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ABSTRACT 

During the past 50 years more than 60 film boiling prediction methods have been proposed (Groeneveld 
and Leung, 2000). These prediction methods generally are applicable over limited ranges of flow 
conditions and do not provide reasonable predictions when extrapolated well outside the range of their 
respective database. Leung et al. (1996, 1997) and Kirillov et al. (1996) have proposed the use of a film-
boiling look-up table as an alternative to the many models, equations and correlations for the inverted 
annular film boiling (IAFB) and the dispersed flow film-boiling (DFFB) regime. The film-boiling look-up 
table is a logical follow-up to the development of the successful CHF look-up table (Groeneveld et al., 
1996). It is basically a normalized data bank of heat-transfer coefficients for discrete values of pressure, 
mass flux, quality and heat flux or surface-temperature. 

The look-up table proposed by Leung et al. (1996, 1997), and referred to as PDO-LW-96, was based on 
14,687 data and predicted the surface temperature with an average error of 1.2% and an rms error of 
6.73%. The heat-transfer coefficient was predicted with an average error of -4.93% and an rms error of 
16.87%. Leung et al. clearly showed that the look-up table approach, as a general predictive tool for film-
boiling heat transfer, was superior to the correlation or model approach. Error statistics were not provided 
for the look-up table proposed by Kirillov et al. (1996). 

This paper reviews the look-up table approach and describes improvements to the derivation of the film-
boiling look-up table. These improvements include: (i) a larger data base, (ii) a wider range of 
thermodynamic qualities, (iii) use of the wall temperature instead of the heat flux as an independent 
parameter, (iv) employment of fully-developed film-boiling data only for the derivation of the look-up table, 
(v) a finer subdivision and thus more table entries, (vi) smoother table, and (vii) use of the best of five 
prediction methods for areas where data are unavailable. 

The look-up table is based on 20,785 film-boiling data points, which were carefully selected from a data 
bank compiled by the University of Ottawa. These data were all believed to be obtained in the fully 
developed film-boiling region. A comparison of the fully developed film-boiling look-up table with the fully 
developed film-boiling database shows an overall rms error in heat-transfer coefficient of 10.58% and an 
average error of 1.71% (the corresponding errors of the previous heat-flux controlled look-up table with 
the updated data base are: 20.65% rms and 6.87 % average error). 

A comparison of the prediction accuracy of the look-up table with other leading film-boiling prediction 
methods clearly demonstrates the superiority of the present look-up table. 
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NOMENCLATURE 

A area (m2) 
Cp heat capacity (J kg-1 K1) 
D tube inside diameter (m) 
Ph hydraulic diameter (m) 
f friction factor (-) 
g acceleration due to gravity (m s-2) 
G mass flux (kg M 2  s-1) 
h heat-transfer coefficient (kW m2 K1) 
H enthalpy (J kg-1) 
Hfg heat of evaporation = Hg - Hf (J kg-1) 
k thermal conductivity (kW m-1 K1) 
P pressure (Pa = N m2, bar = 105 N m2) 
q surface heat flux (kW m2) 
t temperature (°C) 
T absolute temperature (K) 
T mfb minimum film-boiling temperature (K) 
AT temperature difference = T,„ - T (K) 
u fluid velocity (m s-1) 
✓ specific volume of fluid (m3 kg-1) 
Xth thermodynamic quality = (H - Hf ) / Hfg (-) 

Xa actual quality = a p, ud G (-) 

Greek 

a void fraction 
p fluid density (kg m-3) 
µ dynamic viscosity N s m2 = kg ni-1 s-1)

✓ kinematic viscosity (m2 s-1) 

Dimensionless Groups 

Bo 
Fr 
Pr 
Re 

Boiling number = q / (G Htg) 

Froude number = G2 (L — Ldo)2 / (p g D) 
Prandtl number = µ Cp / k 
Reynolds number = G D / µ 

Subscripts 

a actual 

bulk 
DFFB 
do 
e 
exp 

g 
hom 
IAFB 
MFB 
pred 
sat 
TB 
th 
table 
v 
of 
i 
0 
w 

bulk-fluid conditions 
dispersed-flow film boiling 
dryout or CHF condition 
equilibrium conditions 
experimental 
saturated liquid 
saturated vapour 
homogeneous 
inverted annular-flow film boiling 
minimum film boiling 
predicted 
saturation 
transition boiling 
thermodynamic 
PDO look-up table value 
vapour 
vapour-film temperature 
inside 
outside 
evaluated at wall conditions 

Abbreviations 

CHF 
DC 
DFFB 
EPRI 

ID 
IAFB 
LW 
LUT 
NSERC 

OD 
PDO 
rms 
UO 

Critical heat flux 
direct current 
dispersed-flow film boiling 
Energy Power Research 
Institute 
inside diameter 
inverted annular-flow film boiling 
light water 
look-up table 
Natural Sciences and 
Engineering Research Council 
outside diameter 
post dry-out conditions 
root-mean-square 
University of Ottawa 

1.0 INTRODUCTION 
This paper describes the derivation and application of film boiling look-up table. The film-boiling look-up 
table represents a significant improvement in the prediction of film boiling heat transfer and is also a 
logical sequel to the development of the successful CHF look-up table (Groeneveld et al., 1996). It is 
basically a normalized data bank of heat-transfer coefficients for discrete values of pressure, mass flux, 
quality and heat flux or surface-temperature. 

An earlier version of the film boiling look-up table proposed by Leung et al. (1996, 1997), and referred to 
as PDO-LW-96, was based on 14,687 data and predicted the surface temperature with an average error 
of 1.2% and an rms error of 6.73%. The heat-transfer coefficient was predicted with an average error of -
4.93% and an rms error of 16.87%. Leung et al. clearly showed that the look-up table approach, as a 
general predictive tool for film-boiling heat transfer, was superior to the correlation or model approach. 
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NOMENCLATURE 
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f friction factor (-) 
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h heat-transfer coefficient (kW m-2 K-1) 
H enthalpy (J kg-1) 
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q surface heat flux (kW m-2) 
t temperature (°C) 
T absolute temperature (K) 
Tmfb minimum film-boiling temperature (K) 
∆T temperature difference = Tw - T (K) 
u fluid velocity (m s-1) 
v specific volume of fluid (m3 kg-1) 
Xth thermodynamic quality = (H - Hf ) / Hfg (-) 
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Greek 
 
α void fraction 
ρ fluid density (kg m-3) 
µ dynamic viscosity N s m-2 = kg m-1 s-1) 
ν kinematic viscosity (m2 s-1) 
 
Dimensionless Groups 
 
Bo Boiling number = q / (G Hfg) 
Fr Froude number = G2 (L – Ldo)

2 / (ρ g D) 

Pr Prandtl number = µ Cp / k 
Re Reynolds number = G D / µ 

 
Subscripts 
 
a actual  

bulk bulk-fluid conditions 
DFFB dispersed-flow film boiling 
do dryout or CHF condition 
e equilibrium conditions 
exp experimental 
f saturated liquid 
g saturated vapour 
hom homogeneous 
IAFB inverted annular-flow film boiling 
MFB minimum film boiling 
pred predicted 
sat saturation 
TB transition boiling 
th thermodynamic 
table PDO look-up table value 
v vapour  
vf vapour-film temperature 
i inside 
o outside 
w evaluated at wall conditions 
 
Abbreviations 
 
CHF  Critical heat flux 
DC  direct current 
DFFB  dispersed-flow film boiling 
EPRI  Energy Power Research 

Institute 
ID  inside diameter 
IAFB  inverted annular-flow film boiling 
LW  light water 
LUT  look-up table 
NSERC Natural Sciences and 

Engineering Research Council 
OD  outside diameter 
PDO  post dry-out conditions 
rms  root-mean-square  
UO  University of Ottawa

1.0 INTRODUCTION 
This paper describes the derivation and application of film boiling look-up table. The film-boiling look-up 
table represents a significant improvement in the prediction of film boiling heat transfer and is also a 
logical sequel to the development of the successful CHF look-up table (Groeneveld et al., 1996). It is 
basically a normalized data bank of heat-transfer coefficients for discrete values of pressure, mass flux, 
quality and heat flux or surface-temperature. 
 
An earlier version of the film boiling look-up table proposed by Leung et al. (1996, 1997), and referred to 
as PDO-LW-96, was based on 14,687 data and predicted the surface temperature with an average error 
of 1.2% and an rms error of 6.73%. The heat-transfer coefficient was predicted with an average error of -
4.93% and an rms error of 16.87%. Leung et al. clearly showed that the look-up table approach, as a 
general predictive tool for film-boiling heat transfer, was superior to the correlation or model approach.  



This paper describes a major revision to the PDO-LW-96 look-up table. The following significant 
improvements were made: 

■ The database has been expanded significantly. The present database, compiled by the University 
of Ottawa (Vasic' et al., 2000), contains 77,234 film-boiling data points obtained from 36 sources; 
36.64% of the film-boiling data were obtained in the fully developed film-boiling region. 

■ The range of thermodynamic quality has been expanded from —0.2 to +2.0. The previous upper 
limit in thermodynamic quality was 1.2. A wider range was needed as non-equilibrium effects at 
low flow can extend well beyond the point where the thermodynamic quality equals unity. 

■ The wall heat-flux has been replaced by the surface-temperature as an independent parameter. 
This change was needed because (i) in safety analysis the surface-temperature rather than heat 
flux is the independent parameter, and (ii) the surface-temperature uniquely defines the heat-
transfer mode (see also section 3.1). 

■ The new look-up table is based only on fully developed film-boiling data. 
■ A finer subdivisions has been used resulting in a much larger number of table entries and less 

error due to interpolation. 
■ The method for smoothing the data in the look-up table (to remove unrealistic fluctuations) has 

been enhanced. 
■ Table entries, at flow conditions where no data are available, are based on the best of five 

selected film-boiling prediction methods. 

In this paper the expanded database of the table, the stages of the development of this new table, and its 
final form are described. This paper presents also a comparison of the predictive capability of the look-up 
table and that of several leading prediction methods vis-à-vis the extensive film-boiling database compiled 
at the University of Ottawa. 

2.0 DATA BASE 

2.1 General 
Earlier film-boiling look-up tables by Leung et al. (1996, 1997) had access to approximately 20,000 film-
boiling data of which 14,687 were used for the development of the PDO-LW-96 look-up table. Since then 
thousands of additional data have become available. The current film-boiling data bank compiled at the 
University of Ottawa is the largest known film-boiling database available anywhere and is described in 
detail by Vasic' et al. (2000). It currently contains over 77,000 data points obtained in water-cooled 
vertical tubes. The majority of these PDO heat-transfer data have not been used for the development of 
the earlier PDO-LW-96 film-boiling look-up table. These data have been scrutinized carefully prior to 
adding them to the University of Ottawa film-boiling database, Vasic' et al. (2000). Sources of uncertainty 
beyond the usual measurement uncertainties were identified. The most common additional uncertainties 
are due to (i) not including the impact of the variation of test section tube resistivity with temperature for 
resistance-heated test sections (this is especially important for stainless steel tubes where the 
temperature coefficient of resistance is significant), and (ii) extracting temperatures directly from graphs 
provided in the reports or papers. In addition many of the data were obtained in the "developing film 
boiling" region, where some or most of the heat transferred from the wall is used for increasing the vapour 
superheat, rather than for evaporation of the liquid. 

2.2 Data Screening 
Many of the data in the data bank are questionable and were not used for the development of the new 
look-up table. Reasons for rejecting data or qualifying them as "secondary data" are listed below: 

• The data within a given data set displays significant scatter and do not follow a smooth trend. This 
suggests the presence of unstable flow conditions or the employment of an inferior measurement 
technique; 
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 2.2 Data Screening 
Many of the data in the data bank are questionable and were not used for the development of the new 
look-up table.  Reasons for rejecting data or qualifying them as “secondary data” are listed below: 
 
• The data within a given data  set displays significant scatter and do not follow a smooth trend.  This 

suggests the presence of unstable flow conditions or the employment of an inferior measurement 
technique; 



• At locations near the inlet, outlet or hot patch, the temperature distribution suddenly changes. This is 
usually due to significant axial conduction due to the presence of a nearby heat source or heat sink, 
e.g. (i) copper power terminals (clamped to the test section) with large power cables, (ii) a high 
contact resistance (poor electrical contact) of the power terminals, which can result in additional local 
heat generation, or (iii) a high-temperature hot-patch; 

• The data demonstrate some obvious inconsistencies, i.e. dryout qualities > 1.0, or reported local 
quality or outlet qualities that cannot be reproduced from a simple heat balance; 

• Significant liquid-wall interaction takes place because the temperature of the wall is below the 
minimum film-boiling temperature, e.g. Tii, — Tsat < 50 and/or Ti„, < Tmfb; Such data are representative 
of the transition boiling regime; 

• Data obtained at roughly similar conditions do not result in similar film-boiling temperatures; 
• The experimenter provided inadequate documentation, e.g., (i) no error analysis, (ii) no correction to 

the heat-flux due to heat-loss, (iii) the dryout quality or the quench front location were not reported 
(e.g., Bishop et al. (1965)); 

• Only the maximum film-boiling temperatures measured along the tube surface were reported (e.g. 
Bailey and Lee (1969) tabulated only the maximum wall temperatures, while all other temperatures 
were presented in graphical form); 

• The data were reconstructed from graphs; 
• The data were obtained in the developing film-boiling region and are strongly dependent on the 

location where CHF occurred; 
• The flow conditions were outside the range of the look-up table. 

To track the qualifications associated with each data point, an axial-temperature-distribution index J was 
added to each data entry. Table 1 below provides the definitions of index J. A graphical illustration of the 
differences in film-boiling data based on the J-value is shown on Figure 1. The basic definition is the 
same as was initially used by Leung and Groeneveld (1985); it is expanded to cover the additional cases 
covered by the enlarged database. 

Note that if the quality at dryout, Xdo, is unknown, it will be evaluated from the CHF look-up table 
(Groeneveld et al., 1996) for a given D, P, G and q, and the J-index is changed from J = 1 to 5 to J = 11 
to 15. This permitted the inclusion of the data sets by Doerffer (1997), Miropolskiy (1962) and Subbotin et 
al. (1973) into the database. 

3.0 TABLE DERIVATION 

3.1 Choice of Independent Parameters 
The film-boiling look-up table is considerably more complex than the CHF look-up table (Groeneveld et 
al., 1996): the CHF look-up table is based on three independent parameters, CHF = f(P, G, Xtid, while the 
film-boiling look-up table has at least four independent parameters. The previous film-boiling look-up 
tables were all based on h = f(P, G, Xth, q). The choice of the heat-flux q as an independent parameter 
was considered logical as q was normally independently controlled during experiments. However in 
safety analysis of reactor cores or other heat-transfer equipment, the temperature is generally known or 
evaluated from the previous time step and the heat-flux q is the unknown parameter. In addition the 
boiling curve demonstrates that if (Nth < q < ifjcHF then three heat-transfer modes are possible (see Fig. 2) 
of which only one is film boiling (at point C). Hence it was decided to replace the heat flux q by wall 
superheat (7; - Tsat) as the independent parameter in the current version of the look-up table. 

In two-phase flow, upstream history is considerably more important than in single-phase flow. This is 
particularly true for the region just beyond the CHF location where film-boiling heat-transfer is 
"undeveloped" and the vapour superheat increases. Eventually the vapour superheat becomes fully 
developed and at this point there will be a balance between the heat-transfer from the wall to the vapour, 
and the heat transfer from the vapour to the liquid. In practice this point corresponds to a maximum in the 
axial temperature profile (Kohler and Hein (1986) e.g. see J = 2 in Figure 1). Hence for the developing 
film-boiling region an additional parameter is needed, which is related to the film-boiling length or (Xth — 
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In two-phase flow, upstream history is considerably more important than in single-phase flow.  This is 
particularly true for the region just beyond the CHF location where film-boiling heat-transfer is 
“undeveloped” and the vapour superheat increases.  Eventually the vapour superheat becomes fully 
developed and at this point there will be a balance between the heat-transfer from the wall to the vapour, 
and the heat transfer from the vapour to the liquid.  In practice this point corresponds to a maximum in the 
axial temperature profile (Köhler and Hein (1986) e.g. see J = 2 in Figure 1).  Hence for the developing 
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Xdo). Since such parameter is particularly difficult to evaluate during safety transients, it was decided to 
concentrate our efforts on first deriving a look-up table for fully developed film-boiling and treat the 
developing region as a special case for which the fully-developed film-boiling look-up table represents a 
logical upper limit in wall temperature. 

3.2 Range of the Film Boiling Look-up Table 
The updated film-boiling look-up table covers water flow conditions relevant to reactor safety analysis. 
The range of these flow conditions are: pressure from 0.1 to 20 MPa, mass-flux from 0 to 7 Mg m' s-1, 
thermodynamic-quality from -0.2 to 2.0 and wall superheat (7; - Tit ) from 50 to 1200 K. The 
subdivisions over the range of these parameters were selected to reduce the uncertainty introduced by 
the linear-interpolation procedure but at the same time minimize the size of the look-up table. The 
corrected film-boiling look-up table tabulates the overall heat-transfer coefficient (including conduction, 
convection and radiation) for the following conditions: 

Pressure: 100, 200, 500, 1000, 2000, 5000, 7000, 9000, 10 000, 11 000, 13 000, 17 000, 20 000 kPa; 
Mass flux: 0, 50, 100, 200, 500, 1000, 1500, 2000, 3000, 4000, 5000, 6000, 7000 kg m-2 s-1; 
Thermodynamic quality: -0.2, -0.1, -0.05, 0.0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0; 
Wall superheat: 50, 100, 200, 300, 400, 500, 600, 750, 900, 1050, 1200K. 

The look-up table is thus a four-dimensional matrix and contains 29,744 entries for the heat-transfer 
coefficient. 

3.3 Methodology 
The updated film-boiling look-up table was developed following a similar method used by Leung et al. 
(1996) in deriving the PDO-LW-96 film boiling look-up table derivation. Their approach creates first a 
"skeleton" table of heat-transfer coefficients at discrete values of pressure, mass-flux, thermodynamic 
quality and heat flux, based on predictions from a leading model and correlation. Leung et al. used the 
Hammouda model (Hammouda, 1995) for the IAFB region at low void fractions (a < 0.5), the Groeneveld-
Delorme (1976) correlation for DFFB region at high void fractions (a > 0.8) and a linear interpolation 
between the two for 0.5 > a > 0.8. Their table values were initially based on an 8 mm diameter tube and 
were subsequently "updated" using experimental data. Finally the table was smoothed using various 
spline functions. 

In the present approach the following steps were taken: 

A. Creation of a New Skeleton Table for an Expanded Film-boiling Look-up Table. 
Five preliminary skeleton tables containing heat-transfer coefficients (h = f(P, G, Xth, Tw-Tsat)) were 
created based solely on the following models or correlations: 

1. The Groeneveld-Delorme (1976) equation has been used for thermodynamic qualities > 0.0. This 
equation was derived based on the data sets available 28 years ago. Since then many more data 
have become available which have caused this equation to become somewhat dated. 

2. The Kohler-Hein (1986) model is a semi-empirical model based on an energy balance between 
phases. The model assumes that a thermal non-equilibrium develops between the liquid and 
vapour phase downstream of the dryout location. This non-equilibrium will eventually reach a 
maximum at a given point: beyond this point the thermal non-equilibrium is considered "fully 
developed" and the wall and vapour temperature no longer depend on the CHF quality. This 
point is characterized by a maximum wall-temperature or a minimum heat-transfer coefficient as 
was shown in Figure 1. The main contributions of the Kohler-Hein model are: the predictions of 
(i) the boundary of the fully developed non-equilibrium region and (ii) the vapour temperature in 
the fully developed region. After the vapour temperature has been found, the wall temperature 
can be calculated using Gnielinski (1976) equation for single-phase flow. To determine the 
boundary of the fully developed non-equilibrium region, Xdo is required. 
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vapour phase downstream of the dryout location.  This non-equilibrium will eventually reach a 
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developed” and the wall and vapour temperature no longer depend on the CHF quality.  This 
point is characterized by a maximum wall-temperature or a minimum heat-transfer coefficient as 
was shown in Figure 1.  The main contributions of the Köhler-Hein model are:  the predictions of 
(i) the boundary of the fully developed non-equilibrium region and (ii) the vapour temperature in 
the fully developed region.  After the vapour temperature has been found, the wall temperature 
can be calculated using Gnielinski (1976) equation for single-phase flow.  To determine the 
boundary of the fully developed non-equilibrium region, Xdo  is required. 
 



The recommended parameter ranges are 

P. > 3000 kPa; 
G: > 300 kg m-2 5-1; 
X e: > 0.2 

3. The IAFB model by Hammouda (1995) is a robust model that predicts the axial variation of all 
flow parameters using relatively few assumptions. It was tested thoroughly against experimental 
data of various fluids. It may be used for a homogeneous void-fraction ahom less than 0.5. 

a horn 
xe p f

XePf + (1 — x e ) Pt 
(1) 

4. The Chen-Chen (1998) method uses a tabular method to find the thermal non-equilibrium factor 
k Plummer's (1974) equation was adopted to represent the degree of thermal non-equilibrium, 
defined as 

k = Xa — Xdo 

Xe — Xdo 

(2) 

The tabulation of k by Chen-Chen was based on their data bank, which includes vapour 
temperature measurements. Knowing the actual quality (Xa), the heat-transfer coefficient was 
calculated using a method similar to the one used in the Shah-Siddiqui (2000) model. In the 
Chen-Chen model, the convection heat-transfer coefficient for pure steam was calculated with 
their own correlation (Chen-Chen, 1996). The independent parameters of the Chen-Chen model 
are: thermodynamic quality (Xth) and the critical quality (Xdo). Chen-Chen's method covers the 
following ranges: 

P: 100 - 5800 kPa; 
G: 23 - 1462 kg m-251; 
Xth: 0 - 1.36. 

Some extrapolation beyond these ranges was permitted, as the non-equilibrium is known to 
disappear at high flows. 

5. The Shah-Siddiqui (2000) model is basically an updated version of the Shah (1980) graphical 
approach, using equations instead of graphs. To evaluate the non-equilibrium, the actual quality 
(Xa) was first predicted from empirical correlations. The vapour temperature was then 
determined, and the wall temperature was subsequently calculated by assuming pure convective 
heat-transfer between the heated wall and the superheated vapour. The Dittus-Boelter (1930) 
equation and the Hadaller-Banerjee (1969) equation were used to evaluate the vapour single-
phase heat-transfer coefficient. 

Four input parameters were required for this method: Boiling number (Bo), Froude number (Fr), 
equilibrium quality OW and critical quality (Xdo). The prediction method was applied to several 
fluids and provided credible results over a wide range of conditions. The recommended range of 
application for film boiling in water-cooled tubes is: 

P. 100 — 21500 kPa; 
G: 4 — 5176 kg m-251; 
D: 1.1 — 24.3 mm; 
Xth: 0.1 — 2.4. 

The Shah-Siddiqui model, Chen-Chen model and Kohler-Hein model all depend on the critical quality 
(Xdo). The impact of Xdo disappears in the fully developed film-boiling region. To minimize the 

6 6 
 

 

  The recommended parameter ranges are 
 

P: > 3000 kPa; 
G: > 300 kg m-2 s-1; 
Xe: > 0.2 
 

3. The IAFB model by Hammouda (1995) is a robust model that predicts the axial variation of all 
flow parameters using relatively few assumptions.  It was tested thoroughly against experimental 
data of various fluids.  It may be used for a homogeneous void-fraction αhom less than 0.5. 

 

      
fefe

fe

xx
x

ρρ
ρα

)1(hom −+
=                                                                                                         (1) 

 
4. The Chen-Chen (1998) method uses a tabular method to find the thermal non-equilibrium factor 

k. Plummer’s (1974) equation was adopted to represent the degree of thermal non-equilibrium, 
defined as 

 

doe

doa

xx
xx

k
−
−

=                                                                                                                (2) 

 
The tabulation of k by Chen-Chen was based on their data bank, which includes vapour 
temperature measurements.  Knowing the actual quality (Xa), the heat-transfer coefficient was 
calculated using a method similar to the one used in the Shah-Siddiqui (2000) model.  In the 
Chen-Chen model, the convection heat-transfer coefficient for pure steam was calculated with 
their own correlation (Chen-Chen, 1996).  The independent parameters of the Chen-Chen model 
are: thermodynamic quality (Xth) and the critical quality (Xdo).  Chen-Chen’s method covers the 
following ranges:  
 

P: 100 - 5800 kPa; 
G: 23 - 1462 kg m-2s-1; 
Xth: 0 - 1.36. 
 

Some extrapolation beyond these ranges was permitted, as the non-equilibrium is known to 
disappear at high flows. 

 
5. The Shah-Siddiqui (2000) model is basically an updated version of the Shah (1980) graphical 

approach, using equations instead of graphs.  To evaluate the non-equilibrium, the actual quality 
(Xa) was first predicted from empirical correlations.  The vapour temperature was then 
determined, and the wall temperature was subsequently calculated by assuming pure convective 
heat-transfer between the heated wall and the superheated vapour.  The Dittus-Boelter (1930) 
equation and the Hadaller-Banerjee (1969) equation were used to evaluate the vapour single-
phase heat-transfer coefficient. 
 
Four input parameters were required for this method: Boiling number (Bo), Froude number (Fr), 
equilibrium quality (Xth) and critical quality (Xdo).  The prediction method was applied to several 
fluids and provided credible results over a wide range of conditions.  The recommended range of 
application for film boiling in water-cooled tubes is: 
 

P: 100 – 21500 kPa; 
G: 4 – 5176 kg m-2s-1; 
D: 1.1 – 24.3 mm; 
Xth: 0.1 – 2.4. 
 

The Shah-Siddiqui model, Chen-Chen model and Köhler-Hein model all depend on the critical quality 
(Xdo).  The impact of Xdo disappears in the fully developed film-boiling region.  To minimize the 



dependence on Xdo and make the skeleton tables more representative of fully developed film boiling 
conditions, the tables were generated for Xdo = 0. The required steam-water properties for predictions at 
temperatures less than 1,000°C were evaluated using NIST/ASME property code, Harvey et al. (1997), 
and for temperatures greater than 1,000°C using UO High Temperature property code, Vasic' (1993), 
Vasic' et al. (1992). 

Each of the skeleton tables was divided into 64 sub-regions, based on intervals of pressure, mass flux 
and quality or void fraction. Subsets of experimental heat-transfer coefficients, corresponding to the 
conditions of each sub-region, were compared with the prediction of each of the above models and the 
rms and average errors were tabulated. The model that gave the best prediction in a specific sub-region 
was subsequently selected to evaluate the heat-transfer coefficients for that specific sub-region of the 
final skeleton table. 

The skeleton table values must also satisfy an additional condition that it is at least equal to the heat-
transfer coefficient for laminar flow of the vapour. 

I 
htab,e=Max hmodel, 4.3636 

k 

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

Td 
TW+ Tbulk 

L— 2 

where 

Tbulk = Tsat 
Tbulk = Tv,eq

for Xth 1, and 
for Xth > 1. 

(3) 

(4) 

The final skeleton table was used as the basis for the development of the look-up table for fully developed 
film boiling. 

B. Manual Smoothing of the Skeleton Look-up Table. 
The table generated from the above procedure contains values from different model predictions. Sharp 
transitions between values predicted with different models need to be removed. After visual inspection, 
some manual smoothing was applied at a few conditions. 

C. Updating of the Skeleton Table with Experimental Data. 
To improve the prediction accuracy of the film-boiling look-up table, the skeleton table values were 
modified using the data bank compiled by the University of Ottawa. Only fully developed film-boiling data 
from the data bank (J=2-5 and J=12-15) were used in the updating process. Section 2.3 described the 
selection process that was used to select 21,116 fully developed film-boiling data from a database 
containing a total of 77,234 data points. 

The selected data were normalized with respect to the reference table diameter of 8 mm by applying the 
diameter correction factor proposed by Groeneveld et al. (1999): 

-0.2 
htabie _  8 
he), Dexp

(5) 

Subsequently the process of correcting the table entries was started. The basic premise is that each 
experimental data point affects the 16 (=24) adjacent look-up table entries. For example experimental 
point h p, G, X, Tw- Tsat affects the table entries at the adjacent matrix conditions; pressure P1 < P < Pi÷i, mass 
flux Gi < G < Gfri, quality Xk < X < Xk÷i and wall superheat (Tw - Taadt < (Tw - Taw) < (Tw Tsat)1+1 • The data 
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where 
 
 Tbulk = Tsat for Xth ≤ 1, and  
 Tbulk = Tv,eq for Xth > 1. 
 
The final skeleton table was used as the basis for the development of the look-up table for fully developed 
film boiling. 
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Subsequently the process of correcting the table entries was started.  The basic premise is that each 
experimental data point affects the 16 (=24) adjacent look-up table entries.  For example experimental 
point h P, G, X, Tw - Tsat affects the table entries at the adjacent matrix conditions; pressure Pi  < P < Pi +1, mass 
flux Gj < G < Gj+1, quality Xk < X < Xk+1 and wall superheat (Tw - Tsat)l < (Tw - Tsat) < (Tw - Tsat)l+1. The data 



point closest to a look-up table matrix condition will be given the highest weight. After being given the 
appropriate weight and after adjusting for local gradients all experimental data surrounding a single table 
entry (e.g. all data falling within the range Pm to Pi÷i, Gi_1 to Gj÷i, Xk_i to Xic÷i and wall superheat [Tw - Tsat),_ 
/ to [Tw - Tsatil+i) were used in a statistical averaging process to obtain a new empirically-derived table 
entry. Next, the new table was used for predicting the fully developed film-boiling heat-transfer 
coefficients for the complete database and the rms and average error were evaluated. 

D. Four-Dimensional Smoothing of the Updated Table. 
The table generated from the above procedure is partially based on experimental data and partially on 
values from model predictions. This will result in unwanted fluctuations in the look-up table values, e.g. 
the variation of h vs. X for constant P, G and Tw - Tsat can be highly irregular with various spikes or 
discontinuities. To remove unwanted fluctuations in the table values, the four-dimensional table-
smoothing method by Huang and Cheng (1992) was initially employed. For each table entry the 
smoothing procedure fits a curve through the six adjacent values in the pressure, mass flux, quality and 
wall superheat direction, and replaces the original table value for that entry with a new value that has 
been adjusted to partially reflect the smoothing process. To further reduce fluctuations in table values, 
steps C and D were repeated several times. The rms and average error were evaluated after completing 
each stage. This process was completed after the look-up table was updated with experimental data and 
smoothed three times (in an effort to derive an even smoother table this process is currently being 
modified, see section 5.0). The errors after each step are recorded in Table 2. 

As a final check 3-D plots of the look-up table were produced. As can be seen from the six 3-D graphs 
presented in Figure 3, the parametric trends (i.e. h vs. p, G, X or Tw Tsat) of the film-boiling look-up table 
have become reasonably smooth. 

3.4 Final Film Boiling Look-up Table 
A section of the present film-boiling look-up table is shown in Table 3. The complete look-up table 
containing 29,744 table values for the heat-transfer coefficient at the flow conditions listed in Section 3.2, 
can be accessed via the internet (http://www.magma.ca/-thermal/). 

Three levels of shading have been applied to highlight regions of uncertainty. The un-shaded table entries 
represent areas that are derived directly from the experimental data and hence their uncertainty is least. 
The lightly shaded (yellow) regions represent calculated values based on the prediction from the selected 
prediction methods found to give superior predictions at neighboring conditions. The uncertainty in this 
region depends on the level of extrapolation from regions where data are available. It is expected to be 
smaller at conditions slightly beyond the range of data but becomes larger as the extrapolation is further 
beyond this range. The heavily shaded (red) regions represent predictions that are often impossible to 
obtain. They include; (i) conditions where critical flow may exist, (ii) conditions where the expected vapour 
superheat is higher than the wall superheat (Tv - Tsat > Tw - Tsat), (iii) conditions where the bulk 
temperature is lower than zero, solid phase (Tv", < 0) and (iv) conditions where the wall temperature is 
lower than the minimum stable film-boiling temperature (Tw < Tat). These heavily shaded entries are 
included only to improve interpolation accuracy of the lightly shaded regions. Extrapolation into the 
heavily shaded regions should be avoided. 

4.0 PREDICTION ACCURACY 

4.1 General 
The prediction accuracy of the look-up table was assessed by comparing the predicted and experimental 
heat-transfer coefficients. The predicted heat-transfer coefficient was calculated as 

(0.0D08 hpmd  =htapm [P,G,X,(7-w-Tsat )1 
)0.2 

(13) 
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The experimental heat-transfer coefficient was calculated as 

h -  exp 
w bulk 

(Note that Tbuik =Tsat for Xth < 1.) 

In the comparison, the average error for the data set is defined as 

n / 
Avg Error = 1 _EkErrorl 

1.1 

The Root-mean-square (rms) error for the data set is defined as 

n 
Rms Error = 1 _E(Error)2 

n ;=, 

where n is the total number of data and the error is 

Error = 
h

Pred 1 
hexp 

(14) 

(15) 
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(17) 

4.2 Comparison With Fully-Developed Film-Boiling Data 
Table 4 compares the Rms and average errors of the two film-boiling look-up tables (the new look-up 
table and the heat-flux-based look-up table PDO-LW-00, Rudzinski et al. (2001)), and the errors of 
leading film-boiling models or equations (Shah-Sidiqui (2000) model, Chen-Chen (1998) model, 
Hammouda (1995) model, Kohler-Hein (1986) model, Groeneveld-Delorme (1976) correlation, Dougall-
Rohsenow (1963) correlation and Miropolskiy (1963) correlation) using only the fully developed film-
boiling data points. All models are applied for data points with X >0 except for the Hammouda (1995) 
model which was applied to X < 0.1 only. The large rms error of the selected prediction methods is 
primarily due to the fact that none of these methods can be applied universally to all conditions. The new 
look-up table approach appears to be the only method available that provides a credible prediction over a 
wide range of conditions as is demonstrated by the significant improvement in prediction accuracy over 
the other prediction methods tested. 

In total about 20,785 data points from 36 data sets were used in the error assessment. A comparison of 
the errors for the prediction methods of Table 4 for each individual data set was also made. For nearly all 
the data sets, the temperature-based film-boiling look-up table again provided the lowest Rms and 
average error. 

4.3 Discussion 
An examination of the error distribution of for the present look-up table for fully developed film boiling 
showed that 96.3% of experimental data points are predicted in the range of ±20%, 91.8% of ±15%, 
81.7% of ±10% and 60.1% of ±5%. The distribution of the prediction-error with respect to various flow 
parameters was also examined: no clear systematic trend could be identified although the error appears 
higher at low flows, high pressures, low heat flux levels and low wall superheats. The look-up table should 
not be extrapolated to temperatures less than the minimum film boiling temperatures (TMFB). For the wall 
temperature range TcHF<T<TmFB , which corresponds to transition boiling, the approach recommended by 
Groeneveld and Snoek (1986) should be followed: 
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The Root-mean-square (rms) error for the data set is defined as 
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where n is the total number of data and  the error is 
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Table 4 compares the Rms and average errors of  the two film-boiling look-up tables (the new look-up 
table and the heat-flux-based look-up table PDO-LW-00, Rudzinski et al. (2001)), and the  errors of  
leading film-boiling models or equations (Shah-Sidiqui (2000) model, Chen-Chen (1998) model, 
Hammouda (1995) model, Köhler-Hein (1986) model, Groeneveld-Delorme (1976) correlation, Dougall-
Rohsenow (1963) correlation and Miropolskiy (1963) correlation) using only the fully developed film-
boiling data points.  All models are applied for data points with  X >0 except for the Hammouda (1995) 
model which was applied to  X < 0.1 only.   The large rms error of the selected prediction methods is 
primarily due to the fact that none of these methods can be applied universally to all conditions.  The new 
look-up table approach appears to be the only method available that provides a credible prediction over a 
wide range of conditions as is demonstrated by the significant improvement in prediction accuracy over 
the other prediction methods tested.  
 
In total about 20,785 data points from 36 data sets were used in the error assessment.  A comparison of 
the errors for the prediction methods of Table 4 for each individual data set was also made. For nearly all 
the data sets, the temperature-based film-boiling look-up table again provided the lowest Rms and 
average error.   

4.3 Discussion  
An examination of the error distribution of for the present look-up table for fully developed film boiling 
showed that 96.3% of experimental data points are predicted in the range of ±20%, 91.8% of ±15%, 
81.7% of ±10% and 60.1% of ±5%. The distribution of the prediction-error with respect to various flow 
parameters was also examined: no clear systematic trend could be identified although the error appears 
higher at low flows, high pressures, low heat flux levels and low wall superheats. The look-up table should 
not be extrapolated to temperatures less than the minimum film boiling temperatures (TMFB). For the wall 
temperature range TCHF<T<TMFB , which corresponds to transition boiling, the approach recommended by 
Groeneveld and Snoek (1986) should be followed: 
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q TB where 

m= 
(18) 
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This will ensure the correct asymptotic trends at low wall superheats. Note that the prediction error is 
independent from the film-boiling length or (X -XdQ), which was expected since only fully developed film-
boiling data were used in the look-up table development. 

5.0 CONCLUSIONS, RECOMMMENDATIONS AND FINAL REMARKS 
This paper described the development of a temperature-based film-boiling look-up table. As a basis for 
developing this table, 20,785 film boiling data points were carefully selected from the film boiling data 
bank compiled by the University of Ottawa. These data were all believed to be obtained in the fully 
developed film-boiling region. A comparison of the fully developed film-boiling look-up table with the fully 
developed film-boiling database (20,785 data points) shows an overall rms error in heat-transfer 
coefficient of 10.58% and an average error of 1.71%. The corresponding errors of the previous heat-flux 
controlled look-up table are: 20.65% rms and 6.87 % average error. 

A comparison of the prediction accuracy of the look-up table with other leading film-boiling prediction 
methods clearly demonstrates the superiority of the present look-up table. 

Look-up tables have been used in safety analysis codes such as RELAP, CATHARE, ASSERT and 
CATHENA. One potential concern is the smoothness of the look-up table: irregular trends of the heat 
transfer coefficient vs. flow, quality, wall superheat or pressure can lead to convergence problems. The 
main cause of the irregular trends is the discontinuities of the skeleton table that was based on different 
models, and imposes a strong weight factor on the table points, especially at conditions where 
experimental data are scarce. These discontinuities become very noticeable when plotting the heat 
transfer coefficient against the independent variables. The smoothing approach developed by Huang and 
Cheng (1992) was initially applied but this may not mitigate the effect of these discontinuities sufficiently. 
Improvements to the smoothing approach are currently being made at the University of Ottawa to reduce 
these irregularities. To quantify the smoothness an expression for the smoothness index was derived. 
The net effect of a smoother table is a decrease in prediction accuracy. This can be partially balanced by 
using a table with greater subdivisions, which will reduce the error introduced by interpolation between 
table values. 

The film boiling look-up table is based on fully developed film-boiling data obtained in vertical round tubes 
(normalized to an 8mm ID tube) cooled by light water at steady state conditions. The results may be 
applied to other configurations and fluids provided appropriate correction factors and scaling laws are 
applied, e.g. see Groeneveld et al., 1999, and Groeneveld et al., 1997. 
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Table 1 Values and Definitions of the Axial-Temperature-Distribution Index J 

D'rect 
Heating 

Indirect 
Heating Definition 

Long tube Hot-patch and tube 
Exp. 
Xdo 

Calculated 
Xdo 

Copper 
Block 

Notch in 
Tube Wall 

-1 -10 -20 -30 -40 Pre-CHF temperatures or CHF temperature. 
0 10 20 30 40 Information about temperature trend is not available. 
1 11 21 31 41 Temperature increases after CHF (may extend to Xe>1.0). 
2 12 22 32 42 Temperature reaches a maximum. 
3 13 23 33 43 Temperature decreases after reaching maximum. 
4 14 24 34 44 Temperature reaches a minimum at Xe > 1.0. 
5 15 25 35 45 T increases after Xe > 1.0 (superheated steam) following J=4. 

26 36 - Temperature decreases after hot patch. 
9 19 29 39 49 Suspicious data, not recommended for use. 

Table 2 Prediction Errors of the Film-Boiling Look-up Table at Various Stages of Table 
Development 

STAGE DESCRIPTION DATA USED ERROR (%) 
No. Number Avr. Rms. 
1 LUT formed by combination of five 

correlations/models: 
Groeneveld-Delorme (1976), 
KOhler-Hein (1986), 
Hammouda (1995), 
Chen-Chen (1998) and 
Shah-Siddiqui (2000). 

- 3.98 21.52 

2 Manual and visual smoothing - 6.81 22.87 
3 Updating of the LUT with data 21,131 1.30 9.82 
4 4-D smoothing in decimal scale - 2.24 10.98 
5 4-D smoothing in log scale - 1.68 10.41 
6 Updating of the LUT with data 21,131 1.31 9.95 
7 4-D smoothing in log scale - 1.71 10.55 
8 Manual and visual smoothing 21,131 1.71 10.56 
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Table 3 Section of the Film Boiling Look-up Table 

P 
(kPa) 

G Xe 1;r1; e= 50K 
(k • n 2s-1) (-) 

100K 200K 300K 400K 500K 600K 750K 
Heat Transfer Coefficient (kW n 21C1) 

900K 1050K 1200 

10000 3000 -0.20 3.102 3.069 2.990 2.917 2.816 2.740 2.647 2.541 2.437 2.339 2.239 
10000 3000 -0.10 1.762 1.648 1.397 1.322 1.215 1.181 1.349 1.486 1.728 2.001 2.243 

10000 3000 -0.05 1.471 1.391 1.252 1.176 1.119 1.095 1.253 1.343 1.551 1.781 1.997 
10000 3000 0.00 1.414 1.334 1.230 1.174 1.123 1.113 1.224 1.304 1.470 1.646 1.805 
10000 3000 0.05 1.714 1.648 1.557 1.533 1.508 1.554 1.584 1.628 1.661 1.709 1.725 

10000 3000 0.10 2.445 2.381 2.181 2.119 2.099 2.122 2.074 2.044 2.006 2.006 1.948 
10000 3000 0.20 4.086 4.055 3.376 3.004 2.949 3.030 3.018 3.029 3.042 3.105 3.089 
10000 3000 0.40 8.134 7.441 5.737 4.892 4.727 5.100 5.090 5.494 5.709 5.952 6.144 
10000 3000 0.60 11.253 10.486 8.513 7.135 7.007 7.337 7.439 7.790 8.061 8.342 8.618 
10000 3000 0.80 12.542 12.324 11.227 10.700 10.311 10.037 9.837 9.912 10.059 10.173 10.333 
10000 3000 1.00 13.404 13.108 12.320 11.992 11.692 11.599 11.465 11.481 11.622 11.735 11.887 
10000 3000 1.20 13.554 13.150 12.600 12.300 12.197 12.169 12.284 12.408 12.610 12.808 13.023 

10000 3000 1.40 13.346 13.232 12.974 12.810 12.752 12.655 12.686 12.803 13.011 13.215 13.449 
10000 3000 1.60 13.490 13.354 13.169 12.984 12.862 12.786 12.790 12.937 13.176 13.402 13.671 
10000 3000 1.80 13.803 13.697 13.483 13.276 13.099 13.005 12.982 13.140 13.409 13.652 13.952 
10000 3000 2.00 14.322 14.172 _12.925 13.701 13.534 13.445 13.432 13.613 13.920 14.205 14.550 

10000 4000 -0.20 3.038 3.007 2.950 2.867 2.791 2.714 2.640 2.534 2.429 2.329 2.228 
10000 4000 -0.10 2.247 2.140 1.832 1.776 1.682 1.697 1.840 1.917 2.000 2.089 2.162 

10000 4000 -0.05 1.627 1.535 1.286 1.288 1.272 1.313 1.419 1.563 1.719 1.896 2.048 
10000 4000 0.00 1.407 1.338 1.177 1.252 1.248 1.301 1.396 1.523 1.690 1.877 2.043 
10000 4000 0.05 1.816 1.710 1.574 1.596 1.612 1.674 1.749 1.887 2.035 2.214 2.327 

10000 4000 0.10 3.713 3.918 2.680 2.414 2.576 2.579 2.732 2.806 2.859 2.966 2.986 
10000 4000 0.20 8.778 7.637 5.054 3.709 4.006 4.143 4.740 4.528 4.620 4.771 4.822 
10000 4000 0.40 10.877 9.914 7.274 5.908 6.213 6.670 7.240 7.541 7.865 8.269 8.599 
10000 4000 0.60 15.821 14.430 11.550 9.872 10.234 9.462 10.246 10.533 10.897 11.331 11.730 
10000 4000 0.80 17.300 16.943 15.536 13.820 13.967 13.496 13.469 13.510 13.707 13.893 14.124 
10000 4000 1.00 18.891 18.130 17.284 16.664 16.074 15.689 15.440 15.422 15.583 15.712 15.899 
10000 4000 1.20 18.352 17.798 17.328 16.853 16.519 16.275 16.169 16.240 16.453 16.646 16.885 
10000 4000 1.40 17.601 17.297 17.014 16.692 16.470 16.328 16.299 16.447 16.712 16.970 17.271 
10000 4000 1.60 17.514 17.288 16.997 16.716 16.520 16.418 16.416 16.617 16.934 17.234 17.593 
10000 4000 1.80 17.855 17.645 17.314 16.803 16.693 16.684 16.910 17.272 17.605 18.015 
10000 4000 2.00 18.687 18.475 18.081 17.322 17.283 17.510 17.906 18.274 18.725 

Table 4 Prediction Error for the Fully Developed Film Boiling Data 

Prediction methods No. of data used Average error (%) Rms error (%) 
Miropolskiy eqn. 20,785 48.36 91.11 
Dougall-Rohsenow eqn. 20,785 28.34 51.76 
Groeneveld-Delorme eqn. 20,785 15.74 46.93 
Kohler-Hein model 20,785 -7.63 28.61 
Hammouda model 7,288 -6.19 34.65 
Chen-Chen model 20,785 3.11 78.73 
Shah-Siddiqui model 20,785 11.73 33.24 
q-based table (PDO-LW-00) 19,095 6.87 20.65 
Present T-based table (2002) 20,785 1.71 10.58 
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