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ABSTRACT

In this paper, the recent efforts for the qualifica of the thermal-hydraulic system code CATHARE
for nuclear research reactors are presented. Hvémeicode has been extensively validated for
commercial pressurized water reactors, additionatkwvas needed due to the unigue design and
operating conditions of research reactors. In facthe core region, the coolant usually flowsat |
pressures in narrow channels which are arrangadarallel configuration. Such an arrangement may
be subject to the flow excursion instability thahdead to boiling crisis in some of the channels.

The study is based on a database of flow excuesiperiments in vertical narrow rectangular channels
with gap sizes between 1.4 and 3.23 mm. The thengaraulic conditions are representative of the
ones in research reactors and the coolant flowereitp- or down-ward. The experimental procedures
of these experiments consist in either reducingbes flux or increasing the heat flux to the clehnn
(keeping all other parameters constant) until kv £xcursion occurs.

The system code CATHARE is used to simulate thesestions and the experimental procedures are
reproduced. The available pressure drops measwedtbe heated channel are compared to the
simulations and good predictions are obtained botsingle- and in two-phase conditions. It is also
shown that the whole flow excursion phenomenon angarticular, the mass flux or the heat flux at
which the onset of flow excursion instability ocswan be reproduced by CATHARE in a satisfactory
way.
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1. INTRODUCTION

Nuclear research reactors are of strategic impoetda support commercial nuclear power plants,
develop new technologies for future reactors, aratiyce radioisotopes for research and medical
applications. In the core region of these reactbescoolant usually flows at relatively low press(<

1 MPa) in narrow channels that allow high-perfoneameat removal capabilities within compact
volumes. These channels are arranged in a pacalidiguration and no cross flow occurs. Such an
arrangement may be subject to the so-called flosurskon instability (or Ledinegg instability [1,)2]

In fact, uneven distributions of power and flow otlee core may lead to flow starvation and eveihual
boiling crisis in some of the channels. This indiigtis a primary concern in research reactorsrapeg

at low pressure due to larger vapor-to-liquid dgnsitio.

The thermal-hydraulic system code CATHARE [3] isdi$or the design studies and the safety analysis
of nuclear reactors. It has been developed by teadh Alternative Energies and Atomic Energy
Commission (CEA), the French utility EdF, the reactendor Framatome and the French Nuclear
Safety Institute (IRSN). The code has been extehsivalidated for conditions that are typical of
commercial pressurized water reactors. Howevethdéurwork is required to assess its modeling
capabilities when applied to research reactorsesthe core design and the operational conditions
significantly differ from the case of commerciahotors.
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In this paper, the recent efforts for the qualification of the code CATHARE 2 (version: V25 3 mod6.1)
for nuclear research reactors are presented. A database of flow excursion tests in vertical rectangular
channels, which are representative of the thermal-hydraulics of research reactors’ core channels, is
collected. The experimental data are then compared with CATHARE simulations, so that the code
performance can be evaluated.

The paper is organized as follows: Section 2 briefly introduces the flow excursion instability; Section 3
presents the CATHARE 2 thermal-hydraulic correlations specific for research reactor applications;
Section 4 describes the experimental database; in Section 5, the results are shown and discussed; in
Section 6, conclusions are drawn.

2. FLOW EXCURSION INSTABILITY

The flow excursion instability [1] is a limiting phenomenon in research reactors, since it may trigger the
occurrence of the boiling crisis in some of the core channels. The condition for the Onset of Flow
Instability (OFI) arises when the slope of the curve pressure drop — mass flux for the external supply
system (e.g., imposed by a pump characteristic) becomes larger than the one for the internal channel
demand:

T )

oG Supply 9G lpemand
The OFI mechanism is schematized in Fig. 1. The typical demand curve of a heated channel (also called
S-curve or flow redistribution curve) is represented with the blue line. For the case of research reactors,
the slope of the supply curve is zero (red lines) because the parallel channel configuration imposes a
total pressure drop that is approximately constant. The operating conditions corresponds to the
intersection between the two curves.
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Fig. 1 Onset of Flow Instability for heated parallel channels.

In the single-phase liquid region, the system is stable since the slope of the supply curve is smaller than
the one of the S-curve. If the mass flux decreases at constant heat flux, the channel reaches the Onset of
Nucleate Boiling (ONB). Small bubbles are generated at the walls, but the slope of the demand curve
remains positive since the void fraction is negligible. Again, the operating point is stable.

Reducing further the mass flux, the bubbles grow bigger and they eventually detach from the walls, so
that the void fraction starts to increase. The detachment of the bubbles is usually indicated as the Onset
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of Significant Void (OSV) or the Net Vapor GeneaatiNVG). During this phase, the slope of the S-
curve decreases due to the augmentation of thekhaee flow pressure drop, until the minimum of the
demand curve is attained (corresponding to a depe} Since the slope of the supply curve is also
zero, then the onset of flow instability coincideih this minimum. Thus, the NVG is expected to
precede the OFI [4-6]. In fact, although a rapidvgh of void fraction begins from the NVG point, a
large part of the channel is still in single-phasaditions.

At the OFI point, a decrease of the mass flux l¢ads sudden flow redistribution transient. Thedvoi
fraction rapidly grows until the channel operatethie pure single-phase steam region (i.e. voutitma
equal to one). This operating point is stable stheeslope of the S-curve is positive. The flowwesmn
instability can thus trigger the occurrence of bloding crisis.

In this paragraph, the flow excursion mechanisnel@een explained trough a mass flow rate reduction,
while keeping all the other parameters constanvelhbless, the OFI conditions may be reached via
other transients, e.g. increasing the heat flwon of the parallel channels.

3. CATHARE CORRELATIONS FOR RESEARCH REACTORS

The thermal-hydraulic system code CATHARE 2 [3p&sed on a transient 2-fluid 6-equations model,
complemented by closure laws. Due to the pecudaigth and operating conditions of a research reacto
core, specific thermal-hydraulic correlations ampboyed.

The single-phase wall friction factor is modeled as

f = Feor X fiso (2

wherefiso is the isothermal friction factor. The correctieetor Fcor takes into account the influence of
the heat flux on the friction and it reads as:

_ Pheqt 0.0085(Ty,—T)) (3)
1.5
Pyet 1+2[TW+TZ

Foor =

200

The isothermal friction factor in laminar flow isogteled with the Shah-London relationship [7] footw
vertical infinite plates:

96
fiso,lam = Re (4)

In turbulent flow conditions, the correlation optad over the Sultan-JHR tests [8] is used:
fiso,turb = 0.202Re 0196 5

The transition between the laminar and the turtidlew conditions is supposed to occur in the range
2500 <Re< 4000. In this region, the friction factor is egpsed as a linear combination between the
laminar and turbulent relationships.

The single-phase heat transfer is influenced byflihve regime in the channel. In the code, it is
determined as the maximum of three different Nussehbers:

Nu = maX(NuNC,lam: Nuyc, turp, Nugc) (6)

The standard CATHARE correlations for the Nussafhher in laminar and turbulent natural convection
are, respectively:

NuNC,lam = 0.55 Ra1/4 (7)

Nuyc eurp = 0.13 Ral/3 (8)
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The Nusselt numbeXuec for forced convection is modeled as:
{ lf Re < Relam = 2500 g NuFC,lam = 8235
J if Re > Repyp, = 4000 - Nugc tyrp = 0.023Re8pr04 9
R <Re <R Re — Rejgm N 4 Reyyrp — Re N ©)
% ————— ——————
llf €lam e €turb Returb _ Relam uFC,turb Returb _ Relam uFC,lam

The laminar relationship is derived from Marco atah [9] for two vertical infinite plates, while the
Dittus-Boelter correlation [10] is used for turbodeonditions.

The Fully Developed Boiling (FDB) is described b t-orster-Greif correlation [11], as suggested by
[12]:

AT = 444 (%)—0.23 (%)0.385 (10)

In order to determine the onset of significant y@&THARE employs a modified version of the Saha-
Zuber relationship [13], which was developed at G&#&noble [14] from the analysis of the KIT
experiments [15]. This NVG correlation reads as:

D
(lf Pe > 052 " Peo g Aisub,NVG = 2 ¢ p,l~”hydr =
| 65 107 kiPeo (P¢/p,, ) (11)
I' . ¢ C ,th d
klf Pe <0.52-Pey - Aigupnve = 565 1017_4 ;l;eo

wherePe& = 70000.
4. EXPERIMENTAL DATABASE
A database of 210 flow excursion experiments iie@rnarrow rectangular channels with upward and
downward flow of water is collected from the litenee. It includes the experimental campaigns of
Courtaud [16], Vernier [17], Whittle-Forgan [4] ahdfay [18].
4.1. Test section
The test sections consist of vertical narrow regtigar channels with gap sizes between 1.40 and 3.23
mm. The geometric features are schematized in2-ignd reported in Table 1. An axially uniform heat
flux profile is produced via direct electrical hiegt of the walls.

Heated walls

1 Channel gap

] |

Fig. 2 Schematic representations of the test seat® (top view).

The lateral corners are heated, but thinner todateiat concentration effects that may cause early
thermal crisis [19]. Their thickness is between 38% 50% of the one of the central plates and gdesvi

a small contribution in terms of power to the lidjie. about 1 % to 8.3 % of the power from theticd
region depending on the test section. For the m&rd modeling, the additional heating from the
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corners is taken into account by calculating arivedgnt heated plate lengtha, which preserves the
total power transferred to the liquid and the filetin the central part of the plates [6]. The raient
heated width is estimated as:

ACOrnET
lheat = lplate (1 + _) (12)

Aplate

wherelpiae is the plate widthAcomer is the cross-sectional wall area of the cornedsgpe is the cross-
sectional wall area of the main plates.

Table 1. Test sections geometry (Upflow; Downflow |).

N. OFI tests | Gap [MM] | lheat [MM] | Lheat [MM] | Dhyar [MM] | Lheat/Dheat

Courtaud 107 1.80 37.9 599 3.44 166.1
Vernier 171 2.00 37.0 600 3.80 146.1
Whittle SE1 | 161;7 | 3.23 25.4 609.6 5.72 94.5
Whittle SE2 1671 2.44 25.4 406.4 4.45 83.3
Whittle SE3 151 2.03 254 406.4 3.76 100.0
Whittle SE4 121 1.40 254 5334 2.65 190.9
Lafay SE1 30} 1.94 37.0 600 3.69 150.5
Lafay SE2 27| 2.49 37.2 600 4.67 117.8
Lafay SE3 30| 2.78 37.3 600 5.18 105.8
Lafay SE4 30} 3.20 37.4 600 5.90 92.3

4.2. Test procedure and range of condition

In order to determine the OFI conditions, Courtatainier and Whittle-Forgan reproduced the S-curve
in a single channel configuration. The outlet puessinlet temperature and power were fixed, witiée
mass flux was decreased in steps until the miniratithe S-curve could be identified. For each step,
sufficient time was waited to stabilize the expennmhand perform steady-state measurements. The
whole transients are available for all Courtaud @mchier tests, while only the minimum of the Saaur

are reported by Whittle-Forgan.

On the other hand, Lafay used an experimental Waithp a large vertical bypass ggass= 40 mm) in
parallel to the test section. The bypass was useddose a constant pressure drop over the chdhnel.
is connected to the heated channel through an w@ggelower plenum of 0.380%*The experimental
procedure consisted in slowly increasing the hieat fvhile maintaining all the other parameters.(i.
total mass flowrate, inlet temperature and pre3scoastant. When a rapid increase of the wall
temperature was detected, the flow excursion wgistexred and the power rapidly cut off to avoid the
test section burnout. The whole transient is regabanly for two tests in Lafay SE3.

The experimental OFI conditions are reported inl@&b The range of variation is: heat flux between
0.4 and 7.0 MW/rfy pressure between 0.12 and 1.08 MPanlet temperature between 20 and 75 °C
mass flux between 822 and 8763 kéjimand outlet sub-cooling between 4.8 and 24.8 °C. The outlet
pressure is indicated in the table, with the exoepif Lafay since the inlet pressure was imposed.

Several experimental uncertainties may affectéisalts. These uncertainties are related to the ggpm
of the test section (e.g. thermal deformatioti®)measurements of the system parameters (e.g. pressure,
mass flowrate) the identification of the OFI conditions. Unfortunately, these informatiore arot
available, thus no uncertainty quantification coogdperformed.
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Table 2. Experimental database: thermal-hydraulic conditions at OFI.

Paper No.:

¢ IMW/m’| p [MPa] Tin [°C] G [kg/m’s] | DTupou [°C]
Courtaud 4.0-7.0 0.29-1.08 30-70 4684 — 8763 11.5-23.7
Vernier 1.0-4.5 0.15-0.29 29.5-48.8 2085 -9913 9.0-18.9
Whittle SE1 1 0.8-2.5 0.12 35-60 1881 — 5809 6.7—-13.9
Whittle SE2 12-25 0.12-0.17 45 -65 2596 — 5603 84-14.4
Whittle SE3 0.7-3.0 0.12 35-175 1644 — 9136 6.1-154
Whittle SE4 0.7-23 0.12 35-65 2402 - 8199 4.8-10.5
Whittle SE1 | 04-1.5 0.12 45-55 822 - 3350 9.9-13.1
Lafay SE1 09-4.4 0.39 20-70 2151 -7070 10.2 -21.7
Lafay SE2 0.8-3.6 0.17 20-70 2230 -7636 6.7—-24.3
Lafay SE3 0.8-3.9 0.17 20-70 2122 - 6837 54-20.1
Lafay SE4 0.9-45 0.17 20-70 2200 — 7646 7.7-24.8
All tests 04-7.0 0.12-1.08 20-75 822 - 8763 4.8-24.38
4.3. CATHARE modeling of the experiments

The experimental procedures are simulated with CATHARE 2. For the tests Courtaud, Vernier and
Whittle-Forgan, a single-channel configuration is used and the mass flowrate is decreased until the
minimum of the S-curve is calculated. For Lafay, the experimental setup with a large bypass is modeled.
The heat flux is increased until the flow redistribution is predicted by the code.

The test sections are modeled as a 1-D channel using the hydraulic diameters reported in Table 1. The
heated length is discretized in such a manner that the center of the computional volumes correspond to
the position of the measurements (e.g. pressures, temperatures). The mesh sizes vary between 4 and 10
mm depending on the test section. The mesh independence of the results was verified. The comparison
with the available experimental outlet liquid temperatures showed that the global heat balance was
correctly estimated.

5. RESULTS AND DISCUSSION

The results from the simulations are compared to the experimental data, so that the performance of the
code can be assessed. CATHARE can reproduce the flow excursion phenomenon in an accurate way, as
shown in Fig. 3. In the first subfigure, the experimental S-curve for a Courtaud test is displayed together
with the associated CATHARE simulation. In the second sub-figure, the experimental procedure for a
Lafay test is presented. The pressure drop along the test section is plotted as a function of the heat flux,
while the experimental heat flux at OF]I is indicated with a vertical dashed line.

Courtaud: poy = 2.94 bar, ® = 4.97 MW /m?, T;, = 30 °C Lafay SE3: p;, = 1.7 bar, Ty, = 30 °C, G = 6810 kg/m?/s

3.5 I - 0.6
» Exp i Exp. heat flux :
31 |-+- CATHARE mOn! =
0.55 e
= 25 A4 =
S| S
Bk 4 = 05 i S LY D~
Cl ; 5
2 7 ;
,»f - *
ar . 0.45 - L.
1.5 o » Lixp
---CATHARE
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Fig. 3 Example of the comparison between the CATHARE simulations and the experiments.
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A quantitative analysis is presented in the follogvisub-sections. The experimental pressure drops
measured during the transient, the mass fluxets @surtaud, Vernier and Whittle-Forgan) and thet he
fluxes (test Lafay) at the OFI are therefore coragdo the CATHARE simulations. The results of the
comparison are presented in terms of the mean @mdiazd deviation of the residuais that are
computed for a generic paramefeas:

7, = 100 W (13)
mean = % Non (14)
std = \/ﬁ N | |ri — mean|? (15)

whereN is the total number of experimental points.
5.1. Pressure drops

A total number of 313 pressure drop measuremepts\ailable from the tests Courtaud, Vernier and
Lafay SE3. The range of experimental conditionshat flux between 0 and 7.0 MW#npressure
between 0.15 and 1.0dPa; inlet temperature between 29.5 and 70 °C; mass flux between 1716 and
14949 kg/r¥s; and outlet sub-cooling between 2.1 and 121.4 °C. The flow is tleht, since the inlet
Reynolds number varies between 9840 and 12486GtiiRdl good predictions are obtained with
CATHARE both in single- and in two-phase conditioas shown in Fig. 4.

35 T & =)
5.0 ! T U&u o,
o Courtaud

° Vernier

o Lafay

Apc/l;r][ [bar]

0 05 1 15 2 25 3 35
APexp [bar]
Fig. 4 Comparison of the experimental pressure drapwith CATHARE predictions.

A summary of the results in terms of residuale®orted in Table 3. On average, the pressure dieps
overestimated by CATHARE with a mean of 3.9 % andtandard deviation of 5.9 %. These
discrepancies may be explained by the experimentartainties, and in particular, by the preserice o
thermal deformations (experimentally observedpotiquantified in a rigorous way) of the test smusi

In fact, the pressure drops along the channehaersely proportional to the cube of the gap size«
gap~3). For example, a 1.3 % increase of the gap sizeleaa to a mean of the residuals equal to zero.
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Table 3. Comparison of the experimental pressure dips with CATHARE predictions.
N. points mean [%)] std [%] min [%] max [%0]
Courtaud 135 4.6 5.1 -9.3 13.2
Vernier 162 2.9 6.5 -15.7 24.9
Lafay SE3 16 8.2 2.1 4.0 10.2
All tests 313 3.9 5.9 -15.7 24.9

Fig. 5 shows that the distribution of the residuslslose to normal. The largest absolute valudbef
residuals are associated to the tests Vernier wthersubcooling at the exit of the test sectiosnigll

(< 10 °C) and the production of void fraction igrgficant. This observation may indicate a degriatat
of the predictive capabilities of CATHARE at incs@zg void fractions in subcooled flow conditions,
but not enough data are available to confirm th@imption.

120 ' '

100+

80

60

n. points

401

20}

095 10 0 10 20 30

Residuals [%)]
Fig. 5 Distribution of the pressure drop residuals.

If the tests which are under single-phase conditigo void generation) along the whole channel are
selected, a total number of 118 tests is retainighdl Reynolds number between 16120 and 124860.
Again, an overestimation of the pressure dropbserved with a mean of 4.9 % and a standard dewiati
of 4.1 %. These results are consistent with the a¢ained in [8], that found an average discrepanc
of 0.35 % with a standard deviation of 5.09 % iperimental data in two narrow rectangular channels
with gap sizes of 1.51 and 2.16 mm and similar ftmmditions.

5.2. Mass fluxes at OFI

The minimum of the flow redistribution curve compesds to the OFI condition in a parallel channel
configuration. The experimental mass fluxes at sugtinimum are compared to the values obtained by
the simulation with CATHARE for the tests Courtaudrnier and Whittle-Forgan. As displayed in Fig.6,
the code can reproduce the onset of flow instghilita satisfactory way.

The analysis of the residuals is reported in Tdbl&he experimental mass fluxes at OFI are slightly
underestimated by CATHARE with a mean of - 3.7 % anstandard deviation of 2.9 %. A normal
distribution of the residuals is found, as depicted-ig. 7. This implies that, on average, the code
predicts the minimum of the curve at lower masgdfuthan the experimental ones. Taking into account
the experimental uncertainties (e.g. associateailedaghermal deformation of the channels), it may be
concluded that the minimum of the flow redistriloaticurve is accurately predicted by CATHARE.
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Fig. 6 Comparison of the experimental mass fluxes at OFI with CATHARE predictions.

Table 4. Comparison of the experimental mass fluxes at OFI with CATHARE predictions.

mean [%] std [%] min [%] max [%]
Courtaud -3.5 2.3 -71.3 -0.2
Vernier -1.8 3.0 -7.6 4.3
Whittle -4.2 2.9 -14.8 3.6
All tests -3.7 2.9 -14.8 4.3

30

[N
o

n. points
—
ot

—_
()

<t

1

15 -10 -5 0 5
Residuals [%]
Fig. 7 Distribution of the residuals for the minimum of the flow redistribution curve.

5.3. Heat fluxes at OFI

In Lafay’s tests, the heat flux was slowly increased until the flow excursion occured. The experimental
heat fluxes at OFI are therefore compared to CATHARE predictions. Satifactory results are obtained, as
depicted in Fig. 8.
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Fig. 8 Comparison of the experimental heat fluxestaDFI with CATHARE predictions (Lafay).

As reported in Table 5, CATHARE overestimate thatlileix at OFI with a mean of 5.5 % and a standard
deviation of 5.3 %. A normal distribution of thesi@uals is found (Fig. 9). The occurrence of tloavfl
instability is thus predicted at higher heat flukesn experimentally observed. This overestimatiary

be explained by taking into account the experimamtaertainties, especially the ones connecteldo t
possible thermal deformations of the channels. Agopossible explanation is associated to the fact
that the increase of heat flux may have been imp¢ed too early by the experimentalists due taigie

of damaging the test section. The real heat fli@rtwould then be higher than experimentally régabr

Table 5.Comparison of the experimental heatfluxes at OFI with CATHARE predictions (Lafay).

mean [%)] std [%0] min [%] max [%]
Lafay SE1 9.18 2.50 2.50 13.11
Lafay SE2 6.33 5.83 -6.37 21.96
Lafay SE3 1.54 4.26 -10.09 8.09
Lafay SE4 5.16 5.21 -12.07 11.21
Lafay All tests 5.53 5.32 -12.07 21.96
35

n. points

Ut
T

Y0 -10 0 10 20 30
Residuals [%]

Fig. 9 Distribution of the residuals for the heat fuxes at OFI (Lafay).
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6. CONCLUSIONS

In this paper, the recent efforts for the qualiiima of the system code CATHARE for nuclear researc
reactors are summarized. The study is based omadak®e of flow excursion experiments in vertical
narrow rectangular channels with: gap sizes betvie¢rand 3.23 mm, hydraulic diameters between
2.65 and 5.9 mm, and length to heated diameter batiween 83.3 and 190.9. The test sections are
heated with axially uniform heat flux profiles attte coolant flows either up- or down-ward. The
thermal-hydraulic conditions are representativéhefones in research reactors: pressure betwegn 0.1
and 1.08 MPa, inlet temperature between 20 andC7Bnass flux between 822 and 8763 kig/nmeat

flux between 0.4 and 7.0 MWArand outlet sub-cooling between 4.8 and 24.8 °C.

The onset of flow instability is experimentally dehined by either reducing the mass flux or indreas

the heat flux to the channel, while maintaining atther parameters constant. These experimental
transients are simulated with CATHARE and a goa@agent is found. The pressure drops are slightly
overestimated with a mean of 3.9 % and a standariciibn of 5.9 %. The experimental mass fluxes at
OFI are slightly underestimated with a mean of7-%. and a standard deviation of 2.9 %. On the other
hand, the heat fluxes at OFI are overestimated avittean of 5.5 % and a standard deviation of 5.3 %.

In conclusion, the analysis showed that CATHARE paadict the pressure drops and the occurrence of
the flow excursion phenomenon in a satisfactory. Wag observed discrepancies may be explained by
taking into account the experimental uncertaintespecially the ones associated to the thermal
deformation of the channels.

NOMENCLATURE
A me Flow area m kg/s Mass flow rate
Co J/Ikg/K  Specific heat capacity Nu - NusseltNu = %
Dheat M Heated diameteDy,,, = % p Pa Pressure
Dhyar M Hydraulic diametem,, ,, = % Pe - PecletPe = RePr = M
g m/s Acceleration of gravity Pr - Prandtl pr = %
G kg/n#/s  Mass fluxG =% Pwt m  Wetted perimeter
Gr - GrashofGr = %f’”‘”s Ty — Tl Phear M Heated perimeter
[ J/kg Specific enthalpy Ra - RayleighRa = GrPr
Aisww  JIKg Liguid sub-coolingdisus = ijsac -7 Re - ReynoldsRe = %
k W/m/K  Thermal conductivity T °C  Temperature
lheat M Heated width ATsae °C  Wall superheati Tsar = Tw - Tsat
Lheat M Heated channel length

Greek symbols

B 1/K Volumetric expansion coefficient p kg/m® Density

7 kg/m/s Dynamic viscosity @ W/n?  Heat flux
Subscripts

in inlet sat saturation

| liquid sub sub-cooled

out end of heated channel w wall
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