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ABSTRACT 

Experimental studies have been performed to obtain 

data on critical heat flux (CHF) in CANFLEX


 bundles.  

These data have been used to develop the CHF 

correlation, which is being applied in design analyses of 

the advanced CANDU


 fuel.  This paper summarizes 

previous experimental CHF studies that are relevant to 

design calculations.  Some experimental data are shown 

to illustrate various separate effects on CHF.  

 

INTRODUCTION 

Atomic Energy of Canada Limited (AECL) is 

designing the Advanced CANDU Reactor (ACR
TM

) 

based on current CANDU 6 design with the objective of 

improving the thermal efficiency and reducing cost.    

One of the changes incorporated in the design of the ACR 

is the reduction of the core size.  This modification 

reduces the inventory of the heavy-water moderator and 

represents a significant saving in capital cost.  In 

addition, improvements in channel power and safety 

margin are achieved with the use of the CANFLEX 

bundle.   

A large number of tests have been performed to 

obtain data on critical heat flux (CHF), post-dryout 

sheath temperature, and fuel string pressure drops in 37-

element and CANFLEX bundles over a wide range of 

conditions in water flow.   Studies on separate effects on 

CHF have been carried out using full-scale bundle 

simulators in Freon flow to quantify the impact of 

variations in axial and radial power profiles on CHF.  

Several advanced techniques (such as sliding 

thermocouples) have been implemented to produce 

accurate measurements (this has reduced prediction 

uncertainty in safety calculations).  Prediction methods 

have been derived using these experimental data and 

applied in safety analyses.  These prediction methods are 

applicable for calculations in support of the advanced 

CANDU fuel design. 

                                                           

CANFLEX


 (CANDU Flexible) is a registered trademark 

of AECL and Korea Atomic Energy Research Institutes 

(KAERI). 

CANDU


 (Canada Deuterium Uranium) is a registered 

trademark of Atomic Energy of Canada Limited (AECL).  

The advanced fuel design being developed for the 

ACR evolves from the latest CANFLEX fuel, which was 

based on a large experimental development program to 

optimize thermalhydraulics performance.  It provides a 

considerable improvement in operating margin, as 

compared to the current 37-element fuel bundle.  This 

paper describes previous experimental CHF studies using 

bundle simulators in water and Freon flows, and the 

extensive bundle CHF database in support of the 

advanced fuel design. 

 

ADVANCED CANDU FUEL  

The ACR fuel design has the CANFLEX fuel 

configuration, which comprises 43 elements in four rings.   

Elements in the outer and intermediate rings are smaller 

in diameter and those in the inner ring and centre element 

are larger.  These elements are held in place by two 

endplates, which maintain the spacing between elements.  

The overall bundle length is about 0.5 m.  A plane of 

spacing appendages is brazed on elements at the middle 

axial location; these appendages are installed to maintain 

the gap size between elements.  Several planes of bearing 

pads are brazed on outer-ring elements to maintain a gap 

between the bundle and the pressure tube and prevent 

sliding wear on elements during refueling.  Two planes of 

non-load-bearing appendages (referred to as “buttons”) 

are brazed on elements at the ¼ axial location from each 

end.  These buttons are installed to enhance heat transfer 

and CHF.  Figure 1 shows the CANFLEX bundles. 

 

 

Figure 1: CANFLEX Bundles. 

 

Slightly enriched uranium (SEU) oxide will be used 

in the advanced fuel design, unlike the reference CANDU 
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fuel, which uses only natural uranium.  The centre 

element of the ACR fuel bundle comprises a mixture of 

natural uranium and dysprosium (Dy, a burnable poison) 

to reduce coolant void reactivity.  For this fuel 

configuration, the radial power profile of the bundle is 

steeper for fresh SEU than for fresh natural uranium fuel.  

It flattens with increasing burnup.  Figure 2 illustrates the 

variation of radial power profiles (as the local-to-average 

heat-flux ratio) for an advanced fuel design at several 

positions in a 12-bundle string.  In the ACR design, 

bundles are displaced axially in the channel during on-

power refueling.  Bundle position 1 is the location of a 

fresh-fuel bundle and position 12 the position of a high-

burnup fuel bundle.  This figure illustrates the flattening 

of the radial power profile with increasing burnup.     

 

Figure 2: Radial Heat-Flux Profiles in Various 

Bundles of a Fuel Channel. 

 

The radial heat-flux profile affects the CHF limits.  A 

reduction in outer-ring element heat flux at high burnups 

increases the CHF, in terms of bundle cross-section 

average parameters (which are used in safety analyses 

codes), compared to the CANFLEX fresh natural 

uranium fuel bundle.  However, the corresponding 

relative increase in inner-ring element heat flux would 

offset that increase slightly.   

To achieve high burnups with the advanced SEU fuel, 

refueling for the ACR will use 2-bundle shift scheme, 

compared to the 8-bundle shift scheme used in the 

reference CANDU 6 reactor with natural uranium fuel.  

The fueling-scheme change shifts the axial power profile 

from the CANDU-6 symmetric-cosine shape to an 

upstream-skewed shape.  This increases the critical 

channel power.  Figure 3 compares axial power profiles 

between 2-bundle-shift and 8-bundle-shift fuelling 

schemes.  The peak-power bundle shifts upstream from 

Bundle 6 for the eight-bundle-shift fuelling scheme to 

Bundle 4 for the two-bundle-shift fuelling scheme.    

 

THERMALHYDRAULICS CHARACTERISTICS 

The design of advanced CANDU fuel requires the 

quantification of thermalhydraulics characteristics, such 

as CHF, post-dryout heat transfer, and fuel-string 

pressure drop.  Critical heat flux is applied in determining 

trip-set points for the regional overpower protection 

(ROP) system and process-trip parameters in establishing 

a safe margin for postulated loss-of-regulation and loss-

of-flow accidents.  It is a determinant in setting the 

reactor power and operating margins.   

 

 

Figure 3: Axial Power Profiles for 8-Bundle-Shift and 

2-Bundle-Shift Fuelling Schemes. 

Critical heat flux is the phenomenon corresponding 

to the point where continuous liquid contact cannot be 

maintained at a heated surface.  Energy deposition above 

this level results in a rather sharp temperature rise and 

may lead to damage to the fuel sheath.  The mechanism 

for CHF corresponds to dryout at CANDU conditions of 

interest (i.e., high flows and high qualities), as compared 

to burnout (or departure from nucleate boiling) 

encountered in pressurized water reactors (PWRs).  The 

observed temperature rise is much sharper and more rapid 

for departure from nucleate boiling than for dryout. 

The onset of intermittent dryout criterion is used to 

determine CHF for CANDU fuels.  Under this criterion, 

only a single point of the fuel clad would encounter 

dryout while the remainder of the bundle remains wet.  

The clad temperature remains low at and prior to CHF 

point.  Beyond CHF, the clad temperature increases 

slightly with increasing power or decreasing flow.  This 

mild increase in clad temperature, if CHF were exceeded, 

would not compromise integrities of the fuel and sheath. 

 

EXPERIMENTAL STUDIES 

Experiments have been performed to obtain CHF 

data in water and Freon flows using full-scale electrically 

heated fuel-string simulators.   

 

Description of Water Test Station and Bundle 

Full-scale CANFLEX bundle tests have been 

performed to obtain licensing data in the high-pressure 

steam-water loop at Stern Laboratories (Dimmick et al. 

1999).  The loop consisted of a main circulating pump, a 

preheater, two heat exchangers, a steam and water 

separator, a condenser, and a filter.  Valves and 

controllers were installed at various locations for flow 

and pressure controls.   

The test station consisted of a pressure housing and a 

ceramic flow tube simulating inside dimensions of the 
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pressure tube.  The ceramic flow tube insulated the 

bundle string from the metal pressure housing. Three 

different flow tubes were used in the test: one had a 

uniform inside diameter of 103.86 mm and the other two 

had axially varying inside diameters, with a peak of 

107.29 mm and 109.16 mm (3.3% and 5.1% larger than 

the uniform tube diameter).  The uniform flow tube 

simulated a reference uncrept pressure tube, while others 

simulated pressure tubes with various degrees of 

diametral creep.  Tests with large tube diameters address 

the aging conditions of a CANDU fuel channel, where 

the channel has experienced diametral creep deformation. 

Fourteen pressure taps were installed at various 

locations along the test station.  These taps were 

connected to differential-pressure cells for pressure-drop 

measurements. Absolute pressure cells were connected to 

the upstream tap to measure the inlet pressure, and other 

absolute pressure cells were connected to the downstream 

tap for outlet pressure measurements.  Fluid temperatures 

at the inlet and outlets ends were measured at the branch 

of the “tee” section using K-type thermocouples and 

resistor temperature devices (RTDs).  Figure 4 shows 

schematically the test station set up. 

 

 

Figure 4: High Pressure Water Test Station at Stern 

Laboratories. 

 

The test string consisted of a 6-m-long, 43-element 

bundle simulator.  Elements were constructed with 

Inconel tubes of two different outer diameters.  Bundle 

segmentation was simulated with specially designed 

spool pieces that imitated the radial and cross webs of the 

endplate in a fuel bundle.  Corresponding elements in the 

upstream and downstream bundles of the spool pieces 

were aligned axially.  Appendages (i.e., spacers, bearing 

pads and AECL-patented non-load-bearing buttons) were 

spot-welded at various locations, as specified in the 

bundle design.  Power was applied to the bundle string 

through Joule heating.   

Sheath thickness of elements was varied along their 

axial length and from ring to ring.  This variation 

provided accurate simulations of non-uniform radial and 

axial heat-flux distributions.  The radial power profile 

simulated a bundle with natural uranium fuel, and the 

axial power distribution corresponded to a downstream 

skewed-cosine profile.   

The inside surface temperature of the heated sheath 

was measured with thermocouple-slider assemblies 

located inside the element.  Sliders in all elements were 

moved axially and rotated at various locations to map out 

the surface-temperature distribution.   

 

Description of Freon Test Station and Bundle 

Freon bundle experiments have been performed in 

the MR-3 heat-transfer loop at Chalk River Laboratories.    

Figure 5 shows a schematic diagram of the loop.  

Subcooled fluid was supplied to the test station through 

two circulating pumps; these pumps are capable of 

circulating up to 38 kg·s-1 at a maximum test-station 

outlet pressure of 2.7 MPa.  The test-station inlet 

temperature was controlled by a pre-heater (or sub-cooler) 

located downstream of the pumps.  The two-phase 

mixture discharged from the test station flowed into a 

vapour drum (that controls loop pressure) where the 

vapour was condensed and the liquid was circulated 

through the pumps.  Refrigerants R-12 and R-22 were 

previously used as working fluid in 37-element bundle 

tests, and have been replaced with non-ozone depleting 

Refrigerant R-134a, which has been used in all 

CANFLEX bundle tests.   

 

Figure 5: Schematic Diagram of the MR-3 Freon 

Heat-Transfer Loop at Chalk River Laboratories.  

 

The loop consisted of two test stations, each capable 

of housing a full-scale bundle string.  Either test station 

can be isolated or connected in series to meet testing 

requirements.  The vertical test station was designed to 

study separate effects, without the gravity influence on 

cross-sectional flow distribution.   It was used to quantify 

the effect of axial and radial power profiles on CHF and 

post-dryout heat transfer, and to optimize the heat-

transfer enhancing devices in the bundle.  The horizontal 

test station was used to generate relevant data on CHF 

and post-dryout heat transfer to supplement the water 

database.  Figure 6 illustrates schematically the horizontal 

test station.  Freon data have been transformed into 

water-equivalent values using fluid-to-fluid modeling 

parameters (Leung et al. 2003). 
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Figure 6: Schematic Diagram of the Horizontal Test 

Station in the MR-3 Loop. 

The test station comprised a steel pressure boundary 

and a fiberglass flow tube isolating (electrically) the 

bundle string from the pressure boundary.  Three flow 

tubes of axially uniform internal diameter (103.4, 106.6 

and 108.7 mm) were used to simulate the reference 

(uncrept), 3.1% and 5.1% crept channels for bundles with 

a uniform axial power profile.  Another flow tube with 

axially non-uniform internal diameter (with a peak creep 

of 4%) was used to study the creep effect for a 37-

element bundle with axially non-uniform power profile.  

Pressure taps were installed along the flow tube for 

pressure-drop measurements.  Calibrated thermocouples, 

pressure transducers and turbine flow meters were used to 

measure inlet- and outlet-fluid temperatures, pressures, 

and mass-flow rates.  

The CANFLEX bundle string consisted of 43, 6-m 

long, electrically heated, element simulator.  Each 

element was constructed with Inconel-718 tubes. Sheath 

thickness of elements in different rings was varied to 

simulate the reference radial power profile of natural 

uranium fuel.  Bundle segmentation was simulated with 

specially designed spool pieces that simulated the radial 

and cross webs of the endplate in a fuel bundle.  Elements 

in the same ring were joined with nickel-plated brackets 

at the spool pieces; the brackets simulated the circular 

webs of the endplate.  Neighbouring brackets between 

rings were joined with fiberglass webs, which simulated 

the cross webs of the endplate and insulating the rings 

from each other.  Current shunts and a custom-designed 

electronic instrument were used to measure individual 

ring powers.  A separate resistor bank (with four resistors) 

was installed in series to the ring elements.  The radial 

power profile in the bundle string was arranged by 

adjusting the resistance in each of the four resistors.  All 

elements were equipped with the sliding thermocouples 

for temperature mapping and CHF detection.  

 

EXPERIMENTAL CHF DATA 

Large amounts of experimental data have been 

obtained for development of thermalhydraulics 

correlations, which are currently being applied in safety 

analyses of CANDU reactors.  These correlations have 

been extended to calculations for the advanced fuel 

design.  Relevant experiments have been scheduled to 

provide confirmation data to finalize the design. 

Critical heat flux is established from the dryout 

power measurements of the full-scale CANFLEX bundle 

tests. The high-pressure water tests provided the primary 

licensing database.  Table 1 presents the range of test 

conditions covered in these tests.  Supplemental Freon 

CHF data have been obtained at water-equivalent 

conditions covering pressures up to 14 MPa and mass-

flow rates up to 32 kg/s. 

Table 1: Flow Conditions Covered in Water CHF 

Tests. 

 CHF Database 

Outlet Pressure (MPa) 6 to 11 

Mass Flow Rate (kg/s) 7 to 23 

Inlet Subcooling (C) 10 to 75 

 

The dryout power in the CANDU bundle represents 

the total power applied to the bundle string, at which OID 

occurs.  This OID corresponds to only a single point at 

the sheath of an element, where the liquid film has broken 

down, while a continuous liquid contact is maintained at 

the remaining surfaces of the bundle string.  Because of 

the high heat-transfer rate of convection (at high flow 

velocity) and conduction (from the dry spot to the 

surrounding wet area), a gradual temperature rise is 

associated with this type of dryout.  Figure 7 illustrates 

the dryout power measurements for the bundle string in 

the uncrept channel.  The dryout power increases with 

mass-flow rate and decreases with inlet-fluid temperature.  

Overall, the dryout power follows a relatively linear 

variation with the flow parameters over the test 

conditions.   

 

Figure 7: Dryout Powers for CANFLEX Bundles in 

the Reference (Uncrept) Channel. 

 

The evaluation of CCP using a system code requires 

an accurate CHF correlation.  Currently, the boiling-

length-average (BLA) heat-flux approach is applied in the 

calculations of CCP for CANDU reactors.  Overall, the 

BLA approach has been shown to be the most appropriate 

approach to account for the effect of axial power profile 

on CHF in tubes and CANDU bundles. 

The traditional approach, as used in tube flow, to 

initiate boiling length from the saturation point is 

inappropriate for analyses based on cross-sectional 

average flow conditions currently applied in safety 

analyses for tightly spaced bundles.  Imbalances in flow 

and enthalpy distributions in the bundle have led to the 

initiation of boiling (i.e., ONB point) at highly subcooled 

flow conditions (cross-sectional average values).  These 

imbalances increase with increasing bundle eccentricity 
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from the concentric position; a portion of flow diverges 

to the open area, bypassing the heated bundle.  Hence, the 

assumption of a small difference between the ONB and 

saturation points is no longer justified, and the boiling 

length must be redefined. 

The boiling length is defined as the length from the 

onset-of-significant-void (OSV) point to the location of 

interest in fuel-channel analyses for CANDU 6 reactors.  

The OSV point was determined from the pressure 

distribution based on the pressure-drop measurements.   

Local and BLA CHF values have been established 

with the dryout-power measurements and axial power 

profile.  The BLA CHF is calculated with  

 




 DO

OSV

z

z local
OSVDO

BLA dzq
zz

CHF
1

  (1) 

 

where zDO and zosv are the locations at the dryout and 

OSV points, respectively, qlocal is the local heat flux in 

W/m², and z is the axial distance in metres.  

 Figure 8 shows BLA CHF values for the CANFLEX 

bundle string in the 5.1% crept channel.  In general, the 

BLA CHF increases with decreasing dryout quality and 

increasing mass-flow rate.  Several data points were 

obtained at the cross-sectional-average subcooled 

conditions (negative thermodynamic quality).  The local 

quality is higher than the OSV quality.  Therefore, 

boiling is anticipated in the bundle and the local quality at 

the critical subchannel is higher than saturation. Based on 

the current BLA approach, the data follow the same trend 

as exhibited in the saturated dryout data.  The variation of 

BLA CHF is larger at low mass-flow rates than at high 

mass-flow rates. 

 

Figure 8: Calculated BLA CHF values for CANFLEX 

Bundles in the 5.1% Crept Channel. 

 

Effect of Channel Creep. The pressure tube in an 

aged reactor fuel channel expands diametrically due to 

the combined effect of irradiation, pressure and 

temperature.  This expansion, referred to as the creep 

effect, leads to a change in thermalhydraulics 

characteristics.  The change is due to the expansion of top 

subchannels between the bundle and the pressure tube, 

leading to an increase in the amount of flow traveling in 

that region and hence bypassing the bundle.  This flow-

bypass effect reduces the cooling efficiency to the bundle 

but at the same time reduces the pressure drop.  Full-scale 

bundle tests covered three different flow tubes simulating 

channel maximum creep from 0 (reference) to 5.1% in 

water flow. 

Figure 9 shows the dryout power variation with creep 

at a pressure of 11 MPa and mass-flow rate of 21 kg/s.  

For given inlet conditions, the dryout power decreases 

with increasing creep.  The reduction is slightly steeper at 

low creep values compared to higher creeps.  This is to be 

expected as low values of creep have a significantly 

higher relative effect on the bypass flow over the bundle 

(and hence the flow in the critical subchannel) as 

compared to higher creeps. 

 

Figure 9: Effect of Channel Creep on Dryout Power. 

 

Effect of Bearing-Pad Height.  Initial dryout occurs 

mainly at elements in the bottom region of the 

CANFLEX bundle with natural uranium fuel.  The dryout 

occurrence is affected strongly by the gap size between 

outer-ring elements and the pressure tube.  Three 

different gap sizes have been examined in full-scale 

bundle tests.  The variation of gap size was achieved 

using bearing pads of different heights.  High bearing 

pads increased the local subchannel area and flow rate in 

the narrow-gap region and improved the heat transfer and 

dryout power.   Overall, the dryout power increases with 

bearing-pad height.  The increasing trend is relatively 

linear within the current range of bearing-pad height.  No 

significant differences in dryout power variation with 

bearing pad height have been noticed between uncrept 

and 5.1% crept channels.  On average, the dryout power 

increase as a result of increasing the bearing-pad height is 

about 10% over the tested range. 

Effect of Radial Power Profile.  A change in radial 

power profile (or local element power) has a strong 

impact on CHF.  In general, an increase in local power at 

the critical element reduces the CHF or dryout power 

(cross-section-average-parameter-based), or vice versa.   

However, an element with high local power might not be 

the critical one in a CANDU bundle, due to the flow and 

enthalpy imbalances (Yin et al., 1991).  Large amounts of 

CHF data were obtained with Freon-cooled CANFLEX 

bundles of various radial power profiles illustrated in 

Figure 10.  These CHF data covered a wide range of 

water-equivalent flow conditions. 
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Figure 10: Experimental Radial Power Profiles in 

CANFLEX Bundles. 

 

Figure 11 compares CANFLEX bundle CHF data for 

radial power profile of natural uranium fuel and one fuel 

design with uniform 1.6% enrichment.  Critical heat flux 

is lower (on average, about 8%) for the 1.6% SEU fuel 

than for the natural uranium fuel.  This reduction is due to 

the slight increase in outer-ring element power for the 

1.6% SEU fuel, as compared to that for the natural 

uranium fuel (see Figure 10).  Dryout has been observed 

mainly at outer-ring elements.  CHF values for the 1.6% 

SEU fuel have been used to validate the correlation for 

the effect of radial power profile (Leung 2002).  The 

correlation was applied in determining the impact of 

using CANFLEX 0.9% SEU fuel on dryout power in 

CANDU reactors (Leung et al., 2000). 

 

 

Figure 11: Freon CHF Values for Radial Power 

Profiles of 1.6% SEU and natural uranium fuel. 

 

CONCLUSIONS AND FINAL REMARKS 

 Extensive experimental CHF databases in water and 

Freon flows are available in support of the advanced 

CANDU fuel design and licensing analyses 

 These data cover conditions of interest to normal 

operation and assessment of various separate effects. 

 CHF correlations have been derived using these data 

and are applicable for fuel design analyses. 
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