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INTRODUCTION

Narrow rectangular channels are employed in several engineering systems due to their high cooling capabilities within compact volumes. An example of such an application is the Jules Horowitz Reactor (JHR). The JHR [START_REF] Iracane | The JHR, a new material testing reactor in Europe[END_REF] is a material testing reactor under construction at CEA-Cadarache (France). The fuel assemblies consist of cylindrical concentric fuel plates arranged in such a manner that the coolant flows upward through the resulting narrow channels (gap between plates equal to 1.95 mm), experiencing large heat fluxes (up to 5.5 MW/m 2 ) and high coolant velocities (up to 15 m/s) under nominal conditions. The thermal-hydraulic system code CATHARE [START_REF] Geffraye | CATHARE 2 V2.5_2: A single version for various applications[END_REF] is used for the modeling and safety analysis of the reactor. The code relies on a transient 2-fluid 6-equation model, complemented with proper closure laws for single-phase and two-phase flow. These correlations were mainly developed and validated for tubes and rod bundles under specific flow conditions applicability to systems with different characteristics has to be carefully scrutinized. the SULTAN-JHR experimental database [START_REF] Willermoz | Horus3D code package development and validation for the JHR modeling[END_REF] CEA-Grenoble during the years 2001 with geometrical parameters ( representative of the JHR. The rectangular geometry was chosen to simplify the manufacturing process and to guarantee a high geometric p fuel plates is believed to influence only marginally The objective of this paper is to assess the predictive capabilities of selected correlations against the SULTAN limits is of crucial importance in the safety analysis of nuclear reactors, since the CHF causes a sharp reduction of the local heat transfer a eventually to burnout. In particular, the in CATHARE [START_REF] Bestion | The physical closure laws in the CATHARE code[END_REF]), the improved 2006 Groeneveld tables [ annuli [START_REF] Doerffer | A comparison of critical heat flux in tubes and annuli[END_REF] and Sudo's correlation [START_REF] Iracane | The JHR, a new material testing reactor in Europe[END_REF] The paper is organized as follows: in the next section a brief description of the SULTAN experiments is given; in Section their validity ranges and evaluated against

THE SULTAN-JHR EXPERIMENTS

In the SULTAN-JHR experimental campaign narrow vertical rectangular channel and degassed water flowed upward. Among these tests, 46

Test Section Geometry

Two different test sections were used: section 3 (SE3) an 1.509 mm and 2.161 mm, respectively. As shown in Fig.

Inconel-600 plates, approximately 1 mm thick. the plates. The extremities of the walls are thinner in order to avoid heat concentration effects that may cause early boiling and early CHF at the corners.

Fig. 1 Geometry of the SULTAN

The test section was encapsulated in an electrical mica steel plates maintained the channel gap and geometry reasonably constant during all tests losses were significantly reduced with a 200 mm The dimensions of the test section with the associated nomenclature are reported in Table

The central part of the channel is heated with an approximately uniform heat flux, while two 70 mm-long adiabatic zones are present at the ends of the test section. A s was used in order to minimize the entrance effects.

th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety tubes and rod bundles under specific flow conditions typical of commercial reactors to systems with different characteristics has to be carefully scrutinized. JHR experimental database [START_REF] Willermoz | Horus3D code package development and validation for the JHR modeling[END_REF] was employed. The experiments during the years 2001-2008. The test sections consisted of narrow rectangular channels (i.e. gap sizes and hydraulic diameters) and The rectangular geometry was chosen to simplify the manufacturing process and to guarantee a high geometric precision of the test sections. In addition, the curvature of the plates is believed to influence only marginally the flow and the heat transfer [START_REF] Siman-Tov | FY 1995 Progress report on the ANS Thermal-Hydraulic Test Loop operation and results[END_REF] The objective of this paper is to assess the predictive capabilities of selected Critical He against the SULTAN-JHR experimental data. An accurate knowledge of the thermal crisis limits is of crucial importance in the safety analysis of nuclear reactors, since the CHF causes a sharp reduction of the local heat transfer and consequently a rapid increase in wall temperatures, leading

In particular, the 1986 AECL-UO Groeneveld look-up table [ ]), the improved 2006 Groeneveld tables [9], Doerffer's formula for internally h correlation [START_REF] Sudo | A new CHF correlation scheme proposed for vertical rectangular channels heated from both sides in nuclear research reactors[END_REF] were tested.

The paper is organized as follows: in the next section a brief description of the SULTAN experiments is given; in Section 3 the correlations selected for the work are summarized ir validity ranges and evaluated against the experimental data; in Section 4 conclusions are drawn.

JHR EXPERIMENTS AND MODELING

JHR experimental campaign, about 300 steady-state tests were performed in two tangular channels that were uniformly electrically heated, and where demineralized upward. Among these tests, 46 CHF experiments are available Two different test sections were used: section 3 (SE3) and section 4 (SE4) with channel gap equal to respectively. As shown in Fig. 1, the channel wa ely 1 mm thick. The power was supplied via direct electrical heating of emities of the walls are thinner in order to avoid heat concentration effects that may cause early boiling and early CHF at the corners.

Geometry of the SULTAN-JHR test section (top view).

s encapsulated in an electrical mica-based insulation (Cogetherm the channel gap and geometry reasonably constant during all tests losses were significantly reduced with a 200 mm-thick thermal insulation layer made of rock wool. mensions of the test section with the associated nomenclature are reported in Table

The central part of the channel is heated with an approximately uniform heat flux, while two 70 long adiabatic zones are present at the ends of the test section. A smooth entrance in the test section was used in order to minimize the entrance effects.

th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety N11P0387 typical of commercial reactors [START_REF] Barre | The CATHARE code strategy and assessment[END_REF], thus their to systems with different characteristics has to be carefully scrutinized. For this purpose, employed. The experiments were carried out at narrow rectangular channels gap sizes and hydraulic diameters) and system conditions The rectangular geometry was chosen to simplify the manufacturing process , the curvature of the JHR [5] [6].

Critical Heat Flux (CHF) An accurate knowledge of the thermal crisis limits is of crucial importance in the safety analysis of nuclear reactors, since the CHF causes a sharp nd consequently a rapid increase in wall temperatures, leading up table [START_REF] Groeneveld | AECL-UO Critical Heat Flux Lookup Table[END_REF] (standard model ], Doerffer's formula for internally heated

The paper is organized as follows: in the next section a brief description of the SULTAN-JHR summarized along with conclusions are drawn.

state tests were performed in two and where demineralized are available.

d section 4 (SE4) with channel gap equal to was delimited by two The power was supplied via direct electrical heating of emities of the walls are thinner in order to avoid heat concentration effects that may

JHR test section (top view).

Cogetherm ® ) and two pressure the channel gap and geometry reasonably constant during all tests [START_REF] Chichoux | Experimental study on heat transfer and pressure drop in rectangular narrow channel at low pressure[END_REF]. The heat thick thermal insulation layer made of rock wool. mensions of the test section with the associated nomenclature are reported in Table 1.

The central part of the channel is heated with an approximately uniform heat flux, while two 70 mooth entrance in the test section 

Instrumentation and CHF detection

Several quantities were measured during the experiments, including the mass flow rate, the electrical voltage ∆V and current I, the inlet and outlet water temperatures, the absolute pressures and the pressure drops at several axial locations. The electrical power supplied to the test section could be estimated according to the formula P = ∆V × I.

The CHF occurrence is detected with 19 non-isolated thermocouples of type K (called BO-TCs). The thermocouples are located along the width of the channel at a distance of 5 (6 TCs), 15 (7 TCs) and 25 mm (6 TCs) from the end of the heated part of the channel. The sensors are connected to a rapid critical heat flux detection system, which prevents the damage of the test section. The CHF occurs always at the end of the heated channel, since a uniform heat flux distribution is present.

A more detailed description of the experimental campaign and facility may be found in [START_REF] Ghione | Improvement of the nuclear safety code CATHARE based on thermal-hydraulic experiments for the Jules Horowitz Reactor[END_REF].

CHF tests: procedure and range of conditions

To minimize the risk of damage to the test section, a limited number of experiments was performed; in particular, 26 tests in SE4 and 20 tests in SE3.

During these tests, the pressure at the exit, the heat flux and the flow-rate were kept constant while the temperature at the entrance was increased by 0.2 °C/min, until CHF was detected. The thermal crisis was considered to start when the BO thermocouples measured a rapid increase of temperature. The parameters at the CHF point were then registered.

The range of experimental CHF conditions is reported in Table 2. According to the authors' knowledge, no other experiments in this range of geometric and flow conditions are available in the open literature. 

where x st is the static quality and it is defined as: =
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Eqn.

(1) corresponds to the equilibrium quality on the assumption that the static quality and the flow quality are the same (i.e. the vapor and liquid velocities are equal) and the vapor superheat is neglected. These hypotheses are typical of system codes in order to avoid numerical problems in counter-current flow conditions.

Modeling of the experiments

The experiments were simulated with the code CATHARE by incorporating/making use of different CHF correlations (see Section 3). The CATHARE model of the test sections is based on a 1-D channel with the hydraulic diameter D hydr , evaluated from the data reported in Table 1. The heated length of the channel is discretized with 150 computational volumes of 4 mm each. The simulations were proven to be mesh-independent. The outlet pressure, mass flow-rate and imposed power together with the inlet liquid temperature at CHF were used as boundary conditions. The heat transfer and friction modeling in CATHARE were optimized for narrow rectangular channels, according to the suggestions in [START_REF] Ghione | Assessment of thermal-hydraulic correlations for narrow rectangular channels with high heat flux and coolant velocity[END_REF].

CATHARE computes the critical heat flux at each axial location; however the minimum CHF is always found at the end of the heated test section, due to the uniform heat flux distribution. Thus, only the outlet CHF values were retained for the following analysis.

RESULTS AND DISCUSSION

In this section, the CHF correlations selected for the study are presented along with their validity ranges. Their predictions are then compared to the experimental data.

The results of the comparison are presented in terms of Critical Heat Flux Ratio:

!"#$ = % &'(,) ) % &'(,*+, (3) 
A ratio smaller or equal to 1 indicates that the occurrence of CHF is actually estimated.

A global evaluation of the correlations is given in terms of the mean and standard deviation of the residuals r i , which are computed as:

-= 100 * % &'(,) ) % &'(,*+, % &'(,*+, (4) 
with i= 1, …, N (being N the total number of experimental points).

1986 AECL-UO Groeneveld look-up table

The 1986 AECL-UO Groeneveld look-up table [START_REF] Groeneveld | AECL-UO Critical Heat Flux Lookup Table[END_REF] is the standard model in CATHARE [START_REF] Bestion | The physical closure laws in the CATHARE code[END_REF]. It was developed from more than 15000 CHF data points in circular pipes, and it is valid for an 8-mm tube. The table contains CHF values as a function of pressure, mass flux and steam quality, over the following ranges: 0.1 -20 MPa for the pressure, 0 -7500 kg/m 2 s for the mass flux and -0.5 -1.0 for the quality (the negative qualities refer to sub-cooled conditions). The CHF at conditions different from the ones in the table can be determined with interpolations and with appropriate correction factors, i.e.:

1 !"#,2-34546478 = 1 !"#,95:4-; ;, 2, , < ℎ>8-= 8 @@ • B <ℎ [START_REF] Siman-Tov | FY 1995 Progress report on the ANS Thermal-Hydraulic Test Loop operation and results[END_REF] where K Dh is a geometric correction for hydraulic diameters different from 8 mm. It reads: The correction is such that CHF smaller than 16 mm. The application of the look pipes, using the hydraulic diameter [ however they are not applicable to the SULTAN paper. This look-up table is implemented in CATHARE numerical reasons, i.e. 0.2 -20 MPa for the pressure, 0 for the quality. Cubic splines are used for

C if 2 @@ < < HIJK < 16 @@ → B NH = O P N QRST U /W if< HIJK ≥ 16 @@ → B NH = Y P Z [ /W = 0.79 (6) 
The SULTAN-JHR experimental conditions are consistent with the validity range of the Groeneveld table. Nevertheless, the critical heat flux is Fig. 2 

CHFR as a function of the mass flux using

The CHFR is always larger than one, observed in all the experiments. Thus, the use of the Groeneveld table The mean value of the residuals suggest that the CHF in narrow rectangular channels is lower than in circular ones.

According to Fig. 2, the predictions seem to improve at high mass fl a behavior may be explained by considering the possible CHF mechanism high mass and heat fluxes, the Departure from Nucleate Boiling (DNB) CHF [START_REF] Collier | Convective boiling and condensation[END_REF]. This is a local phenomenon geometric effects might play a secondary role. performs better under DNB conditions because the differences are less influential. Conversely, larger discrepancies are to be expected specific velocity profile and more complex flow patterns thermal crisis [START_REF] Doerffer | A comparison of critical heat flux in tubes and bilaterally heated annuli[END_REF] [START_REF] Bonjour | Flow patterns during boiling in a narrow space between two vertical surfaces[END_REF].

The figure also shows that the experimental data in SE3 are more over values in SE4. An explanation may be that of the CHF with the reduction of the gap size.

th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety CHF increases with a decrease of hydraulic diameter application of the look-up table may be extended to geometries other than the hydraulic diameter [START_REF] Groeneveld | AECL-UO Critical Heat Flux Lookup Table[END_REF]. Other correction factors are suggested by Groeneveld [ however they are not applicable to the SULTAN-JHR conditions. Thus, they are not p is implemented in CATHARE with some limitation on the validity range 20 MPa for the pressure, 0 -7500 kg/m 2 s for the mass flux and s are used for the interpolation.

JHR experimental conditions are consistent with the validity range of the Groeneveld Nevertheless, the critical heat flux is significantly over-estimated as shown in Fig. 2.

f the mass flux using 1986 AECL-UO Groeneveld look

The CHFR is always larger than one, which means that the computed CHF is larger than the value the experiments. Thus, the use of the Groeneveld table leads to non of the residuals is equal to 104.7 % for SE4 and 208.8 % for SE3 suggest that the CHF in narrow rectangular channels is lower than in circular ones. conditions because the differences between circular and onversely, larger discrepancies are to be expected at higher qualities and more complex flow patterns due to the narrow gap size

shows that the experimental data in SE3 are more over-estimated An explanation may be that the geometric factor in Eqn. ( 6) fails to with the reduction of the gap size.

th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety N11P0387 with a decrease of hydraulic diameter, when the latter is up table may be extended to geometries other than ]. Other correction factors are suggested by Groeneveld [START_REF] Groeneveld | AECL-UO Critical Heat Flux Lookup Table[END_REF],

JHR conditions. Thus, they are not presented in this with some limitation on the validity range because of s for the mass flux and -0.15 -1.0 JHR experimental conditions are consistent with the validity range of the Groeneveld estimated as shown in Fig. 2.

Groeneveld look-up table.

the computed CHF is larger than the value n-conservative results. for SE4 and 208.8 % for SE3. Such results may suggest that the CHF in narrow rectangular channels is lower than in circular ones. steam qualities. Such At low steam qualities and is most likely the reason for the local flow conditions, while the therefore reasonable that Groeneveld table between circular and rectangular sections at higher qualities, where the due to the narrow gap size can affect the estimated in comparison to the ) fails to capture the decrease NUTHOS-11: The 11th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety Gyeongju, Korea, October 9-13, 2016.

2006 Groeneveld look-up table

The Groeneveld look-up table were points in circular pipes were employed and 8000 kg/m 2 s and quality between according to Eqn. [START_REF] Siman-Tov | FY 1995 Progress report on the ANS Thermal-Hydraulic Test Loop operation and results[END_REF]. However, a different geometric correction, valid for diameters between 3 and 25 mm, was used as suggested in [START_REF] Groeneveld | The 2006 CHF look-up table[END_REF] Similarly to the results obtained in the previous section, the 2006 Groeneveld look over-estimates the critical heat flux as shown in Fig. 3. 135.0% for SE4 and 289.5 % for SE3, which are higher than the 19 were updated and extended in 2006 [START_REF] Groeneveld | The 2006 CHF look-up table[END_REF]. A total number of 33175 CHF points in circular pipes were employed with pressures between 0.1 and 20 MPa, mass fluxes between 0 s and quality between -0.5 and 1.0. The tables are linearly interpolated and corrected, ). However, a different geometric correction, valid for diameters between 3 and 25 ]:

B NH = O P N QRST U /n
the results obtained in the previous section, the 2006 Groeneveld look estimates the critical heat flux as shown in Fig. 3. The mean value of the residuals is equal to % for SE4 and 289.5 % for SE3, which are higher than the 1986 table.

CHFR as a function of the mass flux using 2006 Groeneveld look

Doerffer's formula for internally heated annuli

] developed a set of correction factors for the 1986 Groeneveld look-up table based on internally heated annuli. The three correction factors takes into account the , the steam quality K x and the pressure K p , on the thermal crisis in annuli. The CHF is therefore computed as: The tables are linearly interpolated and corrected, ). However, a different geometric correction, valid for diameters between 3 and 25 [START_REF] Groeneveld | AECL-UO Critical Heat Flux Lookup Table[END_REF] the results obtained in the previous section, the 2006 

} if { 0.025 → C if 3.3 m
The correction factors are directly applied to the values from the valid for gap sizes between 1.61 and 11.1 mm between 50 and 8410 kg/m 2 s, and qualities between was substituted by 0.8205 for preserving the correction factor K gap as a function of The figure shows that K gap is smaller than 1 (SE4). Therefore the CHF predicted by Doerffer decrea behavior compared to the Groeneveld

The results from Doerffer's formula estimated with the Groeneveld lookup table error of -10 % and a standard deviation of 15.9 %; in the case of SE3 the mean error is +17 % with a standard deviation equal to 10.8 %. Thus, the CHF points are slightly under slightly over-estimated in SE3. In particular, larger under low qualities in SE4 (up to -41.6 %). The discrepancies may be due to the fact that unilateral heating and higher pressures (with respect to the SULTAN factors.

th smaller than 1 and increases between 1.509 mm (SE3) and 2.161 mm the CHF predicted by Doerffer decreases with decreasing gap size (i.e. opposite Groeneveld scheme).

Doerffer's formula are summarized in Fig. 5, and they are Groeneveld lookup tables. The SE4 experimental data are predicted with a mean 10 % and a standard deviation of 15.9 %; in the case of SE3 the mean error is +17 % with a standard deviation equal to 10.8 %. Thus, the CHF points are slightly under-estimated in SE4 and . In particular, larger under-estimations are found at high mass fluxes and 41.6 %). The discrepancies may be due to the fact that unilateral heating and higher pressures (with respect to the SULTAN-JHR) were used to develop t th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety N11P0387 n ln (10) [START_REF] Sudo | A new CHF correlation scheme proposed for vertical rectangular channels heated from both sides in nuclear research reactors[END_REF] look-up table. They are ures between 0.98 and 14.1 MPa, mass fluxes

The original K x value of 0.81 [START_REF] Doerffer | A comparison of critical heat flux in tubes and annuli[END_REF] of the correction factor. The profile of the between 1.509 mm (SE3) and 2.161 mm ses with decreasing gap size (i.e. opposite better than the ones a are predicted with a mean 10 % and a standard deviation of 15.9 %; in the case of SE3 the mean error is +17 % with a estimated in SE4 and estimations are found at high mass fluxes and 41.6 %). The discrepancies may be due to the fact that unilateral heating JHR) were used to develop the set of correction 

Sudo's correlation

Sudo's correlation [START_REF] Sudo | A new CHF correlation scheme proposed for vertical rectangular channels heated from both sides in nuclear research reactors[END_REF] was derived both in up-and down-flow. In the The majority of the up-flow experiments were performed in bilaterally heated rectangular channels gap sizes equal to 2.25, 2.4 and 2.8 mm but at low mass fluxes (G < 600 kg/m to different geometries (e.g., unilaterally heated rectangular channels, heated with a cylinder) were added. The validity range for the mass flux was extended to 6250 kg/m latter were obtained in a unilaterally heated a different geometry compared to the SULTAN

The correlation is based on the definition of In the original publication [START_REF] Sudo | A new CHF correlation scheme proposed for vertical rectangular channels heated from both sides in nuclear research reactors[END_REF], the expressed as a variation of enthalpy, since it is more Then the dimensionless critical heat flux is computed as: rived for research reactors with plate-type fuel, using 596 CHF points, he current study, only the correlations for upward flows are flow experiments were performed in bilaterally heated rectangular channels gap sizes equal to 2.25, 2.4 and 2.8 mm. The flow conditions were similar to the ones in S 600 kg/m 2 s). In addition to these experiments, other smaller datasets unilaterally heated rectangular channels, and squared channels internally ) were added. The interval of pressure was between 0.1 and 0.18 MPa, while the mass flux was extended to 6250 kg/m 2 s by including other eight CHF points obtained in a unilaterally heated rectangular channel with width-to-gap ratio equal to 1.5 (i.e. different geometry compared to the SULTAN-JHR one). definition of dimensionless quantities that are calculated locally

1 _`a * = % &'( ƒ"q 2 * = … ƒ"q Δ9 ‡ * = ‰ Š‹
he sub-cooling was given in terms of temperature differences. Here, enthalpy, since it is more convenient for the implementation dimensionless critical heat flux is computed as: As shown in Fig. 6, the Sudo correlation is reasonably good for SE4: the mean error is standard deviation is 10 %. On the other hand, the SE3 experimental data are over error of 32% and a standard devia that the gap size of SE4 is closer to the ones employed to derive the correlation. The CHF over-estimation in SE3 is similar to the results of Doerffer's formula. Sudo correlation is reasonably good for SE4: the mean error is On the other hand, the SE3 experimental data are over-predicted with a mean error of 32% and a standard deviation of 12%. One of the possible reasons for such an outcome may be that the gap size of SE4 is closer to the ones employed to derive the correlation. The CHF estimation in SE3 is similar to the results of Doerffer's formula. .

Influence of the Channel Geometry

The comparison of the results between the two test sections SE3 and SE4, points out that the channel occurrence. In fact, the critical heat flux in narrow rectangular channels decreases with a reduction of the gap size. Fig. 7 shows that, under similar flow conditions, SE3 (with the smallest gap) is lower than the one in SE4.

was also observed in: narrow rectangular channels with gaps between 1.0 and 3.0 mm, unilateral heating and high water mass flux (15000 kg/m 2 s) [START_REF] Kureta | Critical heat flux correlation for subcooled boiling flow in narrow channels[END_REF]; narrow channels with gaps natural convective boiling of R113 [START_REF] Bonjour | Effects of confinement and pressure on critical heat flux during natural convective boiling in vertical channels[END_REF]; and narrow annuli [START_REF] Doerffer | A comparison of critical heat flux in tubes and annuli[END_REF]. Sudo correlation is reasonably good for SE4: the mean error is -2 % and the predicted with a mean tion of 12%. One of the possible reasons for such an outcome may be that the gap size of SE4 is closer to the ones employed to derive the correlation. The CHF correlation.

points out that the channel t flux in narrow rectangular channels , under similar flow conditions, the CHF in ngular channels with gaps between 1.0 and 3.0 narrow channels with gaps narrow annuli [START_REF] Doerffer | A comparison of critical heat flux in tubes and annuli[END_REF]. A summary of the predictive capabilities of the CHF correlations with respect to the SULTAN experiments is reported in Table 3.

Table 3.Performances Test section Correlation

SE4 (26 points)

Groeneveld CATHARE Groeneveld 2006 Doerffer Sudo

SE3 (20 points)

Groeneveld CATHARE Groeneveld 2006 Doerffer Sudo

The standard Groeneveld look-up tables non-conservative results.

On the other hand, the use of correlations developed for geometries closer to the one improves greatly the predictions. the experimental points in SE3, and it are observed at high mass fluxes. experiments are still over-estimated. Indeed the data used to develop this relationship are from test sections that are comparable to SE4. 3. , the use of correlations developed for geometries closer to the one Doerffer's formula performs relatively well, although it and it under-predicts the points in SE4. In addition are observed at high mass fluxes. The Sudo correlation provides good results for estimated. Indeed the data used to develop this relationship are from test sections that are comparable to SE4. 

Performances of the
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  he predictions seem to improve at high mass fluxes and low considering the possible CHF mechanisms. At low steam qualities and the Departure from Nucleate Boiling (DNB) is most likely the reason for phenomenon which depends mainly on the local flow conditions might play a secondary role. It seems therefore reasonable that Groeneveld table

Fig. 3 3 . 3 .

 333 Fig. 3 CHFR as a function of the mass flux using 2006 Groeneveld look

= 1 _

 1 `a, o cKp ;, 2, , < HIJK = 8 mm • B qrp • B B qrp = 0.2872 s 1.209 ij; n t 1.156 ij; n.v s ij; m 6.27 mm → B qrp = 1.2672 t 0.0298 ij; m 8.26 mm → B qrp = 0.6663 s 64.374 exp Yt if ij; { 8.26 mm → B qrp = 0.75 th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety N11P0387 ]. A total number of 33175 CHF with pressures between 0.1 and 20 MPa, mass fluxes between 0

Fig. 4

 4 Fig. 4 Correction factor for the gap size.

  International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety if m 0.025 → B = 0.8205 B = 0.859 t 16.179 .v s 15.6 n t 7.195 if ; < 3.3 MPa → B p = 0.9 m ; m 10.5 MPa → B p = 0.808 s 0.0278 ; if ; { 10.5 MPa → B p = 1.1 The correction factors are directly applied to the values from the Groeneveld look valid for gap sizes between 1.61 and 11.1 mm, at pressures between 0.98 and 14.1 MPa and qualities between -0.23 and 0.84. The original preserving the continuity of the correction factor as a function of the gap size is shown in Fig. 4.

Fig. 4

 4 Fig. 4 Correction factor for the gap size.
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 115 Fig. 5 CHFR as a function of the mass flux using Doerffer's formula for annuli.

thFig. 5 CHFR

 5 Fig. 5 CHFR as a function of the mass flux using Doerffer's formula for annuli.
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 511 Fig. 5 CHFR as a function of the mass flux using Doerffer's formula for annuli.

Fig. 6 CHFR as a func 3 . 5 .

 635 Fig. 6 CHFR as a func

Fig. 6

 6 Fig. 6 CHFR as a function of the mass flux using Sudo's correlation.

  CHF value in case of very low mass flux or counter-current flow.
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 1174 Fig. 7 Experimental

th

  Fig. 7 Experimental CHF points as a function of the steam quality.

th

  International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety N11P0387 CHF points as a function of the steam quality.was presented. It relies on the ere carried out in two and 1.51 mm (SE3). The system 200 and 6600 kg/m 2 s for cooling and between -0.01 and 0.18 for A summary of the predictive capabilities of the CHF correlations with respect to the SULTAN-JHR
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	Gap size		1.509	2.161
	Plate width		47.2	47.15
	Length of the corners (	)	3.15	2.85
	Thickness of the corners (	)	0.5	0.5
	Heated height		599.8	599.7
	Adiabatic zone height		70.0	70.0

Table 2 . Range of physical parameters in the CHF tests. All tests Outlet pressure p out [MPa]

 2 

		0.849-0.866	0.377 -0.854	0.377 -0.866
	Mass flux G [kg/m 2 s]	1872-3187	1178 -6578	1178 -6578
	Inlet			

liquid sub-cooling ∆T sub,in [°C]

  

		67.9 -152.1			56.4 -156.4	56.4 -156.4
	Outlet steam quality x out	0.008 -0.098		-0.008 -0.178	-0.008 -0.178
	The outlet steam quality in the table is computed with CATHARE, according to the following
	expression:					
	=	,	,	,	,	,

th International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety up table

  

	e f g f h	1 _`a,NbcKddcK = if ij; < 4.26 mm → B if 4.26 m ij; if 6.27 < ij; m

CHFR as a function of the mass flux using 2006 Groeneveld look-up table. up

  Groeneveld look-up table the residuals is equal to table based on 1547 . The three correction factors takes into account the on the thermal crisis in annuli.

	• B p s 0.2873 ij; W ij; Yt qrp .n|n [	(8) (9)
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CHF correlations: summary. Correlation Mean [%] Std [%] Min [%] Groeneveld CATHARE

  

		104.7	54.5	9.8
	Groeneveld 2006	135.0	40.5	57.7
	Doerffer	-10.0	15.9	-41.6
	Sudo	-2.3	9.9	-20.9
	Groeneveld CATHARE	208.8	42.7	157.4
	Groeneveld 2006	289.5	37.4	227.3
	Doerffer	17.0	10.8	-3.7
	Sudo	32.5	12.4	15.6
	up tables significantly over-estimate the critical heat flux leading to
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  of correlations developed for geometries closer to the ones in SULTAN-JHR, performs relatively well, although it over-estimatesIn addition, larger discrepancies provides good results for SE4, but the SE3 estimated. Indeed the data used to develop this relationship are from test N11P0387In view of the Jules Horowitz Reactor, the Sudo correlation might be a plausible choice, since the core design consists of channels that have a gap size similar to SE4.

	A D hydr g G i i lg ∆i sub Greek symbols m 2 mm m/s 2 kg/m 2 /s Mass flux 2 = Flow area Hydraulic diameter < HIJK = Acceleration of gravity g = 9.8067 |• ™ š* oe› • J/kg Specific enthalpy J/kg Latent heat J/kg Liquid sub-cooling Δisub = il,sat -il α -Void fraction λ m Laplace length ¢ = √¤ ƒq Subscripts , the use NOMENCLATURE g gas	. Min [%] Max [%] 9.8 178.0 57.7 196.1 41.6 13.0 20.9 12.3 157.4 319.1 227.3 390.2 3.7 44.0 15.6 65.8 estimate the critical heat flux leading to l heat m Heated width @› kg/s Mass flow rate p Pa Pressure P wet m Wetted perimeter S heat m 2 Heated surface x -Equilibrium steam quality ρ kg/m 3 Density ϕ W/m 2 Heat flux out end of heated channel

in inlet sat saturation l liquid
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