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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 kgnfV1 (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 

coefficients of 4.16% and 15.06%, respectively. 
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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. 
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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 coefficient. 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: 

• 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 

2 



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" s"). 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. 

3 



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 

superheat,(Tw -Tsat) 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. Transition 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 
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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 encountered 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 (IAFB) 

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)]. 
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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: 

1. convective heat transfer from the wall to the vapor, 

2. convection heat transfer from the vapor to the droplets, 

3. direct contact wall-to-droplet heat transfer, 

4. radiative heat transfer from the wall to the droplets, 

5. radiative heat transfer from the wall to the vapor, and 

6. 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)] 

V CHF *sat)~ IcHF I "NB (2.1) 

and 

V MFB * sat) ~ iMFB I ™FB (2.2) 

where qCHF, hNB, TMFB and hFB 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) 

<1TB = INB e x P 

,2/3 

•0.001-
(dx/dz) 

(T -T \\(uooo2ss(T»-T^y 
V w *• sat J \ 

55.6 
(2.3) 
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In Equation (2.3), qm is the nucleate boiling heat flux or the measured total heat flux 

based on the instantaneous local conditions in Wm"2 and (Tw -Tsat) 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<1.45, and 0<(Tw-Tsat)<l49K 

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 qCHF and also ATCHF 

but the conditions at the minimum point are still subject to a large degree of uncertainty. 

Iloeje 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: 

^HCHFI^TB) = ln(Arra/Arc/ /F) 

^CHF/IMFE) ^(ATMFB/ATCHF) 

15 



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 

TMFB\C =284.7 + 0.0441 - 3 . 7 2 x l ( T V = L - ^ (2.5a) 
UFBX ' V 2.82 + 0.00122/? ^ ' 

for x > 0 and p < 9MPa 

^ F S ( ° C ) = 2 8 4 . 7 + 0 . 0 4 4 1 / > - 3 . 7 2 X 1 0 - V (2.5b) 

and for p > 9MPa 

TMFB (° C) = (ATMFB ,9MPa{^-^) + Tsat (2.5c) 
V Peru ~ y J 

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 
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TMFB (° C) = 169.66 + 0.1050 p + 0.1444G + 3.0347 bT^ (2.6) 

where ATsuh 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: 

TMFB(°C)= 363.6 + 38.371;?+ 0.02844/?- 3.86 x\0'6 p2 + AAT^ (2.7) 

^%,A7
nL f o r A 7 ^°' a n d A = 0 f o r A T ^ < 0 

3.3 + 0.0013/? 

The correlation was derived for the following flow conditions: 

• p=115to6050kPa 

• G = 53tol209kgm"V 

• x = -0.055 to +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: 

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

• 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) 
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• Correlations that consider the physical mechanisms and account for 

thermodynamic non-equilibrium (actual vapor temperature and actual quality) 

• 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: 

hc=A 
sK PV(P, - PV)H lfg 

+ Kad (2-8) 
Mv{

Tw-T
saMc 

where Xc is the minimum wavelength for Taylor instability, and A 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). 
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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 = 
pXPf-Pv)sH'fgkl 

1/4 

(2.9a) 

where 

H'fg 
H, 1 + 

3 ^PvVw *sat) 

H fg 

(2.9b) 

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 = aRebPvc 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-l 13 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 

Kalinin et al. (1970) 

Groeneveld (1972) 

Kaufman (1976) 

Chan and 
Yadigaroglu(1980) 

Fung (1981) 

Elias and Chambre' 
(1981) 

Han and Bankoff 
(1982) 

Kawaji and Banerji 
(1987) 

Laperriere (1983) 

Hsu et al. (1986) 

Wang and Shi (1984) 

Assumptions 

1 v t sal 

At dryout uv = u, 

T, = kSv(uv -u,f 

T,=TV= r„, 

/ =0.005(l + 300^/£>) 

r, = 0 

H;g=Hfg+0.34CP,v(Tv-Tsal) 

u,=u, 

Vapor entirely generated at the 
quench front. Constant vapor 

film thickness. 

T, iTsanTw = const. 

r, according to Barathan 

(1979) 

Laminar flow in core 

ut = u, 

rv = (r.+rJ/2 
u, = (M„ +u,)l2 

Turbulent flow in both vapor 
and liquid core 

u, =u, =uv at interface 

flow field is divided into two 
regions: 

- region \:S = constant and 
interface is slightly 

subcooled 
- region II: S = / (z ) and 

interface is at saturation 

Similarity to single-phase 
turbulent boundary layer flow 

is assumed. 
it, = const. 

uv~{\IS)xn 

Heat flux components 
M / w = / ( R e v , P r v , 7 ; / 7 ; J 

Ar«,7=/(Re„Pr„z/£»,) 

Nu„=aReb
vPr;(Mv/Mwyc, 

Cr = enhancement in hm due to liquid-wall 

interactions and turbulence in vapor film 

Re„ < 100: Num = 1, else Nu„ = /(Re, Pr) 

Rev < 2000: Nu„ = 3.66, else Nu„ = /(Re, Pr) 

qwi = conduction across laminar vapor film 

Nuu = 0.023 Re,08 Pr,°4 C, C = 1.5 - 2.0 

q„ = keffdTtl'dr,kejr includes eddy diffusivity 

<?»,,„, = 1rad,w~i + 1*-i 

Pev s vapor Peclet number. 

qu s heat flux from boundary layer in the liquid at 

the interface. 

qwl s conduction across laminar sublayer 

qa use one-seventh power law in liquid core 

qu from thermal entry problem in laminar flow 

qm and qvi from formulation of convection 

between parallel plates. 

Nu„,Nuvl and Nult all have the form of 

Nu = aRebPrcf 

Iwi - KdT/dr ; qn = k,dT 1 dr 

kr = f\kvL, uv, pv, CP J in region I 

v v.regionll + f(T,a„T„Ki.) in region II 

k, = f{kiL,S,u„CPj) 

kvL = vapor thermal conductivity in laminar flow 

klL 3 liquid thermal conductivity in laminar flow 

Iwjoi ' s by using Karman's theory. 

qy = heat flux to evaporate the liquid 

9^, = 4T*-T„,\A = f{rw,?Tv,u) 

q„=f{u„S,Hfg) 

In ~ keffdT^dr^ejy includes eddy diffusivity 

Comments 
Model was 

compared to 
nitrogen data 

Model permits 
entrained vapor in 

liquid core. 
Compared to Freon 

data 
Interfacial heat 

transfer and 
frictional 

enhancement by 
factor 1 + 300S/D 

Vapor entrained in 
liquid core 

Compared well with 
Fung's low pressure 

data. 
8S„ = laminar vapor 

film or thermal 
sublayer thickness 

Model is restricted 
to the entrance 

subcooled region. 
Compared to Fung's 

data 

Entrained droplets in 
vapor phase 

Stability analysis 
predicts transition to 

slug or dispersed 
flow film boiling. 

/ : the heat transfer 
enhancement factor. 
Results compared to 
Stewart's (1981) and 
Laperriere's (1983) 

data. 

Model is two-
dimensional, two-

region and two-fluid 
model. Compared to 

Stewart's (1981) 
data 

Model valid for 
turbulent flow on 
horizontal plate. 

Compared to water 
data. 
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Table 2.2 (concluded) 
Reference 

Denham (1984) 

Yan (1987) 

Analytis and 
Yadigaroglu(1987) 

Wang et al. (1988) 

Chen et al. (1988) 

Cachard (1994) 

Hammouda(1996) 

Assumptions 

7-v = (r.+rJ/2 

Laminar flow in vapor film 

Tw = const. 

two boundary conditions for 
interface are considered: 

r, = 0 or u, = u, 

turbulent flow in vapor film 

*,
(=0,r„=<yO>,-pv)g 

In core both laminar and 
turbulent flow are considered 

",„/„ = "; = const. 

Sx -bx" 

no vapor superheat 

Tv = (Tw+Th)/2 

Tb s bulk liquid temperature 

Uniform liquid velocity 

r 1 1 ("»-",•) 
«•„=/»• A " , ", 

2 

u, =«, 

Heat flux components 
gw,=kv(Tw~Tj/S 

9„=k,{T„, -T,)f(u„uQ,Fo) 

k-k M/ '"* 
Nulam 

<l»Jot=Cln>d.«-l+<l»-4 

q„ = h(T,-TM) 

Re, < 2200;/; = / (Re„Pr ; s O,) 

Re, >2200;6 = /(Re„Pr,) 

<3wi = P£p,XK+£v)dTldy 

Re, < 2000;A, = 3.66k,F/(R - S) 

Re, > 2000; A, =/(Re,Pr)F 

F = l + 1.4/?/z 

? m and #„, from formulation of convection 

between parallel plates. 

<jrv s heat flux to evaporate the liquid 

q.„=0.<mp,CP,(T„-Tm)f(ul,S) 

qv={dSldx)f{fIrt,u„d) 

9ii=PiCPjeMldTi/dr 

eu = turbulent diffusivity of momentum 

exchange. 

</„ s heat flux to evaporate the liquid 

g„=H,g/(2m;)dr/dz 

r s vapor flow rate 

<7» = Pj~p v(£v + <xvpT 1 dr 

q„ = PiCPI(e, + a,)dT/dr 

e, = 0.05t/,<? 

Re, < 2000; h,=3.66k,F /(R - S) 

\u, -w,|Pr,2/3 

T -T 

Tm-T, 

T,-TM 

q"=q-T.-T. 

Comments 

8 from Bromley's 
laminar flow theory. 

F0 = Fourier factor 

Model is applicable 
to laminar and 
turbulent flow. 

Compared to water 
data 

Interfacial heat 
transfer and friction 
enhancement factor 

1 + 300S/D 
(for more details see 

Table 7.1) 

Model is restricted to 
liquid flowing with 

high velocity. 
Compared to Rll 

data and Dougall and 
Rhosenow(1963) 

data 

Model was compared 
to water data 

Model was compared 
to low pressure and 
low flow water data 
(for more details see 

Table 7.1) 

Model was compared 
to Freon and water 

data 
(for more details see 

Table 7.1) 
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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, 

JV« = — = 0.023Re°-8PrM (2.11) 

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 

u = 
Q,+Qv (2.12) 

where Qi is the average volumetric flow rate of liquid, Qv is the average volumetric flow 

rate of vapor, and A 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 

HD 
Nu = — = 0.023 

GD V 
x+—(x-i) 

pf 

V 
Pr 0.4 (2.13) 

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 

r H 
Is. = *__ (2.14) 
Xeq Hv - Hf 

Thermal non-equilibrium can also be expressed by the bulk vapor superheat or Tv-Tsat. 

If the vapor temperature is known, the wall heat flux is calculated from 
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qw = KT*-Tv) (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 xa 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 

qD 

(T -T ) 
Vw M g,a ) 

• a\ 

fGD^ 

\Vkj 
x„+-

Pf 
- ( * . - ! ) Pr fg e+ f— 

L 
(2.16a) 

where 

x„ = 
Hfg*e 

HV{PJV)-H/ 
(2.16b) 

Hv(p,Tv)-Hv(p,Tsal) 

H 
exp(- tan^) , 

fg 

(2.16c) 
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^ = a1Prfl2Re£ 1 g horn 

( Y-

\kgHfg J 
tfii<> 
i=0 

(2.16d) 

if y/ < 0 then ^ = 0, if y/ > njl then y/ = ;r/2, 

and, 

Re 
fGD^f ^ 

hom 
V f*v,eq J 

(2.16e) 

(0<x/ = xe?< 1) 

For flows in tubes, the constants in Equation (2.16) are given as 

a, =0.13864, a, = 0.203 l,a3 =0.20006, and a, =-0.09232 

and, 

b0 =1.3072,6, = -1.0833, and b2 =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. 

• 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 xeq, p, G, and Tw or qw. 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). 

• 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 F, 

dx r 
-5£s_ = _L_ (2.17) 
dxeg Teq 

where Teq = Aq /(DHfg) 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 T. 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: 

• constructing a skeleton table 

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

experimental post-dryout heat transfer coefficient 
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• 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: 

hable=MaX\ 

\ 

hmode„ 4 .3636^ (2.18) 

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

T *w -bulk (2.19) 

where 

Tbulk = Tsat for x < 1, and 

Tbuik =Tv f o r *>!• 

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 

k g . m ' V ; x = -0.2 to 2.0; ATW = 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 IAFB 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 etal. (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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Figure 3.1 Schematic diagram of the indirectly heated hot-patch technique. 
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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°67. 

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-l 13, mass flux effect on heat transfer coefficient is stronger when G > 320 kgm" 

V1 . For G < 210 kgm'V1, 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: 

• as the heat flux increases, the vapor layer thickness increases, and since 

conduction is the dominant heat transfer mode, the heat transfer coefficient drops. 

• 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: 

• 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 

• 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 

• 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 q"/(Tw -Tsat)] 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 5 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"1). 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. 
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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: 

• Control temperatures (inlet and outlet of pump, inlet and outlet of test section, 

etc.). 

• Control loop pressure. 

• Control flow rate in the test loop. 

• Control the flow rate in the heat exchangers. 
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Figure 5. 2 Test section and thermocouple locations. 
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SECTION AA 

SECTION BB 

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"1. 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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• 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. Lab VIEW (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: 

• Establish the flow conditions at the test section inlet. 

• 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. 

• 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. 

• 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. 

• 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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• 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. 

67 



T
ab

le
 5

.1
 T

es
t 

m
at

ri
x 

of
 t

he
 e

xp
er

im
en

ta
l 

w
or

k 

P
re

ss
ur

e,
 p

 
(k

P
a)

 

63
5 

79
3 

96
1 

13
07

 

16
67

 

20
32

 

23
90

 

W
at

er
 e

qu
iv

al
en

t 
pr

es
su

re
*,

 p
eq

ui
v 

(k
P

a)
 

40
00

 

50
00

 

60
00

 

80
00

 

10
00

0 

12
00

0 

14
00

0 

M
as

s 
fl

ux
, 

G
 

(k
gm

-V
1) 

50
0 

to
 4

00
0 

50
0 

to
 4

00
0 

50
0 

to
 4

00
0 

50
0 

to
 4

00
0 

50
0 

to
 4

00
0 

50
0 

to
 4

00
0 

50
0 

to
 4

00
0 

R
an

ge
 o

f 
in

le
t 

qu
al

it
y,

 x
in

 

(-
) 

-0
.1

3 
to

 -
0.

03
 

-0
.2

0 
to

 -
0.

03
 

-0
.2

9 
to

 -
0.

03
 

-0
.3

8 
to

 -
0.

03
 

-0
.3

8 
to

 -
0.

03
 

-0
.4

7 
to

 -
0.

03
 

-0
.7

5 
to

 -
0.

03
 

*E
qu

iv
al

en
t p

re
ss

ur
e 

is
 b

as
ed

 o
n 

eq
ua

l 
de

ns
ity

 r
at

io
 o

f 
bo

th
 w

at
er

 a
nd

 R
-1

34
a.

 68
 



0.
05

 

0.
04

 

| 
0.

03
 

t/
5 

C
O

 I 
0.0

2 

0.
01

 

0.
00

 

50
 

10
0 

15
0 

O
ut

si
de

 w
al

l 
te

m
pe

ra
tu

re
 (

°C
) 

20
0 

Fi
gu

re
 5

. 4
 H

ea
t l

os
s 

te
st

 r
es

ul
ts

. 

69
 



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 = — ^ — (5.1) 
T -T 

w sat 

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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(b) 

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 kgm" s" . 

For CHF quality of -0.095, the CHF look-up table gives the CHF value of around 

4580 kWm'2 (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"2. 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'V). 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 kgrrfV1 to 2000 kgm'V1, region II starts to 

become less pronounced and, with further decrease to 1000 kgm'V1, 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 III 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: 

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

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

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

• 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: 

• The flow is one-dimensional incompressible for both vapor and liquid phases. 

• The mean flow is steady. 

• The interface is always assumed to be at the saturation temperature 
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• 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. 

• At any cross-section along the heated length, vapor, interface and liquid exist at 

the same pressure. 

• 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). 

• 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 IAF 

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. 

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

• The heat transfer coefficient between wall and vapor is equal to that between 

vapor and interface. 

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

• There is no effect of liquid core oscillation perpendicular to the flow on heat 

transfer [Baum et al. (1978)]. 

• 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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I . dm, A 

I ml H Az 
dz 

mv H -Az 
dz 

liquid 

m, 

vapor 

/ 

m„ 

Control Volume 
(C.V.) 

Figure 7.1 Control volume for deriving conservation of mass equations for the new 
IAFB model. 
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f 4m, ^ 
\ dz j 

dm, . . . . m, H -Az -m,=-Amev ('•!) 

But 

m, = plulAl (7.2) 

Then 

- h « ^ ] A z = -A»in (7.3) 
oz 

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

occupied by the vapor phase, or 

A A 

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

liquid phase becomes 

^-[(l-a)A«/] = - I (7.5) 
dz A 
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where T-Amev/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 

drhv 

mv H - A z 
dz 

\ 
-mv = Amev (7.6) 

which is simplified to: 

— [apvuv] = — (7.7) 
dz A 

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, 

-r[alp,ul]+ — [ccvpvuv] = 0 (7.8) 
dz dz 

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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mlul + 
dim,!*,) 

Az 
dz 

P,A, + «^>te 
dz 

, d(mvuv) mvuv + Az 

dz 

dz 

Az 

liquid vapor 

mlul 

Pi A 

m u 

pvA 

Control Volume 
(C.V.) 

Figure 7. 2 Control volume for deriving conservation of momentum equations for 
the new IAFB model. 
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p,Al+^Az 
dz 

dA, 
+ plAl +Pi—-Az - p,gA,Az + TlPiAz — TUjAz •• 

dz 

m,ul + 
drhjiti 

>\ 
Az 

dz j 

(7.9) 

or 

dp. A, dA, dm,u, . _ _ 
' • + Pi—

L L± = plgAl-rlPl+Tut dz dz dz 
(7.10) 

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 

dz 

dA 
+ pvAv+pl—^Az-pvgAvAz-TiPiAz-TwPwAz + TulAz 

dz 
dm u ^ 

mvuv+—^Az 

(7.11) 

dz -mvuv 
J 

or 

dp A dAv dmvuv . n n „ 
•+ ;> /— — = PviA + rfi + TWPW - Tut dz dz dz 

(7.12) 
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7.3.3. Conservation of energy 

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

dim^i) 
mlel -\—x ' '•'• Az 

dz 
-m^^q'^Az-Am^e, (7.13) 

or 

d{mle^) 

dz 
•I'lh-Te, (7.14) 

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

as 

ek = Hk + —- + gz, k = lovv 
2 

(7.15) 

and 

e, =Hki+-L- + gz, 
2 

k = I or v (7.16) 

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'lh, 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 

102 



Az 

difhfi^) 
mlel + " ' Az 

dz 
mvev + 

d(mvev) 
Az 

dz Control Volume 
(C.V.) 

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 

^fe^-^+r., (7.17) 
dz 

where q'vh 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 

m ^ + ( l - ^ ^ + ( l - a ) A ^ = - I (7.18) 
ctz ctz ctz J\. 

and 

da dpv duv r ,_, ns 
pvuv-— + auv-^ + apv-f- = - (7.19) 

dz dz dz A 

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 

dec /, \ du, T 
•p, u, — + (1 - a)p, —*- = — (7.20) 

dz dz A 

and 

da duv T n o n 

p*uv-r + aPv—r = — (7-21) 
dz dz A 

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, pv, 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 

dA(l-a)p +pdA(l-a) = _A{l_a)dp ( ? 2 2 ) 

dz dz dz 

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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dm,u, _, ./. \ du, l-± = rul-A(\-a)plul—t (723) 
dz dz 

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

• O-a^-O-a^A-O-W-^-16^ (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 TtP: TWPW Y(U-U.) . _ . . . 
•a—-apvuv—~ = apvg + -L-L + -^L + —*-* ^ (7.25) 

dz dz A A 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, 

(1 _ a)ApiUi ^L = q'lh- Y{Hf - H,) (7.26) 
dz 

and 
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aApvuv ^ = q'vh+ r(ffg - Hv) (7.27) 
dz 

By calculating enthalpy as 

dH = cpdT, (7.28) 

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

expressed as, 

/ x dT, q' T(Hf-H.) 
(l-a)*,—*- = —^* ^ ^ (7.29) 

dz cplp,A cplp,A 

and 

dT q\ T(H-HV) 
au^= Hvh + - ^ ^ (7.30) 

dz cpvpvA cpvpvA 

1A. Other Relations 

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

fraction, 

S = R^-J^c) (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 = 7rR2, i?=tube radius (7.32) 

PW=2TTR, (7.33) 

and 

Pt=2n(R-S) (=PWJT^) (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 

q:=q"wPw=qlPw+q"radPw (7-35) 

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 

q'^-q'LP.-q'lA (7-36) 
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The evaporation heat transfer is 

& = CP, = CPi + q"radPw ~ qlPi (7.37) 

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

<i\h=qlPl (7.38) 

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

energy principle, should satisfy the following conditions: 

* * * < > / 

Qlh — 9vi"i + Qrad"-W< 

and 

' ^ ~t 
Qih^q 

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 (S«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 

h = 
k„Nu„ 

2S\ 1 - ^ - 0 * 

(7.39) 

and 

K 
k„Nu„ 

2S\ 

(7.40) 

0' 

where 

Qwv "'wv V w *• v / •• (7.41) 

and 

qli=K{Tv-Tsat), (7.42) 
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Nuv is the vapor Nusselt number, and 6 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 

K = K (7-43) 

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—ReaPr\ (7.44) 
Dhy 

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

( y 
u 

1--^-wv V v J 

(7.45) 

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). It 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 

&=<fj^f (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 (A) to account for the 

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

2 = l + ^ 
D 

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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h kvNuv(Tv-Tv) ( 7 4 ? ) 

2S[(TW-Tv)-(TV-Tsaty] 

Finally, the heat flux from the wall to the vapor will be: 

a" = 'iv^uvVw *v) t-i 4g\ 
2SITW-Tv)-{TV-Tsaty] 

For laminar flow between two parallel planes, Nuv and 6 are given by Nuv - 5.385 

and 6* =0.346. For turbulent flow between two stationary parallel plates, Kays and 

Leung (1963) give Nuv and 0* in tabular form up to a Reynolds number of 106, and 

Prandtl numbers from 0 to 1000. Approximate linear correlations for Nuv and 0* are 

derived by neglecting Prandtl number effect as: 

Nuv = 5.086 + 0.00299 Rev (7.49) 

and 

9* = 0.34762 - 0 1 6 R e " (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 - 2d). For laminar flow, the 

Nusselt number is considered to be equal to 3.66. 
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K = 
3.66 '-—F, Re, < 2000 

D~2S (7.51) 
0.023 —^— Re?8 Pr,°4 F, Re, > 2000 

D-2S 

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

F are defined, respectively, as 

p,\u, —UMD — 2S) 
Re, = ̂ ^ ^ - (7.52) 

Mi 

and 

F = 1 + 0.7— (7.53) 

The heat transfer from the interface to the liquid core is calculated using 

ql=K{Tsat-Tt) (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): 

q'=q'I^Jk. (7.55) 
T -T 
1 sat L I 

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, qrad, can be expressed as 

q"rad= 1
 U . smj (7-56) 

— + _ _ - ! 

where a is the Stefan-Boltzman constant, and sw and sl 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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K=LPV\ (7.57) 

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

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

f w = ^ (7.58) 
Re025 

where the vapor Reynolds' number is defined as 

Re = p ^ (2S)=p«uMi - -&-<*) ( 7 5 9 ) 

7.5.2.2. Interfacial shear stress 

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

from 

*w=/wPvk-"J-—- (7-6°) 

and 

u, - ui Ta =-fuPi\ui - u \ - L (7-61) 
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where fvi is the interface friction factor at the vapor side and fu 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)]: 

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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Figure 7. 4 Schematic of shear stresses and flow velocities used in modeling IAFB 
heat transfer. 
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Re°;25 

where 

pv \uv - u, \D[\ - VI - a) 
R e v , = ^ ^ '' V ' (7.64) 

and for the liquid side, 

/« = 

— , Re, < 2000 
Re, 
0 085 ( 7"6 5 ) 

^ - , Re, > 2000 
Re,025 

7.5.3. Vapor generation 

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 

by: 

if" P 
T = ^-^ (7.66) 

where H f is the latent heat of vaporization. 
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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 IAFB. This void fraction value was 

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

a < 0.5 (7.67) 

In addition the IAFB regime can only be maintained if Tw > TMFB 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 

da i, x du, T 
•PiUi — + {l-a)P,-7L = -— (7-20) 

ctz ctz /i 

da duv T 
pvuv — + ap—- = — (7.21) 

dz dz A 

.O-^-G-ato-A'O-W-^-1^ (7.24) 
dz dz A A 
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dv du T P T P T\u —u) 
-a^-apvuv-^ = apvg + ̂ -+- + ̂ ^ + M"v '' (7.25) 

dz dz A A A 

dz cplp,A cplp,A 
(7.29) 

au^^^^K-K) (730) 
dz cpvpvA cpvpvA 

Hear flux components: 

Qw - tfw^w — ^wv'w +<lrad"w (/.35) 

q'.^q'LP.-q'lA (7-36) 

ql = g'„P, = q'lA + q"radPw - q]A (7.37) 

q'^q'lA (7-38) 

"wv I"/ \ / \ _ * 1 \ • J 
2S[{TW-Tv)-{TV-Tsal)0'] 
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Nuv = 5.086 + 0.00299 Rev (7.49) 

6" = 0.34762 _°-1 6 R ev (7_50) 

9900 

?w = ?w r _ y (7-46) 
W V 

^ = ^ ( ^ - 7 - , ) (7-54) 

^ = 

3.66—^—F, Re, < 2000 
D-2S 

0.023 *' Re™ Pr,04 F, Re, > 2000 
D - 2 £ 

o-t^-C) 

(7.51) 

p.\u, -uMD-2S) Re; = £IU. d̂  £ (7.52) 
Mi 

F = 1 + 0.7— (7.53) 

<?L = 1
 Vw

 1 " ' (7-56) 
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a* P. 
T = ^ o . (7.67) 

Shear stress relations: 

, - f ^ 

f , - ^ 058) 
Re 0.25 

/?„«„ (2S) _ pvuvD\^ - Vl - a) 
Re^r,-n-/ = r v ^ V v. - , ( ? 5 9 ) 

rw = . / > > , - K , ! ^ ^ - (7.60) 
2 

Re!;25 

Re^PvK-,;l4-Vi^) (764) 
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Tn = -faPi K ~ ui L (7-61) 

f„ = 

— , Re, < 2000 
Re, 
0 085 ( 7"6 5 ) 

0 0 8 5 Re; >2000 Re"25 

Model applicability: 

a < 0.5 (7.67) 

Tw > TMFB (7.68) 

7.6.2. Implementation of the new model 

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 xin), and determining 

initial conditions (x^o, uv, ui, and a) 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 IV (Figure 6.1). 

The model is assessed by: 

• examining the effect of flow parameters (pressure, mass flux, heat flux and inlet 

quality) on predicted heat transfer coefficient, 

• comparing the predicted wall temperatures and heat transfer coefficient 

distribution in Freon 134a as described in Section 6 to corresponding 

experimental values, 

• comparing actual quality as predicted by the model with equilibrium quality and 

the effect of flow parameters on the relation between these two values, 

• performing a sensitivity analysis on the model, 

• comparing the new model's predictions with the predictions of other models, and 

• 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. 

• 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). 

• 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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hn 
M/ = — = CReflPr* (8.1) 

This would yield 

'Re- V 

v R e i y 

r v 
Pr, 

(8.2) 

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

M 

simplified to 

K = 
rD^ 

l -a 

vAy 
(8.3) 

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: 

a = - (8.4) 

Pi 

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

xa 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: 

^=i?(i-vr r^) (7.3i) 

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: 

K * 4 r (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 (h = q"/AT). 

Increasing the mass flux (Figure 8.15b, c) increases the predicted vapor film thickness. 

This might be attributed to the increase in heat transfer 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 +T 
T _ _ w **_ ( 8 6 ) 

2 

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 (hVi = hwv) 

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 hvi/hwv (from 0.6 to 1.4) . The 

figure shows that the best predictions by the new model correspond to a hvj/hwv 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 (ayg) and root mean square (RMS) errors in the new model prediction are 

calculated, respectively, as 

1 i=n 

Erroravg = — ̂  Error; (8.6) 
n <=i 

and 

Error^ = - £ {Error; f (8.7) 
V n 1=1 

where 

prediction - measurement 
Err ort = (°-°) 

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 

errors. 

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 data1. 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. 

1 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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Figure 8. 26 Comparison of the new model prediction with atmospheric pressure 
data from Fung (1981). 
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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'V1. 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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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"2 s"1 (water equivalent range: 

700 to 5700 kg m"2 s"1) 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%o, respectively. 
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• The new model's prediction has been compared with other IAFB 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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• 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. 
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APPENDIX-A 

CALCULATING INSIDE WALL TEMPERATURE 



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 

d2T 1 dT qm . 
— - + + — = 0 (A.l) 
dr r dr k 

where q"' is the heat generated per unit volume (Wm"3). The temperature distribution in 

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

T = -1-^- + cAnr + c2 (A.2) 
Ak x 2 

To solve for coefficients c, and c2, the following boundary conditions are used: 

At r = ra, T = T0, and - k— 
dr 

at r =rt, T = Tt 

where 

rt = inside tube radius 

r0 = outside tube radius 

Ti = inside wall temperature 

T0 = outside wall temperature 

Qloss 
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Substituting the boundary conditions and into Equation (A.2) and solving for the 

coefficients c, and c2, it produces 

ci = 
2k 

4k 2k 

In this analysis, the heat loss from the wall to atmosphere, q"loss, is neglected as was 

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

T,=T0-^ln^ + (ryr?)^ . (A.3) 
2k r, 4k 

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

^' = 7--] (A-4) 

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

manufacturer's data: 

kw =11.4601 + 0.01659467; (A.5) 
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APPENDIX-B 

QUALITY ASSURANCE AND ERROR ANALYSIS 
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B. l . Quality Assurance 

B.l.l. 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.l.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.l.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, pgauge, 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.l. The discrepancies between the reading from the pressure gauge 

and the inlet and outlet pressures are less than 0.5%. 

B.l.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, Uv, 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 2 K {TT \ 

1 
V2 k=\ 

u 
2 

(B.l) 
\v Jk 

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,, v2,...., v„, then 

R = f(vvv2,...,vJ 
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The uncertainty on the result, UR, becomes 

U, 
r dR^ 

Kdvu 

U> + 

f dR^ 

\dVU 
U2 +••• + 

^ dR^ 

K^nJ 
U. (B.2) 

where Ux,U2,....,Un are the corresponding uncertainties of the vx,v2,....,vn. The 

(dR/dv;) 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 

R 

f 

f-Z 
1=1 

v,. dR 

R dv, 

'v* 
IJ \ v i J 

(B.3) 

The uncertainties in directly measured variables assessed by Equation (B.l) are shown in 

Table B.l. 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: 

G = 
Am 

D2TT 

The uncertainty is given by 
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u. G 

G V D J 
+ 

U* 

m J 

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 -Uxl 

The uncertainty is given by 

U Power 
(n V (n \ 

Power 
+ 
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FLUID-TO-FLUID MODELING TECHNIQUES USED TO 

CALCULATE EQUIVALENT FLOW CONDITIONS 
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Fluid-to-FIuid Modeling Techniques Used to Calculate 

Equivalent Flow Conditions 

C.l. 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 = f(q,pf,pg,G,AH,Hfg,jug,D,kg) (C.l) 

where 

*T = TW-TM 

and 

AH = H-H„ 

Performing dimensional analysis to Equation (C.l) yields 

2 r>2 xrJcg.pjD 

Ml 

f „ -2 r.3 

= / v-pg-
D pf ,Re,x (C.2) 

Equation (C.2) can further be simplified to 
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AT.kg.p 
& r g 

2 ( _ _ _2 \ 

= / -^- ,Re,—/-,* 
A, G3 

\rg - y 

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

(C.3) 

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: 

hD 
ULUT 

f V 0 2 

D 
y equiv J 

K (C.4) 

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.l. 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.l Summary of parameters used in fluid-to-fluid modeling 

Parameter Dimensionless ratio Modeling Equation 
Modeling 
Pressure 

equiv 

Pressure is modeled by iteration 

Modeling 
Mass Flux 

rGD^ 

\»*J 

fGD^ 

equiv K/**J* 

Re 
G equiv -*^QR 

Kl P=P«, 

D 
equiv 

Modeling 
Heat Flux 

r w\A f
q.P\ ^ 

[ equiv 

equiv JR 

q.p 
i \ ^ 3 ^ 

v G
 J R\PSJ equiv 

Modeling 
Quality 

\X/equiv ~ \ X ) R \X/equiv ~ \ X ) R 

Modeling 
Wall 
Temperature 

rAT.ke.p
2^ 

g r g 

MeG
2 

equiv ffi1 W,equiv 

AT.kR.p 
g r g 

MgG2 
JR 

VgG 

KPI 

2 \ 

+ T. sat,equiv] 

' equiv 

Modeling 
Tube 
Diameter 

Heat 
Transfer 
Coefficient 

equiv R equiv R 

l equiv 
equiv AZ W ,equiv 
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Figure C.l Equivalent heat transfer coefficients compared to the film-boiling look­
up values at different flow conditions and from different data sets. 

214 



APPENDIX-D 

EXPERIMENTAL DATA 



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

Symbol 

Run 

P 

Ap 

m 

G 

power 

q" 

hp-power 

Tin 

Xin 

XDO 

ThP 

Meaning 

Serial number of run 

Pressure at test section outlet 

Pressure drop 

Mass flowrate 

Mass flux 

Power supplied to test section 

Wall heat flux 

Hot-patch power 

Inlet temperature to the test section 

Inlet quality to the test section 

Quality at CHF location 

Hot-patch block temperature 

Unit 

-

kPa 

kPa 

kgs"1 

kgm'V1 

kW 

kWm"2 

kW 

°C 

-

-

°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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