Yadigaroglu (1987) and Hammouda (1996)].
This case is not considered due to the changes in the physics of the model on how to

calculate liquid Reynolds number.

The effect of changing the velocity of the interface on wall temperature distribution is
shown in Figure 8.21. The figure shows that the new model better predicts the magnitude
of wall temperature with velocity of the interface based on equal shear stress across the

interface.

8.4.2. Sensitivity of the model to the assumption (h,; = hy)

In deriving the model it is assumed that the heat transfer coefficients from wall-to-vapor
and vapor-to-interface are equal. Figure 8.22 shows a comparison of the measured and
predicted wall temperature for various values of the ratio hyi/hyy (from 0.6 to 1.4) . The
figure shows that the best predictions by the new model correspond to a hyi/hyy ratio of

unity.
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8.5. Comparison with other prediction methods

Wall temperature predictions using Analytis and Yadigaroglu (1987), Cachard (1994)
and Hammouda (1996) models and the new model are shown in Figures 8.23 — 8.25. The
figures are for low, moderate and high pressures and low and high mass fluxes, which
basically cover most of the range of pressures and mass fluxes in the experimental
program of the thesis. For the range of flow conditions considered, the new model
provides a better prediction of the wall temperature and heat transfer coefficient than the
other models. In the figures, Cachard (1994) and Hammouda (1995) models failed to
predict in the positive quality region, which limit the applicability of their models.

The average (avg) and root mean square (RMS) errors in the new model prediction are

calculated, respectively, as

Error,,, = %2 Error, (8.6)
and

Errory, = ,—’l;zl(Error, )y 8.7
where

Error, = prediction — measurement 8.8)

measurement

The model predicts wall temperature of R-134a with an average error of -1.21 % and an

RMS error of 6.37 % using 4219 data points. The corresponding average and RMS errors
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for the predicted heat transfer coefficient are 1.33% and 10.07%, respectively. These
data points include the data directly after the hot-patch which usually results in higher

CITOrS.

8.6. Application of the Model to Water

One of the major applications of IAFB models is the prediction of IAFB heat transfer
during a LOCA in a water-cooled nuclear reactor. Another application of the model is to
improve the prediction accuracy of the film boiling look-up table [FB-LUT (2004), El
Nakla et al. (2004)]. The look-up table approach is currently recognized by nuclear
industry as one of the most accurate prediction methods for a very wide range of flow

conditions.

The previous assessment of the model was against R-134a data. However, the new model
is intended to be applied to predict IAFB heat transfer for variety of fluids. To assess the
new model’s applicability to water, comparisons against measured wall temperatures in
water based on experiments by Fung (1981), Laperriere (1983) and Stewart (1981) have
been made. Figures 8.26 — 8.30 show comparison of the current model against (i)
measured wall temperatures, (ii) predictions of Analytis and Yadigaroglu (1987),
Cachard (1994) and Hammouda (1996), and (iii) the film boiling look-up table. The
figures cover the whole range of flow conditions of the data sets used in the comparison.
Note that the new model clearly outperforms the other models. In some cases the model
also outperforms the LUT for fully developed film boiling conditions, even though the
LUT has been optimized with experimental data!. The model predicts wall temperature
of water with an average error of -1.76% and an RMS error of 7.78% using 1938 data
points. Using the same data points, the average and RMS errors in predicting heat transfer

coefficient are 4.16% and 15.06%, respectively.

! The LUT was developed for fully developed film boiling conditions and therefore ignores entrance effects
or developing film boiling effects; therefore its agreement with the data at locations just downstream is
generally not satisfactory.
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Subcooled and low quality data cover limited ranges of applications. This makes it
difficult to give full assessment of the model prediction capabilities and parametric trends
against water data. Figures 8.31 — 8.33 show the new model’s prediction capability over a
very wide range of flow parameters for a water-cooled 8 mm ID tube. The intent of these
figures is to show that the model is capable of predicting the reasonable values over a
wide range of flow conditions, and that it does not “crash” at extreme conditions.
Generally the model predicts in the same manner as in R-134a. The small differences in
curve shapes between water and R134a are primarily due to different properties of the

two fluids.

Figure 8.30 shows that the model correctly predicts the heat flux and inlet subcooling
effects on heat transfer coefficient of water for a quite wide ranges of these flow
parameters. Figure 8.31 is an illustration of the range of pressure for which the model
predicts correct trend at low, moderate and high mass fluxes. As can be seen from the
figure, the predicted heat transfer coefficient increases with increasing pressure at all
mass fluxes. Also the figure shows the change in heat transfer regions (see Section 6.2)
on pressure and mass flux. Figure 8.33 shows the range of mass flux for which the model
is capable of predicting the correct trend at different pressures. It seems that the model is
not capable of predicting the correct trend of mass flux effect at atmospheric pressure and
for a mass flux higher than 6000 kgm?s™!. Other than that, the model appears to predict
the correct parametric effect of mass flux at all pressures from atmospheric to close to

critical pressure of water.
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Water
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Figure 8. 31 Model’s range of prediction to (a) heat flux and (b) inlet subcooling
effects on heat transfer coefficient for water as a coolant.
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CHAPTER 9 CONCLUSIONS AND FINAL REMARKS

9.1. Experimental Program

Measurements of wall temperature and calculations of heat transfer coefficients of
IAFB regime were obtained experimentally for a vertical up-flow in a circular
tube using R-134a as a coolant. A total of 10,260 data points were obtained from
which 6,862 data points with equilibrium quality of less than 0.1. Flow conditions
covered a pressure range of 640 to 2390 kPa (water equivalent range: 4000 to
14000 kPa), a mass flux range of 500 to 4000 kg m? s™ (water equivalent range:
700 to 5700 kg m™ sy and a post-CHF quality range of -0.49 to 1.0. The inlet
qualities for which IAFB measurements could be obtained were dependent on
mass flux and pressure and fell within the range of -0.75 to -0.03. The hot-patch

technique was used to obtain the subcooled film boiling measurements.

Four separate IAFB heat transfer regions were identified; their boundaries depend
on pressure, mass flux and quality. The general observed trend of heat transfer
coefficient vs. quality is that it decreases sharply just downstream of the dryout

location. The trend then varies with other flow parameters.

Effects of varying pressure, mass flux, heat flux and inlet subcooling on IAFB
heat transfer coefficient were investigated and compared to reported effects by
other investigators. Generally, the heat transfer coefficient increases with
increased pressure and mass flux. The heat flux shows a weak effect on the heat

transfer coefficient and inlet subcooling affects only the short region downstream

of the CHF location.
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9.2. Analytical Program

A one-dimensional, two-fluid model of IAFB has been developed to predict the
tube wall temperature of the IAFB regime.

The new model assumes turbulent flow of the vapor, while in the liquid core,
laminar flow has been assumed for Re < 2000 and turbulent flow otherwise. The
heat transfer from the wall to the vapor and from the vapor to the liquid interface
was modeled by modifying Kays and Crawford (1986) formulation and treating

the vapor as flowing between two parallel plates.

One of the key points of the new model is the formulation of the heat and
momentum transfers of the vapor-liquid interface and the liquid core, based on the

liquid velocity relative to the interface.

9.3. Assessment of the Results

Prediction capabilities of the model to wall temperature have been assessed
against R-134a data obtained in this study and water data of Laperriere (1981),
Stewart (1981) and Fung (1981). The model predicts wall temperature of R-134a
with an average error of -1.21 % and an RMS error of 6.37 %. The corresponding
average and RMS errors in model prediction of heat transfer coefficient are 1.33%
and 10.07%, respectively. Using water data, the model predicts wall temperature
with an average error of -1.76% and an RMS error of 7.78%. The corresponding
average and RMS errors in predicting heat transfer coefficient of water are 4.16%

and 15.06%, respectively.
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The new model’s prediction has been compared with other JAFB prediction
methods. The new model has shown superiority in prediction capabilities

covering a wide range of flow conditions.

Overall, the model correctly predicts the dependence of wall temperature and the
heat transfer coefficient on pressure, mass flux, heat flux and inlet subcooling for

the range of obtained experimental data during the course of this study.

9.4. Remarks

Friction factors appropriate for IAFB are scarce. The friction factors employed in
this work are simply the ones used in previous models. More reliable friction

factors are needed to improve the prediction accuracy of IAFB models.

The effect of the lateral oscillations of the liquid core might result in significant

heat transfer enhancement. This may create limitations in using Kays and

Crawford (1986) formulation.

The closure equations used in model derivation are used without including
enhancement factors. This created some discrepancies in model prediction just

downstream of the CHF location.

9.5. Contribution

The major contributions of this study can be summarized in two major points:

The experimental part of this thesis has helped in filling the gaps in IAFB
database between low-to-moderate and moderate-to-high pressures, and low-to-
moderate to high mass fluxes. These ranges of flow conditions are considered

important in performing safety analysis of nuclear power generation.
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e A new model that predicts wall temperature and heat transfer coefficient for this
range has been developed. The prediction accuracy of the new model is much
better than that of previous models and the new model covers a wider range of

conditions.

180



REFERENCES

Ahmad, S.Y., (1973), “Fluid-to-Fluid Modeling of Critical Heat Flux: A Compensated
Distortion Model”, Int. J. Heat Mass Transfer, Vol. 16, pp. 641-662.

Analytis, G.Th., and Yadigaroglu, G, (1987), “Analytical Modeling of Inverted Annular
Film Boiling”, Nuclear Engineering and Design, Vol. 99, pp. 201-212.

Andersen, J., (1976), “Low-Flow Film Boiling Heat Transfer on Vertical Surfaces”,
AJChE Symp. Ser., Vol. 73, pp. 2-6.

Andreani, M., and Yadigaroglu, G., (1994), “Prediction Methods for Dispersed Flow
Film Boiling”, Int. J. Multiphase Flow, Vol. 20, pp. 1-51.

Bailey, N.A., (1972), “The Interaction of Droplet and Forced Convection in Post Dryout
Heat Transfer at High Subcritical Pressures”, European Two-Phase Flow Group Meeting,

Rome.

Baum, A.J., Purcupile, J.C., and Dougall, R.S., (1978), “Transition and Film Boiling Heat

Transfer from Vertical Surfaces”, 6 Int. Heat Trans& Conf, Toronto.

Bennett, A.W., Hewitt, G.F., Kearsey, H.A., and Keeys, R.K.F., (1967), “Heat Transfer
to Steam Water Mixtures Flowing in Uniformly Heated Tubes in which the Critical Heat
Flux Has been Exceeded”, AERE-R-5373.

Bennett, A.W., Kearsey, H.A., and Keeys, R K.F., (1964), “Heat Transfer to Mixtures of
High Pressure Steam and Water in an Annulus”, Part VI, AERE-R-4352.

181



Berenson, P.J., (1961), “Film Boiling Heat Transfer from a Horizontal Surface”, J. of

Heat Transfer, Vol. 83, pp. 351-358.

Bertoletti, S., (1961), “Heat Transfer and Pressure Drop with Steam Water Spray”, CISE
R-36.

Bertoletti, S., Lombardi, G., and Silvestri, M., (1964), “Heat Transfer to Steam-Water
Mixtures”, CISE R-78.

Bishop, A.A., Efferding, L.E., and Tong, L.S., (1962), “A Review of Heat Transfer and
Fluid Flow of Water, in the Supercritical Region and During ‘Once-Thru’ Operation”,

WCAP-2040.

Bishop, A.A., Sandberg, R.O., and Tong, L.S., (1965), “Forced Convection Heat Transfer
at High Pressure After the Critical Heat Flux”, ASME-65-HT-31.

Bishop, A.A., Sandberg, R.O., and Tong, L.S., (1964), “High Temperature Supercritical

Pressure Water Loop. Part V: Forced Convection Heat Transfer to Water After the
Critical Heat Flux at High Supercritical Pressures”, WCAP-2056 (Pt. 5).

Brevi, R., Cumo, M., Palmieri, A., and Pitimada, D., (1969), “Heat Transfer Coefficient
in Post Dryout Two-Phase Mixtures”, European Two-Phase Group Meeting, Karlsruhe.

Bromley, L.A., (1952), “Effect of Heat Capacity on Condensate”, Ind. Eng. Chem., Vol.
44, pp. 2966-2969.

Bromley, L.A., (1950), “Heat Transfer in Stable Film Boiling”, Chem. Eng. Prog., Vol.
46, pp. 221-227.

182



Bromley, L.A., LeRoy, N.R., and Robbers, J.A., (1953), “Heat Transfer in Forced
Convective Film Boiling”, Ind. Eng. Chem., Vol 45, pp. 2639-2646.

Cachard, de F., (1994), “Development, Implementation and Assessment of Specific
Closure Laws for Inverted-Annular Film-Boiling in a Two-Fluid Model”, Paul Scherrer

Institute (PSI), Report 94-16.

Carey, V.P., (1992), LIQUID-VAPOR PHASE-CHANGE PHENOMENA, Hemisphere
Publishing Corporation, New York, NY.

Chan, K.C., and Yadigaroglu, G., (1980), “Calculations of Film Boiling Heat Transfer
Above the Quench Front During Reflooding”, Experimental and Analytical Modelling of
LWR Safety Experiment, ASME publication HID, Vol. 7.

Chen, Y., (1987), “Experimental Study of Inverted Annular Flow Film Boiling Heat
Transfer of Water”, In “Heat Tramfer Science and Technology”, 627-634, Eds: Wang, B.
-X, Hemisphere Pub. Co.

Chen, J.C., (1986), “A Short Review of Dispersed Flow Heat Transfer in post-Dryout
Boiling”, Nuclear Engineering Design, Vol. 95, pp. 375-383.

Chen, Y.Z., and Chen, H.Y., (1998), “A Tabular Method for Prediction of the Heat
Transfer During Saturated Film Boiling of Water in a Vertical Tube”, Proceedings, 11 th

International Heat Transfer Conference, Korea.

Chen Y., Xu H., and Chen, H., (1996), “Experimental Results of Steady-State Film
Boiling of Forced Flow Water”, China Institute of Atomic Energy, Beijing, China,
Presented at 2nd Research Co-ordinated Meeting of IAEA, CRP on Thermalhydraulic
Relationships for AWCR, Vienna.

183



Chen, Y., and Li, J., (1984), “Subcooled Flow Film Boiling of Water at Atmospheric
Pressure”, In "Two-Phase Flow and Heat Transfer”, 141-150, Eds: Chen, X -J., and
Veziroglu, T.N., N., Hemisphere Pub. Co.

Chen, Y., Fu, X., and Chen, S. P., (1988), “Experimental and Analytical Study of
Inverted Annular Film Boiling of Water”, in “Experimental Heat Transfer Fluid
Mechanics and Thermodynamics”, Elsevier Sci. Publ., pp. 1438-1443 (Shah, R. K. et al
eds.).

Chen, J.C., Morgan, C.D., and Sundaram, R.K., (1984), “A Correlation of Low Flow,
Low Pressure, and Low-to-Moderate Quality post-CHF Data. In First Int. Workshop on
Fundamental Aspects of Post-dryout Heat Transfer, 2-4 April, Salt Lake City, UT, U.S.A
NUREG/CP-0060.

Chen, J.C., Ozkaynak, F.T., and Sundaram, R.K., (1979), “Vapor Heat Transfer in the
Post-CHF Region Including the Effect of Thermodynamic Non-Equilibrium”, Nuclear
Engineering and Design, Vol. 51, pp. 143-155.

Chen, Y., Wang, J., Yang, M., and Fu, X,, (1989), “Experimental Measurement of the
Minimum Film Boiling Temperature of Flowing Water”, Multiphase Flow and Heat

Transfer, 2 Int. Symposium, Vol. 1, pp. 393-400.
Cheng, S.C., Lau, P.W.K,, and Poon, K.T., (1985), “Measurements of True Quench
Temperature of Subcooled Water under Forced Convective Conditions”, Int. J. Heat

Mass Transfer, Vol. 28, No. 1, pp. 235-243.

Chi, JW.H., (1967), “Slug Flow and Film Boiling of Hydrogen”, J. of Spacecraft and
Rockets, Vol. 4, pp. 1329-1332.

Chi, JW.H., (1966), “Forced Convection Boiling Heat Transfer to Hydrogen”, J
Spacecr. Rockets, Vol. 3, pp. 150.

184



Chi, JW.H., and Pierse, B.L., (1970), “An Experimental and Analytical Study of Film
Boiling Heat Transfer to Hydrogen”, AIAA Propulsion Joint Specialist Conf., 6", San
Diego.

Collier, J.G., (1980), CONVECTIVE BOILING AND CONDENSATION, pnd ed.,
McGraw-Hill, London.

Collier, J.G., (1962), “Heat Transfer and Fluid Dynamic Research as Applied to Fog-
Cooled Reactors”, AECL-1631

Collier, J.G., and Thome, JR., (1994), CONVECTIVE BOILING AND
CONDENSATION, 3" ed., Claredon Press, Oxford.

Cumo, M., and Urbani, G.C., (1974), “Post-Burnout Heat Transfer (Attainable Precision
Limits of the Measured Coefficient)”, CNEN/RT/ING(74)24.

Denham, M.K., (1984), “Inverted Annular Film Boiling and the Bromley Model”, IChE
Symp. Series 86, pp. 13-23.

Donevski, B., Chang, J.S., and Groeneveld, D.C., (1992), “Prediction Methods for
Interfacial Parameters Used in Inverted Annular Film Boiling”, Int. J Heal and

Technology, Vol. 10, No. 3.4, 43-70.

Dougall, R.S., and Rohsenow, W.M., (1963), “Film Boiling on the Inside of Vertical
Tubes with Upward Flow of the Fluid at Low Qualities”, MIT Report No. 9079-26.

El Nakla, M.A., Groeneveld, D.C., and Cheng, S.C., (2005), “Fluid-to-Fluid Modeling

for Film Boiling Heat Transfer at ACR Conditions”, Report No. UO-MCG-TH-2005-
002, 95 pages, prepared for AECL, March.

185



El Nakla, M.A., Cheng, S.C., and Groeneveld, D.C., (2004), “Improvements of
Prediction Accuracy, Parametric Trends and Smoothness of the Film Boiling Look-up
Tables at ACR Conditions of Interest”, ReportvNo. UO-MCG-TH-2004-001, 233 pages,
prepared for AECL, March.

Elias, E., and Chambre’, P., (1981), “Inverted-Annular Film Boiling Heat Transfer from
Vertical Surfaces”, Nucl. Engrg. Des., Vol. 64, pp. 249-257.

Ellion, M.E., (1954), “A Study of the Mechanism of Boiling Heat Transfer”, California
Institute of Technology, Report JPL-MEMO-20-88.

Era, A., Gaspari, G.P., Hassid, A., Milani, A., and Zavattarelli, R., (1967), “Heat Transfer
Data in the Liquid Deficient Region for Steam-Water Mixtures at 70 kg/cm® Flowing in
Tubular and Annular Conduits”, CISE R-184.

Fung, K.K, (1981), “Subcooled and Low Quality Film Boiling of Water in Vertical Flow
at Atmospheric Pressure”, Ph.D. Thesis, University of Ottawa, Ottawa, On., Canada.

Fung, K.K., Gardiner, SR.M., and Groeneveld, D.C., (1979), “Subcooled and Low
Quality Flow Film Boiling of Water at Atmospheric Pressure”, Nuclear Engineering and

Design, Vol. 55, pp. 51-57.

Groeneveld, D.C., (2002), Lecture Notes, Special Course “Two-Phase Heat Transfer”,
University of Ottawa, Ottawa, On., Canada.

Groeneveld, D.C., (1992), “Inverted Annular and Low Quality Film Boiling: a State-of-

the-Art Report”, Presented in "Post-Dryout Heat Transfer" Book edited by Hewitt, G.F.,
Delhaye, J.M., and Zither, N.

186



Groeneveld, D.C., (1984), “An Inverted Annular and Low Quality Film Boiling: A State-

of-Art Report”, Int. Workshop on Fundamental Aspects of PDO Heat Transfer, Salt Lake
City.

Groeneveld, D.C., (1973), “Forced Convective Heat Transfer to Superheated Steam in
Rod Bundle”, Atomic Energy of Canada Limited, Report AECL-4450, Chalk River, On.,

Canada.

Groeneveld, D.C., (1972), “The Thermal Behaviour of a Heated Surface and Beyond
Dryout”, Atomic Energy of Canada Limited, Report AECL-4309, Chalk River, On.,

Canada.

Groeneveld, D.C., (1969), “An Investigation of Heat Transfer in the Liquid Deficient
Regime”, AECL-3281.

Groeneveld, D.C., and Delorme, G.G.J., (1976), “Prediction of Thermal non-Equilibrium
in the post-Dryout Regime”, Nuclear Engineering and Design, Vol. 36, pp. 17-26.

Groeneveld, D.C., and Fung, K.K., (1976), “Forced Convective Transition Boiling:
Review of Literature and Comparison of Predictive Methods”, Atomic Energy of Canada
Limited, Report AECL-5543.

Groeneveld, D.C., and Gardiner, S.R.M., (1978), “A Method of Obtaining Flow Film
Boiling Data for Subcooled Water”, Int. J. Heat Mass Transfer, Vol. (21), pp. 664-665.

Groeneveld, D.C., and Gardiner, S.R.M., (1977), “Post-CHF Heat Transfer under Forced

Convective Conditions”, ASME Symposium on the Thermal and Hydraulic Aspects of
Nuclear Reactor Safety, Vol. 1, pp. 43-73, Eds: Jones, O.C. and Bankoff, S.G.

187



Groeneveld, D.C., and Snoek, C.W., (1986), “A Comprehensive Examination of Heat
Transfer Correlations Suitable for Reactor Safety Analysis”, in MULTIPHASE
SCIENCE AND TECHNOLOGY, Ch. 3, pp. 181-271 (Hewitt, G. F. et al eds.).

Groeneveld, D.C., Cheng, S.C., and Doan, T., (1986), “1986 AECL-UO Critical Heat
Flux Lookup Table”, Heat Transfer Engineering, Vol. 7, Nos. 1-2, pp. 46-62.

Groeneveld, D.C., Doerffer, S., Tain, R.M., Hammouda, N., and Cheng, S.C., (1997),
“Fluid-to-Fluid Modelling of the Critical Heat Flux and Post-Dryout Heat Transfer”,
Proceedings of Ex HFT-4, Brussels, Vol. 2, pp. 859-866, June 2-6.

Groeneveld, D.C., Leung, L.K.H., Vasic’, A.Z., Guo, Y.J., and Cheng, S.C., (2003), “A
Look-up Table for Fully Developed Film-Boiling Heat Transfer”, Nuclear Engineering
and Design, Vol. 225, pp. 83-97.

Hadaller, G., and Banerjee, S., (1969), “Heat Transfer to Superheated Steam in Round
Tubes”, Atomic Energy of Canada Limited, Internal Report WDI-147.

Hammouda, N., (1996), “Subcooled Film Boiling of Referigerants in Vertical up-Flow”,
Ph.D Thesis, University of Ottawa, Ottawa, Ontario, Canada.

Hammouda, N, Groeneveld, D.C., and Cheng, S.C., (1997), “Two-Fluid Modelling of
Inverted Annular Film Boiling”, Int. J. of Heat and Mass Transfer, Vol. 40, No. 11, pp.
2655-2670.

Hammouda, N, Groeneveld, D.C., and Cheng, S.C., (1996), “An Experimental Study of
Subcooled Film Boiling of Refrigerants in Vertical up-Flow”, Int. J. of Heat and Mass

Transfer, Vol. 39, No. 18, pp. 3799-3812.

Han, S.H., and Bankoff, S.G., (1982), “Film Boiling from a Vertical Jet of Fuel Entering
a Water Pool”, Nucl. Engrg. Des., Vol. 75, pp. 81-86.

188



Hein, D., and Kohler, W., (1984), “A Simple-to-Use post-Dryout Heat Transfer Model
Accounting for Thermal non-Equilibrium”, in First Int. Workshop on Fundamental

Aspects of Post-dryout Heat Transfer, 2-4 April, Salt Lake City, UT, U.S.A NUREG/CP-
0060.

Hench, J.E., (1964), “Forced Flow Transition Boiling Experiments in a Two Rod Test
Section at High Pressures”, ASME 64-WA/HT-44.

Herkenrath, H., Mork-Morkenstein, P., Jung, U., and Weckermann, F.J., (1967),

“Warmeubergang an Wasser bei Erzwungener Stromung im Druckbereich von 140 bis

250 bar”, EUR-3658d.

Huang, X.C., and Cheng, S.C., (1994), “Simple Method for Smoothing Multidimensional
Experimental Data with Application to the CHF and Postdryout Look-up Tables”,
Numerical Heat Transfer, Part B, Vol.26, No.4, pp. 425-438, December.

Hsu, Y.Y., and Westwater, J.W.; (1959), “Approximate Theory for Film Boiling on
Vertical Surfaces”, Chem. Engrg. Progress (Symposium), AIChE, Heat Transfer Conf.,
Storrs, Conn., Vol. 56, 15-24,

Hsu, C.C., Guo, Z.C., Yan, A., and Bi, HR., (1986), “Low Pressure and Subcooled
Water Flow Film Boiling Research by Visual Method”, 4™ Miami Int. Symp. On Multi-

Phase Transport and Particulate Phenomena, Miami Beach.

Ilogje, O.C., Plummer, D.N., Rohsenow, W.M., and Griffith, P., (1974), “A Study of
Wall Rewet and Heat Transfer in Dispersed Vertical Flow”, MIT Technical Report
72718-92.

Johannsen, K., (1988), “Low Quality Transition and Inverted Annular Flow Film Boiling
of Water: an Updated Review”, in EXPERIMENTAL HEAT TRANSFER, FLUID

189



MECHANICS AND THERMODYNAMICS, pp. 1416-1429, Eds: Shah, R. K., Ganic, E.
N. and Young, K. T., Elsevier Science Publishing Co.

Jones, O.C., Jr., and Zuber, N., (1977), “Post-CHF Heat Transfer: A non-Eequilibrium
Relaxation Model”, ASME 77-HT-79.

Kalinin, E.K., Balashov, G.I., Berlin, 1.I., Kostyuk, V.V, and Liventsov, V.M. (1977), “A
Mathematical Model of Heat Transfer for Forced-Convective Film Boiling”, J. of Engg.
Phys., Vol. 99, pp. 201-212.

Kalinin, E.K., Koshkin, V.K., Yarkho, S.R., Berlin, LI., Kochelaev, Y.S., Kostyuk, V.V.,
Korolev, A.L., and Sdobnov, G.N., (1970), “Investigation of Film Boiling in Tubes with

Subcooled Nitrogen Flow”, Fourth International Heat Transfer Conference, B4.5, Paris.

Kaufman, J.M., (1976), "Post Critical Heat Flux Heat Transfer to Water in a Vertical
Tube," M.Sc. Thesis, MIT.

Kawaji, M., and Banerjee, S., (1987), “Application of a Multifield Model to Reflooding
of a Hot Vertical Tube: Part 1 - Model Structure and Interfacial Phenomena”, J Heat
Transfer, Trans. ASME, Vol. 109, pp. 204-211.

Kays, W.M., and Crawford, M.E., (1980), CONVECTIVE HEAT AND MASS
TRANSFER, 2™ Edition, McGraw-Hill Book Co.

Kays, W.M., and Leung, E.Y., (1963), “Heat Transfer in Annular Passages-
Hydrodynamically Developed Turbulent Flow with Arbitrarily Prescribed Heat Flux”,
Int. J. Heat Mass Transfer, Vol. (6), pp. 537-557.

Keeys, R.K.F., Ralph, J.C., Roberts, D.N., (1971), “Post Burnout Heat Transfer in High

Pressure Steam-Water Mixtures in a Tube with Cosine Heat Flux Distribution”, AERE-
R-6411.

190



Kohler, W., and Hein, D., (1986), “Influence of the Wetting State of a Heated Surface on
Heat Transfer and Pressure Loss in an Evaporator Tube”, Report NUREG/IA-0003.

Kumamaru, H., Koizumi, Y., and Tasaka, K., (1987), “Investigation of pre- and PDO
Heat Transfer of Steam-Water Two-Phase Flow in a Rod Bundle”, Nuclear Engineering

and Design, Vol. 102, No. 1, pp. 71.

Laperriere, A., (1983), “An Analytical and Experimental Investigation of Forced
Convective Film Boiling”, M.A.Sc. Thesis, University of Ottawa, Ottawa, On., Canada.

Lee, D.H., (1970), “Studies of Heat Transfer and Pressure Drop Relevant to sub-Critical
Once-Through Evaporators”, JAEA Symp. On Progress in Sodium-Cooled Fast Reactor
Engineering, IAEA-SM-130/56, Monaco.

Lee, Y., and Kim, K.H., (1987), “Inverted Annular Flow Boiling”, Int. J. Multiphase
Flow, Vol. 13, pp. 345-355.

Leung, L.K.H., and Groeneveld, D.C., (1988), “Development of post-Dryout Look-up
Table for Loss-of-Regulation Accident Conditions”, RC-34 (also CANDEV-88-68).

Mattson, R.J., Condie, K.G., Bengston, S.J., and Obenchain, C.F., (1974), “Regression
Analysis of Post-CHF Flow Boiling Data”, Proc. 5" Int. Boiling Conf., Tokyo, Vol. 4,

B.3.8, pp. 115-119.

Mayinger, F., and Langer, R., (1978), “PDO Heat Transfer”, Proc. 6" Int. Heat Ti ransfer
Conf., Toronto, Vol. 6, pp. 181.

Miropolskiy, Z.L., (1963), “Heat Transfer in Film Boiling of a Steam Water Mixer in
Steam Generating Tubes”, Teploenergetika, Vol. 10, pp. 49-53.

191



Moose, R.A., and Ganic, E.N., (1982), “On the Calculation of Wall Temperatures in the
post Dryout Heat Transfer Region”, Int. J. Multiphase Flow, Vol. 8, No. 5, pp. 525-542.

Mosaad, M., and Johannsen, K., (1989), “Experimental Study of Steady-State Film
Boiling Heat Transfer of Subcooled Water Flowing Upwards in a Vertical Tube”,
Experimental Thermal and Fluid Science, Vol. 2, pp. 477-493.

Mosaad, M., and Johannsen, K., (1988), “Subcooled Film Boiling Heat Transfer to
Flowing Water in a Vertical Tube at Atmospheric Pressure”, Int. Symp. on Phase Change
Heat Transfer, Chong Qiung, China, May 20-23.

Plummer, D.N., Griffith, P., and Rohsenow, W.M., (1976), “Post-Critical Heat Transfer
to Flowing Liquid in a Vertical Tube”, 16" National Heat Transfer Conference,
76-CSME/ChE-13, St. Louis.

Polomik, E.E., (1967), “Transition Boiling Heat Transfer Program”, Final Summary
Report on Program for Feb/63-Oct/67», GEAP-5563.

Polomik, E.E., Levy, S., and Sawochka, S.G., (1961), “Heat Transfer Coefficients with
Annular Flow During Once Through Boiling of Water to 100 % Quality at 800, 1000,
and 1400 psi”, GEAP-3703.

Saha, P., (1980), “A Non-Equilibrium Heat Transfer Model for Dispersed Droplet
Post-Dryout Regime”, Int. J. Heat & Mass Transfer, Vol. 23, pp. 483-492.

Schmidt, K.R., (1960), “Thermodynamic Investigations of Highly L.oaded Boiler Heating
Surfaces”, AEC-TR-4033.

Sergeev, V.V., (2005), “One-Dimensional Model of Post-Dryout Heat Transfer”, The

11" International Topical Meeting on Nuclear Reactor Thermal-Hydraulics (NURETH-
11), paper # 196, Avignon, France, October 2-6.

192



Shah, M.M., (1980), “A General Predictive Technique for Heat Transfer During
Saturated Film Boiling in Tubes”, Heat Transfer Engineering, Vol. 2, pp. 51-62.

Shah, M.M., and Siddiqui, M.A., (2000), “A General Correlation for Heat Transfer
During Dispersed-Flow Film Boiling in Tubes”, Heat Transfer Engineering, Vol. 21, pp.
18-32.

Siegel, R., and Howell, JR., (1972), THERMAL RADIATION HEAT TRANSFER,
McGraw-Hill, New York.

Siviour, J.B., and Ede, A.J., (1970), “Heat Transfer in Subcooled Pool Film Boiling”
Fourth Int. Heat Transfer Conf., B3.12, Paris.

Slaughterbeck, D.C., Ybarrondo, L.J., and Obenchain, C.F., (1973), “Flow Film Boiling
Heat Transfer Correlations: A Parametric Study with Data Comparisons”, ASME 73-HT-
50.

Stewart, J.C., (1981), “Low Quality Film Boiling at Intermediate and Elevated
Pressures”, M.A.Sc. Thesis, University of Ottawa.

Stewart, J.C., and Groeneveld, D.C., (1982), “Low Quality and Subcooled Film Boiling
at Elevated Pressures”, Nuclear Engineering and Design, Vol. 67, pp. 259-272.

Swenson, H.S., Carver, J.R., and Szoeke, G., (1961), “The Effects of Nucleate Boiling
Versus Film Boiling on Heat Transfer in Power Boiler Tubes”, ASME 61-WA-201.

Takenaka, N., Fujii, T., Akagawa, K., and Nishida, K., (1989), “Flow Pattern Transition

and Heat Transfer of Inverted Annular Flow”, Int. J. Multiphase Flow, Vol. 15, pp. 767-
785.

193



Tong, L.S., (1965), BOILING HEAT TRANSFER AND TWO-PHASE FLOW, John
Wiley and Sons.

Tong, L.S., and Young, J.D., (1974), "A Phenomenological Transition and Film Boiling
Heat Transfer Correlation," Fifth Int. Heat Transfer Conf., Vol. IV, B3.9, Tokyo.

Varone, A.F., and Rohsenow, W.M., (1984), “Post-Dryout Heat Transfer Prediction”, in
First Int. Workshop on Fundamental Aspects of post-Dryout Heat Transfer, 2-4 April,
Salt Lake City, UT, U.S.A NUREG/CP-0060.

Wang, B.X., and Shi, D.H., (1984), “A Semi-Empirical Theory for Forced-Flow
Turbulent Film Boiling of Subcooled Liquid Along a Horizontal Plate”, Int. J. Heat Mass
Transfer, Vol. 28, pp. 1499-1505.

Wang, B.X., Lin, Z.Z., Peng, X.E., and Yuan, H.J., (1988), “Experimental Study of
Steady Turbulent Flow Film Boiling of Subcooled Liquid R 11 Flowing Upward in a
Vertical Circular Tube”, Sci. Sinica, Vol. 31.

Webb, S.W., and Chen, J.C., (1984), “A Two-Region Vapor Generation Rate Model for
Convective Film Boiling”, in First Int. Workshop on Fundamental Aspects of Post-dryout
Heat Transfer, 2-4 April, Salt Lake City, UT, U.S.A NUREG/CP-0060.

Webb, S.W., Chen, J.C., and Sundaram, R.K., (1982), “Vapor Generation Rate in non-
Equilibrium Convective Film Boiling”, 7th Int. Heat Transfer Conf., Munich, Germany.

Yan, D. M., (1987), “Subcooled Forced Convection Film Boiling Heat Transfer”, In
Book: HEAT TRANSFER SCIENCE AND TECHNOLOGY, Hemisphere, Washington.

Yoder, G.L., and Rohsenow, W.M., (1983), “A Solution for Dispersed Flow Heat
Transfer Using Equilibrium Fluid Conditions”, J. Heat Transfer, Vol. 105, pp. 10-17.

194



APPENDIX-A

CALCULATING INSIDE WALL TEMPERATURE

195



The inside wall temperature is calculated using the measured outside wall temperature
and the heat conduction equation with heat generation in the tube wall. By neglecting the

axial heat conduction, the steady-state heat conduction equation with heat generation for
the tube wall is

2 "
ar® r dr k

where ¢" is the heat generated per unit volume (Wm™). The temperature distribution in

the tube wall is obtained by double integration of equation (A.1). this will yield,

2 _m

4k

T=-

+c lnr+c, (A2)

To solve for coefficients ¢, and c,, the following boundary conditions are used:

Atr:ru, T:n:and_kgz =q1’:)ss
dr |-,

atr=r, =T,

where

r, = inside tube radius

~
il

= outside tube radius

T, = inside wall temperature
T, = outside wall temperature
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Substituting the boundary conditions and into Equation (A.2) and solving for the

coefficients ¢, and c,, it produces

m_ 2

- qr, — 2ql’:)ssro
2k

1

m,,2 4 w2
r 2 -q"r
cz — To + q o + qloss 0 q 7] ln "(,

4k 2k

”
loss 2

In this analysis, the heat loss from the wall to atmosphere, g, ., is neglected as was

described in Section 5.6.1. It follows that the inside wall temperature is

m_ 2 "
T =T, -Llmb (-2} (A.3)
2k 7 4k

i

In Equation (A.3), the heat generation is calculated as

2q'r,

2 2
(ro - ri )

mo_

(A.4)

The tube wall thermal conductivity, &, , of Inconel 600 is evaluated from the curve fit of

manufacturer’s data;

, =11.4601+0.0165946T, (A.S)
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B.1. Quality Assurance

B.1.1. Leakage detection

Leakage detection is performed by filling the whole test loop with nitrogen at 400 psi. All
of the potential leaking sites are checked using soap-water solution. The system is
considered as leak-proof if the pressure change is less than 4 psi after 24 hours of

nitrogen inside the testing facility.
B.1.2. Transient temperature test

This procedure is employed to check the response of thermocouples by quickly turning
on and off the power supply to the test section. The response speed of all of the

thermocouples installed on the test section is found acceptable.
B.1.3. Calibration of pressure

Pressure calibration is performed while the loop is filled with nitrogen. The reading of

pressure gauge mounted on the bottom of the test section, p,,,.,, is treated as a standard.

The values of the inlet and outlet pressures indicated by the data acquisition system
(DAS) are recorded and compared with the values of the pressure gauge. The results are
showed in Figure B.1. The discrepancies between the reading from the pressure gauge

and the inlet and outlet pressures are less than 0.5%.
B.1.4. Calibration of voltage and current

Values of voltage and current indicated in DAS are compared with the readings of
voltmeter and ammeter mounted on the power supply. The results are shown in Figures

B.2 and B.3. Very good agreement is found in the results of voltage and current
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calibration. The differences between the voltages and the currents are within 0.35% and

0.1%, respectively.
B.1.5. Calibration of RTDs and thermocouples

RTDs and thermocouples for measuring inlet fluid temperature are calibrated by means
of comparison with a standard mercury thermometer. The calibration results are shown in
Figures B.4. The discrepancies between the mercury thermometer and the RTDs and

thermocouples were within 0.7% and 2%, respectively.

B.2. Analysis of Measurement Uncertainties

B.2.1. General
When uncertainties, U,, are introduced by K different components or steps,v, of the

measuring process (for example by calibration, data acquisition or data processing), the

total uncertainty is determined as

U

0 o
v k=1 V /i

The uncertainty in a calculated result is a function of the uncertainty in each of the

individual measurements used in calculating that result. Assuming a result, R, is a

function of a number of independent variable, v,,v,,....,v, , then

R=fv,v,...v,)
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The uncertainty on the result, U, , becomes
5 2 2 2
R OR
U= | B v o] By s o Ry (B.2)
avl avZ avn

where U,,U,,...,U, are the corresponding uncertainties of the v,,v,,...,v,. The

n

(6R/8vl.) is the sensitivity coefficient. This type of uncertainty is called “combined

standard uncertainty”. Each variable's contribution is just the square of the associated
uncertainty expressed as a standard deviation multiplied by the square of the relevant

sensitivity coefficient. Equation (B.2) can be re-written in non-dimensional form as

) 2 2
n . U
_(i&zz wOoR | |U, (B.3)
R*> T R ov, v,

The uncertainties in directly measured variables assessed by Equation (B.1) are shown in
Table B.1. The evaluation for the uncertainties in calculated results are described below

in details.
B.2.2. Uncertainty in mass flux

The mass flux is calculated as follows:

4m
D*rx

G =

The uncertainty is given by
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which ranged from 0.015 - 0.0127 in this experiment (G = 2826 — 4648 kg m-2 s-1) .

B.2.3. Uncertainty in power

The power is calculated as follows:
Power =U x 1

The uncertainty is given by

2 2
UPower — \/[ UU ] + (_({_1_]
Power U I
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Fluid-to-Fluid Modeling Techniques Used to Calculate

Equivalent Flow Conditions

C.1. Introduction

Fluid-to-fluid modeling is a technique to model a thermalhydraulic phenomenon in a
working fluid (usually water) by using a modeling fluid (usually a member of the Freon
family). Fluid-to-fluid modeling uses dimensional analysis (or what is known as
Buckingham Pi theory). In this approach, non-dimensional groups are formed from the
independent and dependent variables of the process. Two different processes are assumed
to be scaled if the values of the dimensionless groups are equal for both processes. This
method has proven to be very useful for discovering the important non-dimensional
groups that should be used as the basis for correlating empirical information, e.g. friction
factors and heat transfer coefficients. The method of dimensional analysis is applied

successfully to model the critical heat flux phenomenon [e.g. Ahmad (1973)].

Fluid-to-fluid modeling techniques for film boiling are not well established. This
introduces considerable difficulties in designing simulation experiments for instance for
the case where film boiling heat transfer occurs. Unlike for the case of CHF, scaling laws
which consider thermodynamic equilibrium, film boiling is more difficult to model and
less predictable. This can be attributed to many reasons such as the involvement of

radiation heat transfer, existence of non-equilibrium thermodynamics, etc.
In a first attempt to model film boiling phenomenon, Groeneveld et al. (1997) suggested

using dimensionless groups similar to those used to model CHF. A more thorough study

on fluid-to-fluid modeling of film boiling heat transfer was performed by El Nakla et al.
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(2005). They showed that dimensional analysis can successfully be applied to model film

boiling heat transfer.

C.2. General Description

The derivation of fluid to fluid modeling scheme is explained in detail by El Nakla et al.
(2005). It starts with selecting the parameters that are important in representing the film
boiling heat transfer phenomena. The wall superheat can be expressed as a function of the

following parameters

AT = flg,p,,p,,G,AH, H 1, D,k, ) (C.1)
where

AT =T, -T_,
and

All=H-H,

Performing dimensional analysis to Equation (C.1) yields

ATk, .p:D’ p..D’
¢Pe :f[qu PI Re.x (C.2)

Mg Hy Py

Equation (C.2) can further be simplified to
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ATk, .p? | 0
____é'z_oi: f[ﬂf_,Re,%);i,x] (C3)
Heg Pg

Table C.1 summarizes the equations used to model each flow parameter.

C.3. Assessment of Proposed Fluid-to-Fluid Modeling Relationship
against the Film Boiling Look-up Table

The film boiling look-up table [El Nakla et al. (2004)] was used to assess the proposed
fluid-to-fluid relationships [Equation (C.3)] using 4968 fully developed film boiling data
points of R-134a. The film boiling look-up table is for an 8 mm tube diameter. To
account for the differences in diameters of R-134a experimental data and the look-up

table diameter, a correction factor was used as follows:

-0.2
D
10,0 =[———D“” j .. (C4)

equiv

After applying Equation (C.3), the equivalent heat transfer coefficients of all data used in
the assessment were predicted with an average and RMS errors of 1.55% and 17.22%,
respectively, compared to the film boiling look-up table. These errors include the
uncertainty of the fluid-to-fluid modeling technique, the film boiling look-up table, the
Freon data and the thermophysical properties. The equivalent heat transfer coefficient is
compared to the look-up table in Figure C.1. The figure shows converted R-134a data
from different data sets and for different flow conditions. Reasonable agreement between

equivalent heat transfer coefficient and look-up table values is observed in the figure.
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Table C.1 Summary of parameters used in fluid-to-fluid modeling

Parameter  |Dimensionless ratio Modeling Equation
Modeling p) P Pressure is modeled by iteration
Pressure 7 | L

pg equiv pg R
Modeling
Mass Flux 92] = G_D. - Re G - R.e 8 )pzpeqm'v

equiv. R

/Jg equiv 'ug R equiv
Modeling 2 2 2 3
Heat Flux q.ng =(q'ng g =[q-pgj G_J

3 3 equiv 3 2

G equiv G R G R pg equiv
Modeli = —
Ql(l)al?t;’ng (x)equiv - (x)R (x)equiv - (x)R
Modeling 2 2 2 2
Wall ATk, .p, _ AT k,.p, _ ATk, .p, u,G
Temperature G2 - G2 TW’E‘]“[V - GZ k 2 + Tsat,equi

P 'ug equiv /lg 1 'ug gpg equiy

Modelin — —
Tube & Dequiv - DR equiv_ "R
Diameter
Heat 9 oquiv
Transfer P =~
Coefficient AT, W .equiv
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Figure C.1 Equivalent heat transfer coefficients compared to the film-boiling look-
up values at different flow conditions and from different data sets.
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APPENDIX-D

EXPERIMENTAL DATA
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The experimental data are listed, respectively, by column as in the following table:

Symbol Meaning Unit
Run Serial number of run -

p Pressure at test section outlet kPa
Ap Pressure drop kPa

m Mass flowrate kgs™!
G Mass flux kgm™s™
power Power supplied to test section kW

q” Wall heat flux KWm™
hp-power Hot-patch power kW
Tia Inlet temperature to the test section °C

Xin Inlet quality to the test section -

XDO Quality at CHF location -

Thp Hot-patch block temperature °C

For the effect of hot-patch data, the same symbols are used except for the column labelled

“Run”. This is replaced with “Time” measured in seconds from the time the hot-patch

power is switched off.
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