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1451 Abstract
ig IRSN has developed the DRACCAR code in order to model loss of coolant accidents (LOCA) in a light water nuclear
18 reactor. The physics during a hypothetical loss of coolant accident involves several phenomena such as heat and mass
;(9) transfers, fluid dynamics, mechanics and chemistry. Even if the modeling requires these conjugated processes, it is
;é important to validate them separately first. Clad ballooning can occur during a LOCA, leading to flow redistribution
23 between sub-channels. In this paper, we present DRACCAR simulations of the fluid dynamics in two 7 x 7 ballooned
;g bundles with different blockage ratios and ballooned lengths and with two different flow rates, one laminar and the
26 other turbulent. DRACCAR results for the axial velocities in specific sub-channels are compared to experimental
;; data obtained by MRI techniques on the MASCARA facility. The present results show that DRACCAR is capable
29 of predicting correctly the velocity profiles for both bundles and flow rates. The axial velocity is, in general, well
gg estimated by DRACCAR, especially for the intact and less-blocked sub-channels. DRACCAR also performed well
gi for the most blocked sub-channel for both bundles, performing better for the most blocked one, which ensures
34 DRACCAR fluid dynamics calculations in the most critical regions in LOCA conditions.
22 Keywords:
g; LOCA, Nuclear reactor, Clad ballooning, Thermal-hydraulics, Reflooding, Magnetic Resonance Imaging
39
22 1. Introduction
42
43 One hypothetical accident that is considered for the design of the safety systems of pressurized-water reactors
44 (PWR) is the Loss of Coolant Accident, commonly referred to as LOCA. During the course of such an accident,
jz the fuel rods heat dissipation can be highly degraded and the fuel assemblies’ temperature rapidly increases. In
2; 5 some cases, it leads to the ballooning or burst of some of the pressurized fuel rods and the formation of blocked
49 sub-channels (Fig. 1) [1]. The emergency core cooling system (ECCS) is designed to inject fresh water into the
gg nuclear reactor’s core to impede the fuel assemblies to reach prohibitive temperatures. This step is known as the
52 reflooding phase. Because of the high temperature of the fuel rods, the injected water partially evaporates and a
2431 steam-droplet two-phase flow is created downstream of the water level. This phenomenon plays a very important
22 10 role in the coolability of the regions not yet immersed in water.
57 Different thermal-hydraulic studies have been carried out to characterize this two-phase flow and its cooling
22 capacity: the droplets’ size across spacer grids under reflood conditions [2, 3], the modeling of droplets breakup and
60
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gi Email address: michel.gradeck@univ-lorraine.fr (M. Gradeck)
64

(o))
)]



O J oy U WDN -

AU UTGUTUTUTOTOTE BB S B E DD SEWDWOWWWWWWWHNNNRNONRNONONNO NN R R R R R
R WNRPOWVWOJINNEWNRFROWOOJAUEWNHRFRFOWOOJAOEWNROWO-JOUEWNROWWJOU S WNR O L

15

20

25

30

35

Fuel pellet
Blocked
Ballooned sub-channels
cladding

o . Burst
(; h\ %  cladding

Figure 1: Picture after PHEBUS in-pile LOCA experiment showing the clad ballooning and the formation of blocked sub-channels ([1]).

entrainment during the reflooding phase [4, 5] and the droplets dynamics and heat transfer between the flow and
the nuclear rods at sub-channel scale [6, 7]. Furthermore, the steam flow rate entering the blocked sub-channels is
decreased due to its preferential deviation to less deformed sub-channels [8]. Ruyer et al. [9] observed in a CFD
analysis that with this steam deviation, the large droplets tend to continue their path toward the blocked sub-channel
because of their high inertia. Nevertheless, this is still particularly critical because wall-to-steam convection is highly
decreased, as this is the most important heat dissipation process during a LOCA [10, 11]. For this reason, the
thermal-hydraulics in blocked sub-channels raises concerns on the core coolability to guarantee nuclear safety [12].

In order to increase the knowledge on the cooling of a reactor’s core during a LOCA, the French Institut de
Radioprotection et de Sireté Nucléaire (TRSN) launched the PERFROTI project intending to perform high-quality
experiments for better understanding the thermal-hydraulics and thermomechanics during a LOCA. In the thermal-
hydraulics axis, the main experiment (named COAL! [13, 14]) consists of a bundle of electrically heated rods, with
the blockage region simulating clad ballooning and fuel relocation (balloons filling up with fuel pellets, associated
with a possible power profile modification [15-17]), using a 7 x 7 bundle geometry at full-length scale. The test
section instrumentation counts with many thermocouples placed on the sheaths, on the housing and in the flow.
Although COAL experiments allow the thermal-hydraulics characterization during the reflooding phase, informa-
tion on the heat transfer and fluid dynamics processes is hidden in this large-scale experiment. For this reason,
additional experimental campaigns were carried out to complement COAL with information on the two-phase flow
heat transfer and hydraulics. On the one hand, experiments with COLIBRI? experimental apparatus [6, 7] resulted
in a precise characterization of the heat transfer phenomena by analyzing a steam-droplets flow within a vertical
tube in LOCA conditions at the sub-channel scale. On the other hand, using MRI techniques, the experimental
campaign MASCARA? [18, 19] provided valuable information on the flow redistribution in the presence of ballooned
zone within several 7 x 7 bundles. The geometries tested in MASCARA were very similar to the test sections to
be used in COAL experiments. Therefore, while COLIBRI contributed to the analysis of the thermal phenomena
and the droplets dynamics, MASCARA campaign isolated the hydraulics from thermal effects and analyzed the flow
behavior when passing through spacer grids and ballooned fuel rods.

All the effort spent in experimental campaigns is justified because they serve to acquire knowledge of the involved

LCOAL: COolability of a fuel Assembly during LOCA
2COLIBRI: COoLIng of Blockage Region Inside a PWR Reactor
3SMASCARA: MRI of Assembly Sub-Channels for the Analysis of Reactor Accidents.
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physical phenomena and integrate it into computer codes such as DRACCAR?, an IRSN’s code that describes the
3D thermomechanical behavior and reflooding of a fuel assembly including its coolability as well as its embrittlement
during a LOCA. The code evaluates the blockage ratio associated with deformed fuel rods and their impact on core
cooling. Also, DRACCAR simulates the uncovery (dewatering) phase of cooling accidents affecting spent fuel pools.
This calculation implies complex computations involving multi-phase flow, coupled with heat transfers, chemical
reactions, mechanical strain, and fuel relocation. In thermal-hydraulics simulations, DRACCAR is coupled to two
different codes, CESAR [20] and CATHARE-3 [21].

DRACCAR simulations of COLIBRI experiments have already been performed [10] and very good agreement has
been observed, even though the heat transfer by impact of the droplets has been neglected. The next step, before
the simulation of COAL experiments with DRACCAR, is the simulation of the MASCARA hydraulics experiments,
object of the present paper. Although Oliveira et al. tested several geometries and flow rates [18, 19], we compare
herein calculations and experimental results for two flow rates and two bundles: one bundle with 90% of blockage
ratio and 240 mm of blockage length and one with 61% of blockage ratio and 100 mm of blockage length, both
with flow rates of 50 and 245 lpm. In this study, the DRACCAR/CATHARE-3 coupling is used in the different

simulations.

2. MASCARA: experimental apparatus and procedure

MASCARA device has been developed to measure three-component velocity fields in fuel rods bundles having
ballooned zones using magnetic resonance velocimetry (MRV). More than 1,000 velocity fields were obtained with
seven different bundles and four different flow rates, some results presented in detail in previous studies, like comparing
the flow in an intact bundle and a ballooned one [19] and analyzing parametric effects on the flow redistribution
because of clad ballooning [18]. Detailed information regarding the measurement techniques, the MRV sequence
and parameters, data reduction and uncertainties are available in these previous works. In this paper, we present
only the main aspects concerning the test section that are important when comparing the experimental results with
DRACCAR simulations.

MASCARA’s experimental bench is schematically represented in Fig. 2, consisting of a regular single-phase
hydraulic circuit with a screw pump connected to a damper in order to assure a stable flow in all the circuit,
pressures transducers for safety purposes, an electromagnetic flowmeter to measure the water flow rate, which is
later used for validating the MRV measurements, and the test section. This one consists of a 7 x 7 representative test
bundle, which is inserted into a radiofrequency (RF) coil and this assembly is, in turn, inserted into the MRI scanner.
The intact rods were made of polycarbonate tubes, while the ballooned rods were constructed by 3D printing (FDM
- fused deposition modeling) using PLA as the base polymer. Furthermore, the four spacer grids were made of
Inconel and they had the same material and geometry used in COAL experiments [1]. These grids were not made
of a ferromagnetic material; however, they still disturbed the magnetic field and impeded accurate velocity field
measurements by 4 c¢m close to them.

All the bundles tested by Oliveira et al. [18] had 49 elements arranged in a 7 x 7 structure, having thirty tubes

4DRACCAR: Déformation et Renoyage d’un Assemblage de Crayons Combustibles pendant un Accident de Refroidissement
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Figure 2: Hydraulic circuit of MASCARA: 1) water tank, 2) eccentric screw pump, 3) damper, 4) absolute pressure transducer, 5)

electromagnetic flowmeter, 6) differential pressure transducer, 7) test section, 8) MRI scanner, 9) radio- frequency (RF) coil. ([19]).

with 9.5 mm diameter to represent intact fuel rods, sixteen ballooned tubes, and three tubes with a 12.45 mm
diameter to represent guide tubes. In this study, we chose two bundles having two different blockage ratios and two
different blockage lengths, named G61%/100mm and G90%/240mm, to compare with DRACCAR simulations. The
blockage ratio 7, describes the reduction in the cross-sectional area because of the cladding ballooning and is defined

by:

Tb:1—— (1)

where S, and Sy are the flow passage areas of a blocked and an intact sub-channel, respectively. The first bundle,
G61%/100mm, represents the case where the blocked sub-channels are formed by four ballooned rods that touch
their neighboring rods without losing the circular shape (7, = 61% in Fig. 4), with a blockage length of 100 mm.
The second bundle, G90%/240mm, represents a severe blockage ratio and length, as mentioned by Grandjean [22].
In this case, the blocked sub-channels are formed by ballooned fuel rods with a squared shape and rounded corners,
due to joint deformation with neighboring rods (7, = 90% in Fig. 4). Therefore, in the ballooned zone (for 7, equal
to both 61% and 90%), the flow within blocked sub-channels is isolated from neighborhood sub-channels with both
bundles.

Figure 3 shows the side view of these two test section configurations and the position of the spacer grids and
the ballooned zone, with their values given in Table 1. The first and the last spacer grids do not have mixing
vanes, while the two in the middle have them with remarkable performance to homogenize the flow, as described in
previous studies [19]. The distance of 522 mm between the two mixing spacer grids in the middle (E — A) was fixed

because it is approximately the same distance found in typical French PWR’s. Figure 4, in turn, shows the bundles
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cross-sectional views in the intact and ballooned zones, the first only having intact sub-channels (no ballooning) and

the second having the balloon whose shape corresponds to the bundles blockage ratios (61% and 90%).

Table 1: Dimensions of the tested bundles as shown in Fig. 3 (in mm).

Bundle T L, A B C D E F E-A

G61%/100mm  61% 100 252 444% 479 614* 774 1073 522

G90%/240mm  90% 240 282 370 435 740 803 1072 521

@ In our previous study [18], these dimensions were incorrectly presented (difference of 10 mm). These are the correct values.

Bottom Spacer Spacer Top
grid grid 1 grid 2 grid

(Balloon)
é L

Figure 3: Axial positions of the grids and the balloon in the bundles.

Between the intact and the ballooned regions, there is a transition zone (Fig. 5). For the G61%/100mm bundle
with a blockage ratio of 61%, the fuel rods cross-section increases keeping the circular shape and the transition
finishes where they are in contact. The length of this transition is 35 mm. For the case of the G90%/240mm bundle
with a 90% blockage ratio, there is a first transition like the one in the G61%/100mm bundle and a second transition
zone, which is 30 mm long, where the fuel rods shape continues deforming progressively until reaching the final
cross-section shown in Fig. 4. For both bundles, there is another transition zone downstream of the balloon, exactly
like the first but mirrored.

As mentioned at the beginning of this section, MRV was the technique we used to measure the velocity fields
in these bundles. We used a typical gradient-echo pulse sequence with an additional flow encoding sequence. The
pixel resolution was 0.47 x 0.47 mm? and the experimental procedure ensured the velocity uncertainty in one pixel
to be about 20% of the bulk mean velocity [19]. However, to compare the experimental results with DRACCAR
simulations, we must take the mean axial velocity within a sub-channel. In this case, the uncertainty of this mean

velocity is reduced to 10% of the flow mean velocity, as discussed by Oliveira et al. [18].
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Figure 4: Section view in the intact and ballooned zones, with evidence on the ballooned fuel rods’ shapes for 61% and 90% blockage

ratios ([19]).
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Figure 5: Transition from regular to ballooned zone for both bundles: a) G61%/100 mm; b) G90%/240mm.

3. DRACCAR: details of the simulation

3.1. Modeling concept

DRACCAR is a code from the FUEL+ software platform developed by IRSN since 2008 to simulate the 3D thermo-
mechanical deformation and the reflooding of fuel rods during a LOCA (among other phenomena). DRACCAR allows
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modeling problems with different scales, from a single fuel rod or fuel assembly to the entire reactor’s core or spent
fuel pool. Moreover, this code can perform calculations including fuel assembly components like control rods, fuel
rods (modeling both the stack of fuel pellets and the cladding), instrumentation tubes, guide tubes, and spacer
grids. To achieve this, DRACCAR couples two codes: a thermo-mechanical code ICARE3D and one of the two
different thermal-hydraulic codes, CESAR and CATHARE-3 [16]. In the present study, we coupled DRACCAR with
CATHARE-3 and disabled the thermo-mechanical package as it was unnecessary to simulate MASCARA experiments.

For the thermal-hydraulics calculations, DRACCAR relies on a 3D structured mesh with hexahedral elements.
In the transverse direction, each element contains one sub-channel, which means that DRACCAR does not calculate
velocity profiles within the sub-channel. On the other hand, the sub-channels are meshed in the axial direction.
Hence, the mass and momentum balance equations are solved for each element. Although the simulation in this

study in single-phase, DRACCAR can also perform two-phase flow calculations.

3.2. Simulation domain and conditions

The main objective of simulating MASCARA experiments using DRACCAR is to validate the fluid dynamics
models implemented in the code by comparing the calculated and measured fluid velocities upstream, within, and
downstream of the ballooned zone. Thus, the simulation domain is restricted to the bundle part downstream of the
first mixing spacer grid until the top grid of the test section (Fig. 6). The inlet boundary condition was set for each
sub-channel as the velocity measured experimentally in MASCARA and the outlet pressure value was set to the

atmospheric pressure (relative pressure equal to zero).

Bottom Spacer Spacer Top
grid grid 1 grid 2 grid
—z : F
Inlet: = Simulation domain : Outlet:
V,(MASCARA) * "p=0

Figure 6: Simulation domain of the present study.

The exact geometries of the intact fuel rods, guide tubes and housing used in MASCARA experiments were
simulated with DRACCAR, which means the fluid passage section areas (in all the three directions) were as well
correctly represented. The axial ballooned rods shape could not be simulated continuously over the axial DRACCAR
meshing. Thus, their complex geometry was modeled in order to preserve the exact fluid passage area at all the
mesh faces, as shown in Fig. 7. This modeling was performed following several steps. First, we calculated the volume
of each ballooned rod forming a given sub-channel. Then, this rod volume was divided by the element dimension
in a given direction to obtain the wall section area. Finally, this section area was subtracted to the total element
section area to obtain the precise fluid section area for the concerned face. With this choice, in the axial direction,
the diameter of the tube was precisely equal to 12.6 mm between the two transitions (Fig. 7).

For the radial singular pressure drop, a coefficient k is imposed at each vertical mesh face and is determined
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Figure 7: Example of balloon modeling with DRACCAR.

automatically by DRACCAR using a modified Idel’cick equation [23]:

k= 0.228 (Z — 1) - (2)

where p and d are the pitch and the external rod diameter respectively. Finally, some number of the domain
discretization are: for the G61%100mm bundle, we used 24 axial elements, of which 8 correspond to the transition
and ballooned zones; and for the bungle G90%/240mm we used 41 axial elements, 14 of them being in the transition

and ballooned zones.

3.3. DRACCAR/MASCARA comparison

Oliveira et al. [19] presented velocity fields like the example in Fig. 8a (without transverse velocities), the colored
bar referring to the magnitude of the axial velocity V, (z-direction, Fig. 6) normalized with the bulk mean velocity
Vie ¢. Nevertheless, DRACCAR simulations only provide mean velocities for each sub-channel, i.e. without detailing
the velocity field within the sub-channels. For this reason, MASCARA results of velocity fields were re-processed
to obtain the mean axial velocity for each sub-channel. Fig. 8b presents the same velocity field shown in Fig. 8a
but now with the normalized mean axial velocity for each sub-channel, which can be compared with DRACCAR
simulations. In addition, we used two flow rates for the DRACCAR validation: 50 lpm and 240 lpm, corresponding
to a Reynolds number of 1936 and 9599 respectively (laminar and turbulent flow).

Comparing visually the velocity fields as in Fig. 8 or presenting velocity profiles for all the 64 sub-channels would
not be practical nor simple to validate the DRACCAR simulations. Therefore, we chose specific sub-channels to

compare MASCARA and DRACCAR results (Fig. 9), each one with specific blockage and location characteristics as
listed below:

e A: a sub-channel with the highest blockage ratio, in the center of the ballooned zone;
e B: a moderately blocked sub-channel between two intact rods and two ballooned rods;
e C: a moderately blocked sub-channel between one guide tube, one intact rod, and two ballooned rod;

e D: an intact sub-channel.



O J oy U WDN -

AU UTGUTUTUTOTOTE BB S B E DD SEWDWOWWWWWWWHNNNRNONRNONONNO NN R R R R R
R WNRPOWVWOJINNEWNRFROWOOJAUEWNHRFRFOWOOJAOEWNROWO-JOUEWNROWWJOU S WNR O L

165

170

G90%/240mm (z = 720 mm) V:/V.res 0 G90%/240mm (z = 720 mm) V/V. s

20 2 20 2
&4
40 t 40 +§.§. ]
g 60 1 g 60 + 44 I
80 80
0 0
&
100 100 4
120 1120 -1
0 50 100 0 50 100
X [mm] X [mm]

(&) (b)

Figure 8: Example for G90%/240mm bundle at 50 lpm of: (a) a normalized axial velocity field obtained by MRI techniques (MASCARA

result), and (b) its corresponding normalized mean axial field for each sub-channel for comparison with DRACCAR simulation.

These sub-channels present axial velocity profiles with different behaviors that worth the discussion in this paper.
Other sub-channels could also be used in the results presentation, like those partially blocked in the corners of the
ballooned zone (for example, the one between D and D’ or the one at two sub-channels above C) or those neighboring
the housing. They were not used because the first is less critical than the chosen partially blocked sub-channels and

the latter presented practically the same velocity profile of an intact sub-channel.

\ o~ Symmetric axis

Figure 9: Sub-channels chosen for this study and the bundle symmetry axis, showing an example of symmetric sub-channels (D and D’).

The tested geometry was designed to be symmetric to an inclined axis (Fig. 9), which should result in a velocity
field as well symmetric to the same axis. However, the bundles used in MASCARA could be slightly misaligned inside
the housing [19] and this would favor the axial flow in one sub-channel compared to its symmetric one, although
the difference is negligible most of the times. We present examples of this result with the G90%/240mm bundle at
the beginning of the results presentation. To reduce experimental biases because of the bundle misalignment and to
better validate DRACCAR simulations, we used the mean velocity of the two symmetric sub-channels of MASCARA
results. Moreover, averaging the sub-channel velocities reduces the experimental uncertainty because considering
more pixels in the averaging population reduces the measurement noise. Figure 9 presents an example of symmetric

sub-channels (D and D’), so the experimental results presented in the next section for this sub-channel are actually
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the average of these two sub-channels.

4. Results and discussion

We present herein the results as axial velocity profiles for the chosen sub-channels shown in Fig. 9 and for both
bundles (G61%/100mm and G90%/240mm) and flow rates (50 and 245 Ipm). For a better comparison of MASCARA
and DRACCAR results, we normalized both axial positions according to the zone in the bundle and the sub-channels’
axial velocities. The first normalization was done by taking the position within a given zone (intact, transition or
balloon) and dividing it by the length of this zone. Meanwhile, the axial velocity normalization was performed

according to the following equation:

Vz - szn
- 3
Vmam - szn ( )

where Vi and V4. are, respectively, the minimum and maximum axial velocities either simulated in DRACCAR

Vtzm =

or obtained in MASCARA, resulting in V, ,, always between 0 and 1.

As mentioned in the previous section, we present in Fig. 10 results for symmetric sub-channels with the G90%/240mm
bundle for the two tested flow rates. Because DRACCCAR simulations result in perfectly matched axial velocity
profiles for symmetric sub-channels, only one of its curves is presented in the figure. For MASCARA results, the
axial velocities of symmetric sub-channels are very similar for both flow rates but do not match perfectly, which is
natural in experiments. Hence, using average values for MASCARA axial velocities to compare with DRACCAR

simulations is reasonable to reduce experimental imperfections, even if they are very small.
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Figure 10: Comparison of axial profiles in symmetric sub-channels for the G90%/240mm bundle: (a) 50 lpm, and (b) 245 lpm.

Starting with the G61%/100mm bundle, Fig. 11a and b present the simulated and experimental velocity profiles
for this bundle with 50 and 245 lpm, respectively. The velocity profiles in less blocked sub-channels, i.e. B and
D, are very similar: the axial velocity increased upstream of the balloon because of the flow redistribution from
blocked sub-channels (like A), the axial velocity was almost stable in the ballooned zone, and there was a slight
decrease downstream of the balloon. DRACCAR succeeded to estimate their velocity profiles within the experimental

uncertainty (V; , = £0.1). For the most blocked sub-channel (A), the axial velocity decreased up- and downstream of

10
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the ballooned zone because of the flow redistribution in the first transition zone and the flow passage area expansion
in the second transition zone, as described in detail by Oliveira et al. [18]. In this case, DRACCAR calculated
the same velocity profile observed in the experiments but the quantitative results were only accurate in the first
transition for 50 lpm and the ballooned zone for both flow rates. Especially downstream of the balloon, DRACCAR.
overestimated the axial velocity within the blocked sub-channel. This is clearly observed in Fig. 12 where we present
the difference between the calculated and experimental V, , with black horizontal dashed lines to represent the
range where DRACCAR calculations are within the experimental uncertainty. We find that DRACCAR results
for sub-channel A were fairly accurate except in the second transition zone. Last, for both flow rates, DRACCAR
could predict neither qualitatively nor quantitatively the axial velocity profile for sub-channel C, the one neighboring
ballooned rods and a guide tube. Although the increase in the first transition zone was well calculated, the decrease
in the ballooned zone was not predicted in the simulations, while the decrease in the second transition zone was
not as steep as observed in the experimental results (Fig. 11). This difference between simulation and experimental
results for sub-channel C is clearer in Fig. 12, especially with 50 lpm since DRACCAR largely overestimated the

velocity in these regions.
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Figure 11: Normalized velocities (lines are DRACCAR simulations, markers are MASCARA results) in different sub-channels for the
G61%/100mm bundle: (a) 50 lpm, and (b) 245 lpm.

Figure 13 presents the DRACCAR and MASCARA results for the axial velocity along the G90%/240mm bundle,
while Fig. 14 shows the difference between simulated and experimental axial velocities, both figures for 50 and 245
lpm. As in the previous case, the velocity in the less blocked sub-channels (B and D) increased in the first transition
zone, remained stable in the blocked zone and progressively decreased after the balloon. Likewise, DRACCAR
adequately estimated the velocity in these sub-channels within the experimental uncertainty, except in the first
transition zone for the sub-channel B with 50 lpm. The fluid velocity in the most blocked sub-channel (A) followed
a similar behavior to that described for the G61%/100mm bundle. The only difference is the existence of a local
minimum in the transition zone upstream of the balloon where the ballooned rods are in touch (as shown in Fig. 5),
as discussed in detail by Oliveira et al. [18]. For this sub-channel, DRACCAR estimated quite precisely the axial

velocity, being more accurate in the first transition for the two studied flow rates and less accurate at the end of the
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second transition zone, underestimating the axial velocity and finding the minimum slightly earlier than MASCARA

results. Finally, DRACCAR overestimated the axial velocity for the sub-channel C with the G90%/240mm bundle

as we observed with G61%/100mm. Nevertheless, most of the points are within the experimental uncertainty of

V. = +0.1 (Fig. 14).
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Figure 12: Difference between simulated (DRACCAR) and experimental (MASCARA) normalized axial velocity for the G61%/100mm
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Figure 13: Normalized velocities (lines are DRACCAR simulations, markers are MASCARA results) in different sub-channels for the

Although MASCARA experiments may appear relatively simple for a computational fluid dynamics simulation, we

should remind that DRACCAR calculations rely on models with one element containing a whole sub-channel, without

detailing the fluid dynamics within. Therefore, modeling the Navier-Stokes equation becomes more complicated,

especially the convective term (V.VV) in the Lagrangian derivative. This term is significant in the transition zones,

where, in fact, DRACCAR was less accurate (see Figs.12 and Figs. 14). Although the axial velocity estimates

for sub-channel C all along with the bundle and sub-channel A in the second transition zone were less accurate,

with deviations higher than the experimental uncertainty, DRACCAR succeeded to calculate precisely most of the

12
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Figure 14: Difference between simulated (DRACCAR) and experimental (MASCARA) normalized axial velocity for the G90%/240mm
bundle

velocity points. Table 2 presents the percentage of axial velocity points that DRACCAR could estimate within
the experimental uncertainty for each bundle, flow rate and sub-channel. As we discussed, the calculations for
the sub-channel A, the one in the center of the balloon, were in general quite accurate. While DRACCAR was
less accurate for this sub-channel with the G61%/100mm bundle and 245 lpm flow rate, it presented a remarkable
performance for the G90%/240mm, which is considered one of the most critical scenarios [22]. For less blocked sub-
channels, namely B and D, DRACCAR estimated more than 85% of the local axial velocities correctly. As already
mentioned, the calculations for sub-channel C (partially blocked by the neighboring balloon and a guide tube) were
not accurate enough, which deserves more attention to improve the model in this case, even though this sub-channel
is not considered critical as the axial velocity is not much reduced because of the flow redistribution. A more precise

analysis of the transverse velocities may help to explain this difference between calculation and experimental data.

Table 2: Percentage of points estimated by DRACCAR within the experimental uncertainty (V. , = £0.1).

G61% /100mm G90% /240mm

Flow (lpm) 50 245 50 245
Sub-channel A 8% 56% 2% 922%
Sub-channel B 97% 89% 88% 100%
Sub-channel C 50% 58% 56% 56%
Sub-channel D 86% 92% 100% 100%
Total points 78% 74% 79% 87%

With the present results, the fluid dynamics model implemented in DRACCAR was validated, especially because
of its accurate results for the most blocked sub-channel. Since its heat transfer models were separately validated in a

previous study [10], the final step in the thermal-hydraulics axis in project PERFROI will be comparing DRACCAR

13
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simulations with the test results from COAL experiments.

5. Conclusions

In this study, we validated the IRSN DRACCAR LOCA code by comparing the simulations with test results from
the MASCARA experimental campaign for two ballooned 7 x 7 bundles with different blockage ratios and lengths
(bundles G61%/100mm G90%/240mm) and with different flow rates, one in laminar regime (50 lpm) and the other
in turbulent regime (245 lpm). The results showed that DRACCAR succeeded to estimate the axial flow velocity in
intact and less blocked sub-channels for both configurations and flow rates. For the blocked sub-channel in the center
of the balloon, DRACCAR performed better with the more blocked bundle (G90%/240mm), which is considered
one of the worst-case scenarios of clad ballooning during a LOCA. However, for this bundle, the axial flow velocity
within this sub-channel was underestimated at the end of the transition zone downstream of the balloon. For the
G61%/100mm bundle, DRACCAR succeeds to correctly estimate the velocity profile for this blocked sub-channel
and most of the points were estimated within the experimental uncertainty; however, the axial velocity was largely
overestimated at the end of the second transition zone. Finally, for the partially-blocked sub-channel neighboring
the balloon and a guide tube, the axial velocity estimate deserves more attention to improve its calculation, even
though this is not considered a critical sub-channel during a LOCA.

Once COAL experimental campaign will be finished, simulations of the experiments will be performed with
DRACCAR including all the involved thermal-hydraulics phenomena during the reflooding phase, which will be
an important step for the validation of code. Furthermore, DRACCAR simulations of MASCARA experiments
with non-coplanar balloons are also expected, in which balloons are located in different axial positions so the flow

redistribution behaves differently from those presented in this study.
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2. Introduction

One hypothetical accident that is considered for the design of the safety systems of pressurized-water reactors
(PWR) is the Loss of Coolant Accident, commonly referred to as LOCA. During the course of such an accident,
the fuel rods heat dissipation can be highly degraded and the fuel assemblies’ temperature rapidly increases. In
some cases, it leads to the ballooning or burst of some of the pressurized fuel rods and the formation of blocked
sub-channels (Fig. 1) [1]. The emergency core cooling system (ECCS) is designed to inject fresh water into the
nuclear reactor’s core to impede the fuel assemblies to reach prohibitive temperatures. This step is known as the
reflooding phase. Because of the high temperature of the fuel rods, the injected water partially evaporates and a
steam-droplet two-phase flow is created downstream of the water level. This phenomenon plays a very important

role in the coolability of the regions not yet immersed in water.

Fuel pellet
Blocked
Ballooned sub-channels
cladding

Burst
cladding

Figure 1: Picture after PHEBUS in-pile LOCA experiment showing the clad ballooning and the formation of blocked sub-channels [1].

Different thermal-hydraulic studies have been carried out to characterize this two-phase flow and its cooling
capacity: the droplets’ size across spacer grids under reflood conditions [2, 3], the modeling of droplets breakup and
entrainment during the reflooding phase [4, 5] and the droplets dynamics and heat transfer between the flow and
the nuclear rods at sub-channel scale [6, 7]. Furthermore, the steam flow rate entering the blocked sub-channels is
decreased due to its preferential deviation to less deformed sub-channels [8]. Ruyer et al. [9] observed in a CFD
analysis that with this steam deviation, the large droplets tend to continue their path toward the blocked sub-channel
because of their high inertia. Nevertheless, this is still particularly critical because heat transfer due to wall-to-steam
convection is highly decreased in blocked sub-channels, as this is the most important heat dissipation process during a
LOCA [10, 11]. For this reason, the thermal-hydraulics in blocked sub-channels raises concerns on the core coolability
to guarantee nuclear safety [12].

In order to increase the knowledge on the cooling of a reactor’s core during a LOCA, the French Institut de
Radioprotection et de Sireté Nucléaire (IRSN) launched the PERFROI project intending to perform high-quality
experiments for better understanding the thermal-hydraulic and thermomechanic behaviors of the damaged core
during a LOCA. In the thermal-hydraulics axis, the main experiment (named COAL! [13, 14]) consists of a bundle
of electrically heated rods, with the blockage region simulating clad ballooning and fuel relocation (balloons filling up
with fuel pellets, associated with a possible power profile modification [15-17]), using a 7 x 7 bundle geometry at full-

length scale. The test section instrumentation counts with many thermocouples placed on the sheaths, on the housing

LCOAL: COolability of a fuel Assembly during LOCA
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and in the flow. Although COAL experiments allow the thermal-hydraulics characterization during the reflooding
phase, information on the heat transfer and fluid dynamics processes is hidden in this large-scale experiment. For
this reason, additional experimental campaigns were carried out to complement COAL with information on the
two-phase flow heat transfer and hydraulics. On the one hand, experiments with COLIBRI? experimental apparatus
[6, 7] resulted in a precise characterization of the heat transfer phenomena by analyzing a steam-droplets flow
within a vertical tube in LOCA conditions at the sub-channel scale. On the other hand, using MRI techniques,
the experimental campaign MASCARA? [18, 19] provided valuable information on the flow redistribution in the
presence of ballooned zone within several 7 x 7 bundles. The geometries tested in MASCARA were very similar to
the test sections that will be used in COAL experiments. Therefore, while COLIBRI contributed to the analysis
of the thermal phenomena and the droplets dynamics, MASCARA campaign isolated the hydraulics from thermal
effects and analyzed the flow behavior when passing through spacer grids and ballooned fuel rods.

All the effort spent in experimental campaigns is justified because they serve to acquire knowledge of the involved
physical phenomena and integrate it into computer codes such as DRACCAR#, an IRSN’s code that describes the
3D thermomechanical behavior and reflooding of a fuel assembly including its coolability as well as its embrittlement
during a LOCA. The code evaluates the blockage ratio associated with deformed fuel rods and their impact on core
cooling. Also, DRACCAR simulates the uncovery (dewatering) phase of cooling accidents affecting spent fuel pools.
This calculation implies complex computations involving multi-phase flow, coupled with heat transfers, chemical
reactions, mechanical strain, and fuel relocation. To accomplish this, DRACCAR combines two codes, one for the
thermomechanical and chemical behavior calculation of the fuel assemblies and the second one, for the thermal-
hydraulics behavior calculation for the flow that passes through these assemblies [16, 17]. In thermal-hydraulics
simulations, DRACCAR is coupled to two different thermal-hydraulic codes, CESAR [20] and CATHARE-3 [21].

DRACCAR simulations of COLIBRI experiments have already been performed [10] and very good agreement
has been observed, even though the heat transfer by droplets impact onto the heated wall has been neglected —
this heat transfer phenomenon can contribute up to 10% to the internal heat dissipation (for an intact tube and
a droplet volume fraction of about 10~%), as evaluated by Pefia Carrillo et al. [22]. The next step, before the
simulation of COAL experiments with DRACCAR, is the simulation of the MASCARA hydraulics experiments,
object of the present paper. Although Oliveira et al. tested several geometries and flow rates [18, 19], we compare
herein calculations and experimental results for two flow rates and two bundles: one bundle with 90% of blockage
ratio and 240 mm of blockage length and one with 61% of blockage ratio and 100 mm of blockage length, both with
flow rates of 50 and 245 lpm. In this study, the DRACCAR/CATHARE-3 coupling is used in the simulations.

3. MASCARA: experimental apparatus and procedure

MASCARA device has been developed to measure three-component velocity fields in fuel rods bundles having
ballooned zones using magnetic resonance velocimetry (MRV). More than 1,000 velocity fields were obtained with

seven different bundles and four different flow rates, some results were presented in detail in previous studies, like

2COLIBRI: COoLIng of Blockage Region Inside a PWR Reactor
SMASCARA: MRI of Assembly Sub-Channels for the Analysis of Reactor Accidents.
4DRACCAR: Déformation et Renoyage d’un Assemblage de Crayons Combustibles pendant un Accident de Refroidissement
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comparing the flow in an intact bundle and a ballooned one [19] and analyzing parametric effects on the flow
redistribution because of clad ballooning [18]. Detailed information regarding the measurement techniques, the MRV
sequence and parameters, data reduction and uncertainties are available in these previous works. In this paper,
we present only the main aspects concerning the test section that are important when comparing the experimental
results with DRACCAR simulations.

MASCARA’s experimental bench is schematically represented in Fig. 2, consisting of a regular single-phase
hydraulic circuit with a screw pump connected to a damper in order to assure a stable flow in all the circuit,
pressures transducers for safety purposes, an electromagnetic flowmeter to measure the water flow rate, which is
later used for validating the MRV measurements (comparing the flowmeter value with the calculated flow rate using
MRV results), and the test section, which is placed horizontally. This one consists of a 7 x 7 representative test
bundle, which is inserted into a radiofrequency (RF) coil and this assembly is, in turn, inserted into the MRI scanner.
The intact rods were made of polycarbonate tubes, while the ballooned rods were constructed by 3D printing (FDM -
fused deposition modeling) using PLA as the base polymer. Furthermore, the four spacer grids were made of Inconel
and they had the same material and geometry used in COAL experiments (Fig. 3)[1]. These grids were not made
of a ferromagnetic material; however, they still disturbed the magnetic field and impeded accurate velocity field

measurements by 4 c¢m close to them.

— Rigid tubes
@ ........ Flexible tubes

» ®
@

o be

Figure 2: Hydraulic circuit of MASCARA: 1) water tank, 2) eccentric screw pump, 3) damper, 4) absolute pressure transducer, 5)

electromagnetic flowmeter, 6) differential pressure transducer, 7) test section, 8) MRI scanner, 9) radio- frequency (RF) coil. ([19]).

All the bundles tested by Oliveira et al. [18] had 49 elements arranged in a 7 x 7 structure, having thirty tubes
with 9.5 mm diameter to represent intact fuel rods, sixteen ballooned tubes, and three tubes with a 12.45 mm
diameter to represent guide tubes. In this study, we chose two bundles having two different blockage ratios and two

different blockage lengths, named G61%/100mm and G90%/240mm, to compare with DRACCAR simulations. The



O J oy U WDN -

AU UTGUTUTUTOTOTE BB S B E DD SEWDWOWWWWWWWHNNNRNONRNONONNO NN R R R R R
R WNRPOWVWOJINNEWNRFROWOOJAUEWNHRFRFOWOOJAOEWNROWO-JOUEWNROWWJOU S WNR O L

85

90

95

blockage ratio 7, describes the reduction in the cross-sectional area because of the cladding ballooning and is defined

by:

Ty = _ = (1)

where S and Sy are the flow passage areas of a blocked and an intact sub-channel, respectively. The first bundle,
G61%/100mm, represents the case where the blocked sub-channels are formed by four ballooned rods that touch
their neighboring rods without losing the circular shape (7, = 61% in Fig. 4), with a blockage length of 100 mm.
The second bundle, G90%/240mm, represents a severe blockage ratio and length, as mentioned by Grandjean [23].
In this case, the blocked sub-channels are formed by ballooned fuel rods with a squared shape and rounded corners,
due to joint deformation with neighboring rods (7, = 90% in Fig. 4). Therefore, in the ballooned zone (for 7, equal
to both 61% and 90%), the flow within blocked sub-channels is isolated from neighborhood sub-channels.

Figure 3 shows the side view of these two test section configurations and the position of the spacer grids and the
ballooned zone, with their values given in Table 1. The first and the last spacer grids do not have mixing vanes,
while the two in the middle have mixing vanes with remarkable performance to homogenize the flow, as described in
previous studies [19]. The distance of 522 mm between the two mixing spacer grids in the middle (E — A) was fixed
because it is approximately the same distance found in typical French PWR’s. Figure 4, in turn, shows the bundles
cross-sectional views in the intact and ballooned zones, the first only having intact sub-channels (no ballooning) and

the second having the balloons whose shape corresponds to the bundles blockage ratios (61% and 90%).

Table 1: Dimensions of the tested bundles as shown in Fig. 3 (in mm).

Bundle T L, A B C D E F E-A

G61%/100mm  61% 100 252 444% 479 614* 774 1073 522

G90%/240mm 90% 240 282 370 435 740 803 1072 521

%In our previous study [18], these dimensions were incorrectly presented (difference of 10 mm). These are the correct values.

Bottom Spacer Spacer Top
grid grid 1 grid 2 grid

(Balloon)
@ L,

Figure 3: Axial positions of the grids and the balloon in the bundles.
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Figure 4: Section view in the intact and ballooned zones, with evidence on the ballooned fuel rods’ shapes for 61% and 90% blockage

ratios ([19]).

Between the intact and the ballooned regions, there is a transition zone (Fig. 5). For the G61%/100mm bundle
with a blockage ratio of 61%, the fuel rods cross-section increases keeping the circular shape and the transition
finishes where they are in contact. The length of this transition is 35 mm. For the case of the G90%/240mm bundle
with a 90% blockage ratio, there is a first transition like the one in the G61%/100mm bundle and a second transition
zone, which is 30 mm long, where the fuel rods shape continues deforming progressively until reaching the final
cross-section shown in Fig. 4. For both bundles, there is another transition zone downstream of the balloon, exactly
like the first but mirrored.

As mentioned at the beginning of this section, MRV was the technique we used to measure the velocity fields
in these bundles. We used a typical gradient-echo pulse sequence with an additional flow encoding sequence, as
explained by Oliveira et al. [19]. The pixel resolution was 0.47 x 0.47 mm? and the experimental procedure ensured
the velocity uncertainty in one pixel to be about +20% of the bulk mean velocity [19]. However, to compare the
experimental results with DRACCAR simulations, we must take the mean axial velocity within a sub-channel. In
this case, the uncertainty of this mean velocity is reduced to +£10% of the flow mean velocity, as discussed by Oliveira

et al. [18].
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Figure 5: Transition from regular to ballooned zone for both bundles: a) G61%/100 mm; b) G90%/240mm.

4. DRACCAR: details of the simulation

4.1. Modeling concept

DRACCAR is a code from the FUEL+ software platform developed by IRSN since 2008 to simulate the 3D thermo-
mechanical deformation and the reflooding of fuel rods during a LOCA (among other phenomena). DRACCAR allows
modeling problems with different scales, from a single fuel rod or fuel assembly to the entire reactor’s core or spent
fuel pool. Moreover, this code can perform calculations including fuel assembly components like control rods, fuel
rods (modeling both the stack of fuel pellets and the cladding), instrumentation tubes, guide tubes, and spacer
grids. To achieve this, DRACCAR couples two codes: a thermo-mechanical code ICARE3D and one of the two
different thermal-hydraulic codes, CESAR and CATHARE-3 [16]. In the present study, we coupled DRACCAR with
CATHARE-3 and disabled the thermo-mechanical package as it was unnecessary to simulate MASCARA experiments.

The CATHARE code is the result of a joint project of CEA (Research and Development institute), EDF (operator
and electricity supplier), FRAMATOME (Power plant designer), and IRSN (technical support of French Safety
Authority) aiming to develop and provide a thermal-hydraulics system code in support of the French nuclear fleet.
CATHARE has been intensively used for the French nuclear fleet (plant or component design, safety studies, normal
and emergency procedures validation, uncertainties analysis, etc.), and largely and internationally distributed among

research institutes. The code is developed and maintained at CEA, by the CATHARE team.
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CATHARE is modular code where several modules can be connected to represent any hydraulic circuit. The

three main hydraulic modules are:
e the 1-D module to describe pipes,
e the 0-D module to describe large capacities,
e the 3-D module to describe multidimensional effects in specific components.

All these modules use by default a 2-phase model to describe steam-liquid flows and four non-condensable gases
can be transported. Both thermal and mechanical non-equilibrium of the two phases is described thanks to the 3
balance equations solved for each phase: mass, momentum, and energy. All kinds of two-phase flow patterns are
modeled, in laminar and turbulent regimes.

The numerical method in CATHARE code uses a first-order finite volume - finite difference scheme with a
staggered mesh and the donor cell principle. The time discretization varies from the fully implicit discretization used

in the 0-D and 1-D modules to the semi-implicit scheme used in the 3-D module [24].

4.2. Simulation domain and conditions

The DRACCAR calculations of MASCARA experiments aim reproducing the fluid dynamic upstream, within
and downstream of the ballooned zone; that is why the modeling domain is restricted to the bundle part downstream
the first mixing grid. Moreover, the DRACCAR models associated to grids are not detailed enough to precisely
reproduce the impact of the mixing vanes on the fluid as observed in the experiments, leading to a calculated fluid
flow distribution slightly different from the experimental one. In order to overcome this problem, it has been chosen
to match the inlet of the domain to the first position after the mixing grid where MRV measurements were performed
and to impose the experimental results as inlet boundary conditions (that is to say the axial fluid velocity at the inlet
of each sub-channel). The end of the modeling domain corresponds to the end of the MASCARA bundle. The second
grid is only simulated through the use of a singular pressure drop coeflicient. At the outlet of each sub-channel, a

pressure boundary condition is defined, and the outlet pressure value is set to the atmospheric pressure (Fig. 6).

Bottom Spacer Spacer Top
grid grid 1 grid 2 grid
T
—z . H
Inlet: = Simulation domain : Outlet:
V, (MASCARA) * "p=0

Figure 6: Simulation domain of the present study.

As transverse flow is expected in MASCARA, the 3D module of CATHARE is used for the simulation, so a 3D
structured mesh with hexahedral elements is considered. Considering a transverse plane (i.e. a cross-sectional cut),
each element contains only one sub-channel, which means that DRACCAR does not calculate velocity within the
sub-channel. Figure 7 presents an axial cut at z = 142mm with the G90%/240mm bundle, showing the mesh used in

MASCARA simulation, which contains 64 sub-channels to model a whole MASCARA bundle. The sub-channels are
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as well meshed in the axial direction. The axial discretization is the same for all the sub-channels and depends on the
bundle considered: for the G61%100mm bundle, we used 24 axial elements, of which 8 correspond to the transition
and ballooned zones (in total 64 x 24 = 1536 fluid meshes are used for this bundle). For the G90%/240mm bundle,
we used 41 axial elements, 14 of them being in the transition and ballooned zones (in total 2624 fluid meshes are

considered).

Bundle axlal cut

Elevation 0.142504m | ampm]

0.083p——------=-p-===-emmmp o emmme e e ey
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L |

—0.0015}---- Ly -i.. S TSI

.
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3‘3.36] ~0.035 0. 0.021S 0.063
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Figure 7: Example of meshing used for MASCARA (the meshing is in blue — the structures are in red) with the G90%/240mm bundle

at z = 142 mm.

The exact geometries and positions of the 30 intact fuel rods, 3 guide tubes and housing used in MASCARA
experiments were simulated with DRACCAR, which means the fluid passage section areas (in all the three directions)
and the friction perimeter were as well correctly represented. The axial ballooned rods shape could not be simulated
continuously over the axial DRACCAR meshing. Thus, their complex geometry was modeled to preserve the exact
fluid passage area and friction perimeter at all the mesh faces (where the momentum balances equations are solved),
as shown in Fig. 8. This modeling was performed following several steps. First, we calculated the volume of each
ballooned rod forming a given sub-channel. Then, this rod volume was divided by the element dimension in each
direction to obtain the wall section area. Finally, this section area was subtracted to the total element section area
to obtain the precise fluid section area for the concerned face. With this choice, in the axial direction, the diameter
of the tube was precisely equal to 12.6 mm between the two transitions (Fig. 8).

For the axial singular pressure losses, a coefficient equal to 1.38 (k, classical coefficient used for this type of grid) is
imposed at the modeled grid elevation. For the radial singular pressure drop, & is calculated using modified Idel’cick

equation [25]:

k = 0.228 (S - 1) - (2)

where p and d are respectively the pitch and the external rod diameter.
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Figure 8: Example of balloon modeling with DRACCAR.

4.8. DRACCAR/MASCARA comparison

Oliveira et al. [19] presented velocity fields like the example in Fig. 9a (without transverse velocities), the
colored bar referring to the magnitude of the axial velocity V, (z-direction, Fig. 6) normalized with the bulk mean
velocity Vie ¢. Nevertheless, DRACCAR simulations only provide mean velocities for each sub-channel, i.e. without
detailing the velocity field within the sub-channels. Even though DRACCAR calculates transverse velocities, we
did not compare these calculations with experimental data because there is a deterministic error in MASCARA
measurements of transverse velocities by MRV that could not be corrected [18]. Therefore, only axial velocity results
were compared, which is the most important velocity vector in thermal calculations. In addition, MASCARA results
of velocity fields were re-processed to obtain the mean axial velocity for each sub-channel. Fig. 9b presents the same
velocity field shown in Fig. 9a but now with the normalized mean axial velocity for each sub-channel, which can be
compared with DRACCAR simulations. Furthermore, we used two flow rates for the DRACCAR simulation: 50 Ipm
and 240 lpm, corresponding to a Reynolds number of 1936 and 9599 respectively (laminar and turbulent flow). The

flow behavior of these two flow regimes is described by Oliveira et al.[19].

G90%/240mm (z = 386 mm) V./V...s G90%/240mm (z = 386 mm) Vi/V..s
[ —=1 ) O
20 FE LTIy 2 20+ 2
P;\%?‘:c \SN 7 -4.‘3%'-?53
L i i il
_ 40 %‘w«vﬁ g i _ A0
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Figure 9: Example for G90%/240mm bundle at 50 lpm of: (a) a normalized axial velocity field obtained by MRI techniques (MASCARA
result, and (b) its corresponding normalized mean axial field for each sub-channel for comparison with DRACCAR simulation, both at

z = 386mm.

Comparing visually the velocity fields as in Fig. 9 or presenting velocity profiles for all the 64 sub-channels would

not be practical nor simple to validate the DRACCAR simulations. Therefore, we chose specific sub-channels to

10
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compare MASCARA and DRACCAR results (Fig. 10), each one with specific blockage and location characteristics

as listed below:

e A: asub-channel with the highest blockage ratio, in the center of the ballooned zone (7, 4 = 7 of each bundle);

e B: a moderately blocked sub-channel between two intact rods and two ballooned rods (7, g = 30.6% for G61%
and 7, g = 45% for G90%);

e C: a moderately blocked sub-channel between one guide tube, one intact rod, and two ballooned rod (7, = 45%

for G61% and 7, c = 59.5% for G90%);

e D: an intact sub-channel (7, p = 0% for both bundles).

These sub-channels present axial velocity profiles with different behaviors that worth the discussion in this paper.
Other sub-channels could also be used in the results presentation, like those partially blocked in the corners of the
ballooned zone (for example, the one between D and D’ or the sub-channel at two sub-channels above C) or those
neighboring the housing. They were not used because the first is less critical than the chosen partially blocked

sub-channels and the latter presented practically the same velocity profile of an intact sub-channel.

N Symmetric axis

Figure 10: Sub-channels chosen for this study and the bundle symmetry axis, showing an example of symmetric sub-channels (D and D’).

The tested geometry was designed to be symmetric to an inclined axis (Fig. 10), which should result in a velocity
field as well symmetric to the same axis. However, the bundles used in MASCARA could be slightly misaligned inside
the housing [19] and this would favor the axial flow in one sub-channel compared to its symmetric one, although
the difference is negligible most of the times. We present examples of this result with the G90%/240mm bundle at
the beginning of the results presentation. To reduce experimental biases because of the bundle misalignment and to
better validate DRACCAR simulations, we used the mean velocity of the two symmetric sub-channels of MASCARA
results. Moreover, averaging the sub-channel velocities reduces the experimental uncertainty because considering
more pixels in the averaging population reduces the measurement noise. Figure 10 presents an example of symmetric
sub-channels (D and D’), so the experimental results presented in the next section for this sub-channel are actually

the average of two symmetrical sub-channels.

11
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5. Results and discussion

We present herein the results as axial velocity profiles for the chosen sub-channels shown in Fig. 10 and for both
bundles (G61%/100mm and G90%/240mm) and flow rates (50 and 245 Ipm). For a better comparison of MASCARA
and DRACCAR results, we normalized both axial positions according to the zone in the bundle and the sub-channels’
axial velocities. The first normalization was done by taking the position within a given zone (intact, transition or
balloon) and dividing it by the length of this zone. Meanwhile, the axial velocity normalization was performed
according to the following equation:

V. — Vinin

Vin=o——— 3
’ Vmam_vmin ( )

where Vi and V. are, respectively, the minimal and maximal mean axial velocities obtained in MASCARA. We
remind that V, is the mean velocity at each axial position of each sub-channel, either measured in MASCARA or
calculated by DRACCAR.

As mentioned in the previous section, we present in Fig. 11 results for symmetric sub-channels with the G90% /240mm
bundle for the two tested flow rates. Because DRACCCAR simulations result in perfectly matched axial velocity
profiles for symmetric sub-channels, only one of its curves is presented in the figure. For MASCARA results, the
axial velocities of symmetric sub-channels are very similar for both flow rates but do not match perfectly, which is
natural in experiments. Hence, using average values for MASCARA axial velocities to compare with DRACCAR

simulations is reasonable to reduce experimental imperfections, even if they are very small.
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Figure 11: Comparison of axial profiles in symmetric sub-channels for the G90%/240mm bundle: (a) 50 lpm, and (b) 245 lpm.

Starting with the G61%/100mm bundle, Fig. 12a and b present the simulated and experimental velocity profiles
for this bundle with 50 and 245 lpm, respectively. The velocity profiles in less blocked sub-channels, i.e. B and
D, are very similar: the axial velocity increased upstream of the balloon because of the flow redistribution from
blocked sub-channels (like A), the axial velocity was almost stable in the ballooned zone, and there was a slight
decrease downstream of the balloon. DRACCAR succeeded to estimate their velocity profiles within the experimental
uncertainty (AV, ,, = +0.09 for G61%/100mm, 50lpm and AV, ,, = +0.1 for G61%/100mm, 245lpm). For the most

blocked sub-channel (A), the axial velocity decreased up- and downstream of the ballooned zone because of the

12
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flow redistribution in the first transition zone and the flow passage area expansion in the second transition zone, as
described in detail by Oliveira et al. [18]. In this case, DRACCAR calculated the same velocity profile observed in
the experiments but the quantitative results were only accurate in the first transition for 50 lpm and the ballooned
zone for both flow rates. Especially downstream of the balloon, DRACCAR overestimated the axial velocity within
the blocked sub-channel. Hence, we find that DRACCAR results for sub-channel A were fairly accurate except in the
second transition zone. Last, for both flow rates, DRACCAR could predict neither qualitatively nor quantitatively
the axial velocity profile for sub-channel C, the one neighboring ballooned rods and a guide tube. Although the
increase in the first transition zone was well calculated, the decrease in the ballooned zone was not predicted in the
simulations, while the decrease in the second transition zone was not as steep as observed in the experimental results

(Fig. 12).
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Figure 12: Normalized velocities (lines are DRACCAR simulations, markers are MASCARA results) in different sub-channels for the
G61%/100mm bundle: (a) 50 lpm, and (b) 245 Ipm.

Figure 13 presents the DRACCAR and MASCARA results for the axial velocity along the G90%/240mm bundle
for 50 and 245 lpm. As in the previous case, the velocity in the less blocked sub-channels (B and D) increased
in the first transition zone, remained stable in the blocked zone and progressively decreased after the balloon.
Likewise, DRACCAR adequately estimated the velocity in these sub-channels within the experimental uncertainty
(AV,,, = £0.06 for G90%/240mm, 50lpm and AV,, = £0.07 for G90%/240mm, 245lpm), except in the first
transition zone for the sub-channel B with 50 Ipm. The fluid velocity in the most blocked sub-channel (A) followed
a similar behavior to that described for the G61%/100mm bundle. The only difference is the existence of a local
minimum in the transition zone upstream of the balloon where the ballooned rods are in touch (as shown in Fig. 5),
as discussed in detail by Oliveira et al. [18]. For this sub-channel and for the higher flow rate, DRACCAR estimated
quite precisely the axial velocity, being more accurate in the first transition and less accurate at the end of the
second transition zone, underestimating the axial velocity and finding the minimum slightly earlier than MASCARA
results. For the 50lpm flow rate, DRACCAR calculated the same velocity profile observed in the experiments, but it
underestimated the axial velocity in the balloon and the second transition zone, finding the minimum earlier. Finally,

DRACCAR overestimated the axial velocity for the sub-channel C with the G90%/240mm bundle as we observed
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Figure 13: Normalized velocities (lines are DRACCAR simulations, markers are MASCARA results) in different sub-channels for the
G90%/240mm bundle: (a) 50 lpm, and (b) 245 Ipm.

Although MASCARA experiments may appear relatively simple for a computational fluid dynamics simulation,
we should remind that DRACCAR calculations rely on models describing the fluid behavior inside the entire sub-
channel at a given axial position, so the velocity field inside this sub-channel is not calculated. This lack of resolution
within the sub-channel makes the calculation of the Navier-Stokes equation becomes more complicated, especially
because of the convective term (V.VV) in the Lagrangian derivative. This term is significant in-between and within
the sub-channels in the transition zones, where, in fact, DRACCAR was less accurate (see Figs. 12 and 13). Although
the axial velocity estimates for sub-channel C all along with the bundle and sub-channel A in the second transition
zone were less accurate, with deviations higher than the experimental uncertainty, DRACCAR succeeded to calculate
precisely most of the velocity points. Table 2 presents the percentage of axial velocity points that DRACCAR could
estimate within a range of +15% of MASCARA'’s axial velocities values for each bundle, flow rate and sub-channel.
For this table, the real MASCARA and DRACCAR velocities were used (not normalized velocities). As we discussed,
the calculations for the sub-channel A, the one in the center of the balloon, were in general quite accurate (except
for G90%/240mm with 50 lpm). For less blocked sub-channels, namely B and D, DRACCAR estimated more
than 80% of the local axial velocities within a range of +15% with respect to the MASCARA value. As already
mentioned, the calculations for sub-channel C (partially blocked by the neighboring balloon and a guide tube) were
not accurate enough, which deserves more attention to improve the model in this case, even though this sub-channel
is not considered critical as the axial velocity is not much reduced because of the flow redistribution. A more precise
analysis of the transverse velocities may help to explain this difference between calculation and experimental data.

With the present results, it was found that the fluid dynamics model implemented in DRACCAR was capable of
predicting most of the axial velocity of the sub-channels in both blocked assemblies. However, there are still aspects
of DRACCAR to improve, especially in the calculation of the sub-channels’ axial velocity near the guide tubes (as

sub-channel C).
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Table 2: Percentage of points estimated by DRACCAR between a range of £15% of the MASCARA results.

G61%/100mm  G90%/240mm

Flow (lpm) 50 245 50 245

Sub-channel A 83% 69% 20% 68%

Sub-channel B 100%  100% 80% 100%

Sub-channel C  58% 72% 40% 56%

Sub-channel D 100% 100%  100%  100%

Total 85% 85% 60% 81%

6. Conclusions

In this study, we compared the IRSN DRACCAR LOCA code simulations with test results from the MAS-
CARA experimental campaign for two ballooned 7 x 7 bundles with different blockage ratios and lengths (bundles
G61%/100mm G90%/240mm) and with different flow rates, one in laminar regime (50 lpm) and the other in turbu-
lent regime (245 lpm). The results showed that DRACCAR succeeded to estimate the axial flow velocity in intact
and less blocked sub-channels for both configurations and flow rates. For the blocked sub-channel in the center of
the balloon, DRACCAR performed better for the less blocked bundle (G61%/100mm). In this case, DRACCAR
succeeds to correctly estimate the velocity profile for this blocked sub-channel and most of the points were estimated
within the experimental uncertainty; however, the axial velocity was largely overestimated at the end of the second
transition zone. For the more blocked bundle (G90%/240mm), which is considered one of the worst-case scenarios of
clad ballooning during a LOCA, DRACCAR correctly estimates the velocity behavior in this sub-channel, however
it underestimate MASCARA’s velocity from the blocked zone. Nonetheless, this would results in a conservative heat
transfer estimation. Finally, for the partially-blocked sub-channel neighboring the balloon and a guide tube, the axial
velocity estimate deserves more attention to improve its calculation, even though this is not considered a critical
sub-channel during a LOCA.

Once COAL experimental campaign will be finished, simulations of the experiments will be performed with
DRACCAR including all the involved thermal-hydraulics phenomena during the reflooding phase, which will be
an important step for the validation of code. Furthermore, DRACCAR simulations of MASCARA experiments
with non-coplanar balloons are also expected, in which balloons are located in different axial positions so the flow

redistribution behaves differently from those presented in this study.
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