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ABSTRACT 
 
The present work concerns the use of 1995 CHF table for uniformly heated round tubes, developed jointly by 

Canadian and Russian researchers, for the prediction of critical heat flux in rod bundles geometries. Compari-

sons between measured and calculated critical heat fluxes indicate that this table can be applied to rod bundles 

provided that a suitable correction factor is employed. The tolerance limits associated with the departure from 

nucleate boiling ratio (DNBR) are evaluated by using statistical analysis. 
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1. INTRODUCTION 
 

The present work concerns with the assessment of critical heat fluxes (CHF) in rod bundles ge-

ometries. CHF is an important parameter to be predicted when considering the safety limits of nu-

clear reactors, steam generators and other thermal units. When CHF occurs, the heat transfer capa-

bility decreases dramatically and the corresponding wall temperature increases rapidly that it can 

even melt the heat transfer surface. The power generated is often limited by the CHF value. The 

pressurized water nuclear reactors must be designed with sufficient thermal power margin for the 

specifically acceptable fuel design limits to ensure that they are operated safely within the limiting 

conditions for operation.   

Many different models and correlations for the prediction of CHF exist in the literature and an 

enormous amount of experimental data are available nowadays. Most of the studies carried out on 

CHF have been reviewed in various publications by Katto [1], Tong [2], Todreas and Kazimi [3], 

Collier and Thome [4] and Tong and Weisman [5].  

In general, CHF correlations are applicable to specific geometries and cover specific ranges of 

parameters. They cannot be extrapolated to conditions far beyond the ranges of their data bases. To 

overcome this difficulty, Doroschuk et al. [6, 7] proposed the first standard table for calculating 

CHF in uniformly heated round tubes cooled by boiling water. The model developed by Doroschuk 

et al. is based on the hypothesis that the critical heat flux is solely a function of flow parameters at 

the point where CHF occurs. Then, it is assumed that the history of the flow has no effect on the 

critical heat flux. 

Since the publication of Doroschuk et al., development works of CHF tables have been contin-

ued in Russia and Canada. In 1986, Groeneveld, Cheng and Doan [8] published the 1986 AECL-

UO CHF table. This table, based on about 15000 tube data, covers wider ranges of flow conditions. 

Kirillov et al. [9] improved the table of Doroschuk et al. by using a data base with 7620 data points. 

The 1995 CHF table [10] was developed jointly by Atomic Energy of Canada Ltd. (AECL, Chalk 

River, Canada) and Institute of Physics and Power Engineering (IPPE, Obninsk, Russia) and was 

derived from a combined AECL-IPPE world data bank consisting of about 23000 data points. It 

covers the following ranges of parameters: pressure, 0.1 to 20.0 MPa; mass flux, 0 to 8000 kg/m2s; 

quality, 0.5 to 1.0; diameter, 0.003 to 0.04 m; and length to diameter ratio, 80 to 2485. 
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Considering that the critical heat flux is determined by the flow conditions where the phenome-

non occurs, the CHF tables, although derived for upward flow in a uniformly heated 8-mm tube, 

can also in principle be extended to rod bundles. Correction factors to the tables taking into account 

the effects of grid spacers, cold wall, nonuniform heat flux on CHF might be necessary when using 

them for rod bundles. Rod bundle correction factors applicable to the 1986 AECL-UO CHF table 

are reported by Groeneveld et al. [8,11]. 

In this paper, the 1995 CHF table is compared with measurements of critical heat flux taken 

from electrically heated 25-rods bundles arranged in 5x5 square arrays. The rod bundle test section 

geometries and the ranges of operating parameters are representative of those found in the cores of 

pressurized water reactors (PWR).  The predicted local subchannel conditions are substituted into 

the proposed CHF model to obtain a distribution of the departure from nucleate boiling ratios 

(DNBR) as a function of local steam quality; and the upper one-sided tolerance limit for the DNBR 

is estimated by applying statistical methods to the DNBR data. 

For the continuous monitoring of the minimum DNBR, empirical correlations were developed 

based on experimental data, obtained in sections of tests that simulate the geometric and operational 

conditions of the fuel elements. Usually, the analysis of the experimental CHF data in rod bundle is 

done through computational programs, which calculate the local conditions of the flow, using the 

technique known as subchannel analysis. Here the subchannel code STHIRP-1 [12] was used. It is a 

modified version of the COBRA-IIIC [13], developed in the Department of Nuclear Engineer-

ing/UFMG. The subchannel programs calculate the local conditions of the fluid and provide, based 

on empirical correlations or alternatively using tables as done in this work, the value of the local 

heat flux that, under those conditions, critical heat flux occurs. The use of these programs is com-

plex, requiring a large set of input data, with results dependent on the specification of input data, 

such as local pressure loss coefficients, friction coefficients, mixing factor between the subchannels, 

among others.  

This process accumulates uncertainties of various natures. Among the most important are those 

associated to the development of the adopted empirical correlation, the several experimental param-

eters of the test sections, as well as the theoretical and numerical models associated with the compu-

tational code. In addition to these limitations, it is also worth mentioning the high cost of the critical 

heat flux experiments, which prevents the execution of runs involving different geometric and oper-
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ational conditions of the test sections, making it difficult to accurate analysis of the effect of several 

parameters. 

 

2. MATERIALS AND METHODS 

 

A total of 2542 CHF data points from 34 test sections with 25 rods in a 5x5 square array were 

selected for assessment in this study. These CHF data were taken from data base compiled by 

Figuetti and Reddy [14] at Columbia University. The sources of the data are Babcock and Wilcox 

Co. (BW), Combustion Engineering In. (CE), Exxon Nuclear Co. (EX), Idaho National Engineering 

Laboratories (IN), and Westinghouse Electric Co. (WE).  

Figure 1 illustrates a cross sectional view of a typical 5x5 rod bundle. Stainless steel or inconel 

tubes electrically heated are usually employed to simulate nuclear fuel rods. Control rod guide 

thimbles are simulated by unheated tubes. 

Radial power is obtained by using heater tubes of the same outer diameter and different wall 

thicknesses. The rods spacing is maintained by different types of mixing vane grids and simple sup-

port grids. The rod bundle is contained in a vertical square tube lined with ceramic walls for electri-

cal insulation. Water flows upward inside the tube and outside the rods, removing the heat generat-

ed within the heaters. All test sections have uniform axial heat flux profiles. 

Thermocouples mounted inside the heater rods near the end of the active length detect the change in 

the surface temperature associated with CHF. The heater rods are filled with hollow ceramic cylin-

ders which prevent deformation of the wall tubing and electrically insulate the CHF thermocouple 

sheaths.  

Normally, CHF experiments are conducted in the same way. For each CHF run, the test parame-

ters (pressure, inlet temperature and flow rate) are preset to the desired values and electric power to 

the bundle is then gradually increased until a fast increase in surface temperature is detected by one 

or more of the CHF thermocouples. When the indication is assessed to be sufficient to establish the 

occurrence of CHF, the test section power is immediately reduced by the operator or automatically 

turned-off. Voltage, current, inlet temperature, inlet flow rate, outlet pressure, identification num-
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bers of rods and thermocouples indicating CHF are continuously recorded. The set of measurements 

taken immediately before the power reduction constitutes the recorded CHF conditions. 

 

Figure 1:  Cross-sectional view of a 5x5 rod bundle 

 

Source: Author 

 

The database used in this work covers the following parameter ranges: pressure, 1.3 to 17 MPa; 

inlet temperature, 95 to 340 oC; average mass flux, 220 to 6050 kg/m2 s; average heat flux, 220 to 

3930 kW/m2. 

Subchannel mass flux and steam quality at the CHF location for each critical heat flux run were 

calculated with the STHIRP-1 subchannel code from values of pressure, inlet temperature, bundle 

average mass flux, and bundle average heat flux. 

Calculations with the STHIRP-1 subchannel code were carried out by using the input parame-

ters and correlations summarized in Table 1. Parameters given in Table 1 have the same definitions 

as those ones used in the COBRA-IIIC code. The extent of turbulent mixing among subchannels 

was determined using a turbulent mixing coefficient () of 0.050 [15]. It should be emphasized that 

the CHF subchannel was assumed to be that subchannel adjacent to the CHF rod presenting in cal-

culation the highest exit steam quality. 
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Table 1: Input parameters and correlations for STHIRP-1 

Number of axial levels 41 

Convergence tolerance for axial flow 0.001 

Convergence tolerance for crossflow 0.01 

Crossflow resistance factor, K0 0.5 

Transverse momentum parameter 0.5 

Turbulent momentum factor, ft 1.0 

Turbulent mixing coefficient 0.05 

Friction factor correlation Blasius [4] 

Subcooled void correlation Levy [16] 

Bulk void correlation Smith [17] 

Two-phase friction multiplier correlation Reddy et al.[18] 

 

When the calculated subchannel conditions at the location of critical heat flux for a particular 

run are substituted into a CHF correlation, a predicted CHF is produced. The ratio of the predicted 

CHF to the local CHF is defined as the Departure from Nucleate Boiling Ratio (DNBR). Since the 

local CHF for each experiment is just the measured CHF, this definition results in 
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    (1)
 

 

where q”
crit denotes the critical heat flux. 

The DNBR values should be one at all CHF test conditions if experimental errors were zero, if 

the flow parameters at the CHF location were perfectly determined by a subchannel code, and if the 

critical heat fluxes were exactly predicted by the CHF correlation. In general, these conditions do 

not happen and the DNBR data are found to produce a probability distribution. If the distribution is 

normal, then a minimum DNBR (MDNBR) thermal design limit may be determined such that CHF 

will not occurs at 95% probability with 95% confidence level. 
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When a sample DNBR1, DNBR2,…,DNBRn is taken, the mean value is given by 
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where n is the total number of data.  

The average error and the root-mean-square error are defined as 
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A typical Pressurized Water Reactor (PWR) design criterion is that CHF will not occur in the 

core at a 95% probability with a 95% confidence level. In order to meet this criterion, a limiting 

value of DNBR is determined by applying statistical methods to random samples of DNBR data 

taken from tests simulating reactor conditions. The minimum design value for the DNBR for PWR 

is 1.30.  Needless to say, the establishment of a minimum DNBR provides a major limitation on the 

design of water-cooled reactors. The maximum heat flux anywhere in the core is limited by the 

DNBR. 

For a normal random variable DNBR with unknown mean  and standard deviation , the upper 

one-sided tolerance limit for the DNBR is given by Eq.7. 

S.KDNBRMDNBR     (7) 
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where DNBR  is an estimate of  and S is an estimate of . Values of K such that the probability is  

that at least a proportion p of a normal distribution is below the minimum DNBR (MDNBR) may 

be obtained from tables given in textbooks of statistics. 

 

3. RESULTS AND DISCUSSION 

 

The ratios of predicted to measured critical heat fluxes obtained by using the 1995 CHF table 

are plotted in Fig. 2 as a function of local steam quality. The points on the line DNBR = 1.0 indi-

cates that the predictions match the measurements. The points above this line mean that the pro-

posed model overestimates the predicted critical heat fluxes. Desirable predictions are indicated by 

the points falling below the line DNBR = 1.0. 

 

Figure 2: Ratio of predicted CHF to measured CHF as a function of local steam quality. 

 
Source: Author 

 

It can be inferred from Fig. 2 that the DNBR data points are distributed around DNBR = 1.0 and 

that most of the data falls within the range 0.7  DNBR  1.5. The mean value and standard devia-

tion associated with the set DNBR data points are 1.153 and 0.322, respectively. Table 2 summariz-

es the mean value and the standard deviation associated with DNBR data points from each technical 
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institution. 

 

Table 2: Mean values and standard deviations by institution  

Institution Mean Value Standard Deviation 

Babcock and Wilcox Co. 1.011  0.252 

Combustion Engineering In. 1.397 0.418 

Exxon Nuclear Co. 1.075 0.299 

Idaho National Engineering Lab. 1.195 0.194 

Westinghouse Electric Co. 1.013 0.209 

 

The 1995 CHF table predicts close to 68% of the data within the 15% error range. This is 

shown in Fig. 3, where the error histogram is plotted using 10% error intervals. Gauss's curve shows 

that the results present a normal distribution. 

 

Figure 3: Histogram of the DNBR data points. 

 

Source: Author 
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DNBR data shown in Fig. 4 correspond to those runs for which calculated CHF subchannel exit 

steam qualities were less than 0.20. This upper quality is still above the maximum quality (about 

0.1) expected to occur in typical PWR fuel elements under normal operation. 

 

Figure 4: Ratio of Predicted CHF to Measured CHF for Local Steam Quality  0.2 

 

Source: Author 
 

4.  CONCLUSIONS 
 

This work concerned the assessment of critical heat flux (CHF) measurements taken from 5x5 

test sections simulating nuclear fuel assemblies of pressurized water reactors. The study, although 

being carried out for specific geometries, reveals that the standard CHF tables for tubes appears as 

an interesting alternative for the determination of critical heat flux in nuclear fuel elements. In con-

trast with empirical correlations or semi-analytical CHF models, these tables are easy to be used and 

cover wide range of parameters. 

Considering that the hypothesis for critical heat flux is a function of flow parameters at the point 

where CHF occurs and can also be applied to complex geometries, slight corrections to the CHF 

tables are expected to be necessary to extend them to rod bundles. However, since the prediction of 

CHF in subchannel geometries is considerably more difficult than the prediction of CHF in tubes, 

further investigations in the light of experimental results need to be conducted to confirm the above 
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assumption. The effects of fuel assembly characteristics on CHF such as mixing vane grid spacers, 

wetted and heated equivalent diameters, flow mixing, and radial and axial heat flux distributions 

need to be considered. 

Comparisons between calculated and measures critical heat fluxes indicate that 68% of the data 

were predicted within the ± 15% error range.  
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