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This paper deals with the assessment of the condensation models (Collier & Chilton-Colburn) and 
condensation correlations (Uchida & Tagami) implemented in the Jericho code (Escadre System) against three 
steam condensaiion transients performed in the Pi teas Test Facility. namely SL-JI PIP A 1, A2 & A3. The main 
purpose is to check the validity of these correlations and models in a condensation lransient siluation. We 
anal,vse the main characteristics of the scenarios of the condensation transients tests SCJ.\,fPIP Al, A2 & A3 and 
the experimental results obtained. In order to enhance the prediclive capability of the Je,-icho code. an 
assessment of condensation models is presented and discussed based on comparisons between Jericho numerical 
simulations and experimental results. Simply based on the containment mass conservation equation, an analytic 
modeizng is introduced which leads to the calibratwn of a correlation of the Tagami-Uchida r;,pe valid for 
condensation transient situ at, Jns. 

I IXTRODUCTION 

From the beginning of power plant den!opmcnts, it has been conceived that a se'\·ere accident in which 
the normal core cooling is lost could lead to fael dement melting \\ith a risk of fission product release beyond 
th1.: plant limits. In order to contribute to this risk analysis. an in-pile safet:· research program, namely Phebus 
Fission Product. i~ 9crformed by the Institut de Protection et de Stlrete Nuclcaire \\1th contributions from the 
European Community Commic::sion, Japan, Korea, Canada and the United States, at the Research Center of 
Cadarache (France). The Phebus FP program /1/ offers, as far as possible, a full integration of the phenomena 
whic.> take place in the core region, the primary system components and the containment building as a result of 
competing mechanisms in which thermal hydraulic, physical chemical. and radioactive processes are intimately 
coupled. This program has been mainly designed to obtain experimental reference data to ch~k and qualify the 
cede systems used in the safety analysis for source term evaluation. The Institut de Protection et de Surete 
Nuc!ca.irc uses the Phebus FP data to assess the Escadre code system. 

To analyse the beha\ior of fission products inside the containment it is necessary to investigate the 
containment themlal-hydraulics beha\'ior under the experimental conditions. However note that as far as the 
containment is concerned, the Phebus FP tests are not thermal-hydraulics tests. The aim is to produce particular 
atmosphere conditions and observe their effects on aerosol behavior and chemist.I)". Clearly a good code prediction 
of the humidity ratio is of crucial importance because the deposition rate of aerosols is e:xpected to depend on the 
relative humidity ratio of atmosphere. Therefore. in the frame\\·ork of the Phebus FP Program. a Piteas 
Conuinment Thermal-Hydraulics Program is nm in suppon to the Phebus FP test preparations. It offers an 
experimental study of condensation onto simulated reactor containment walls and sump surface in a small scare 
containment vessel. Both thennal-hydraulic steady state tests and transient tests have been carried out as well as 
aerosol physics tests /2/. 

This paper deals ,\ith the assessment of the condensation models (Collier & Chilton•Colbum) and 
condensation correlations (Uchida & Tagami) implemented in the Jericho code against the three steam 
condensation transients perfonned in L11e Piteas Test Facility, namely SU!vlPIP Al, A1 & A3. The main purpose is 
to che:k the validity of these correlations and models in a condensation transient situation. In a pre\.ious paper, a 
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study was presented on their assessment against thermal-hydraulic steady state test program performed in the 
Phebus vessel /3/. The Chilton-Colburn model emerged as the best one for predicting experimental data such as 
total pressure and mass condensation flowratcs. A recent paper /4/ analyzing the Phebus FPTO thermal-hydraulic 
transient showed weaknesses in the Uchida correlation predictions and an overall best agreement yielded by the 
Chilton-Colburn model. 

In Section II, we briefly present the main chafacteristics of the Piteas Test Facility together Ytith the 
scenarios of the condensation transients tests SUMPIP A 1, Al & A3 and the experimental results obtained. In 
Section III. we outline the Jericho code by describing its general capabilities and the implemented modeling of 
condensation. In order to enhance the predictive capability of the Jericho code, an assessment of condensation 
models is presented and discussed. in Section IV. based on comparisons between Jericho numerical simulations 
and experimental results. Simply based on the containment mass conservation equation, an anal)tic modeling is 
introduced in Section V which leads to the calibration of a correlation of the Tagami-Uchida type valid for 
condensation transients situations. Note that the Tagam~-Uchida correlations were obtained for steady state 
experiments. 

II PITEAS CONDENSATION TRA~SIENTS EXPERIMENTS 

II. I Piteas Test Facility Description 
On Figure 1, we present a schematic view of the Pitcas containment vessel. It has the following 

dimensions : overall height= 3.0 m. internal diameter= 1.2 m and a cross section area of 1.1 m:_ Its double
skinned structure or double wall cylindrical shell aJlows the circulation of an organic coolant liquid which is in 
charge of maintaining an homogeneous gas temperature distribution in ib 2.88 m3

. The vessel can be heated up 
to 160 :,C by circulating this organic thermofluid in the 3 sections (top and bottom vaults, cylinder pan) which 
ensure uniform temperatures in the vessel (a typical g:Js temperature inhomogenety is 0.5 °C). The usual 
operating pressures range from 3. 3 to 5 bar. 

A condenser of the Phebus type is attached to the top vault of the Piteas containment vessel. This 
condenser is in charge of condensing the injected s~eam and controlling the thermal hydraulic conditions in the 
\·essel. The condensing area is a cylinder of 1.5 m length and 0.15 rn diameter. On the condensing surface, the 
temperature can be conuollcd by the use of an organic liquid coolant system located inside the cylinder. This 
system regulates the condenser surface temperature :md maintains it to an almost uniform temperature for aJl the 
condensing surface. Note that condensed steam is coilccted in a bottle located in the lower part of the condenser. 
Located in the lower pan of the containment vessel. an injection pipe penetrates the vessel wall in order to 
ir traduce steam. A sump that may contain water v.ith a 0.087 m: surface is located at the bonom vault. 

The containment conventional instrumentation is made up atmosphere T-type thermocouples for gas 
measurements, sump water thermocouples. condenser surface · :0 .::rrnocouples for wall measurements, organic 
coolant thermocouples for temperature control. and a pressure transducer for total pressure measurement. The 
condensation flow rate is deduced from the information given by the level sensor located inside the water 
collection bottle which arc periodically emptied. 

II.2 Condensation Transient Tests 
In this paragraph, we gi-..-e a shon presentation of the condensation transients tests named SL1.-1PIP A 1. 

A2 & A3 performed at the Cadarache Rcsear~h Center by the IPSN/SREAS/LEA Laboratory. The complete 
test descriptions are to be found in Sabathier et al. (see references /5, 6 & 7 /, available for the Phebus PF 
Program participants). The initial conditions for each test are summarized in Table I. The test scenario is 
divided into 3 phases : a preparatory phase during which isothermal tests are perfonned at about 80 °C and 
later on at 110 °C (\\ith Twall = Tgas = Tsump) for thermocoupie calibration purposes. 

Test Water Mass Ptot Tgas Tsump 
St.;:\-IPIP (l) (bar) (OC) (OC) 

Al 20 0.962 22.0 22.0 

A2 20 0.958 23.4 23.4 

AJ 19.8 I 0.972 I 2.2.9 22.9 

Table I : Initial Test Conditions 
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A second phase of steam injection of approximately 840 s follows the long preparatory phase in order to 
reach the targeted thermal-hydraulic conditions. Note that for the SUMPIP A1 test no steam injection was 
necessary to obtain the pre-defined conditions. The main characteristics of the steam injection phase as well as 
the final conditions obtained arc summarized in Table II. 

SUMPIP Test Al Al 
lniection Time (s) 840 840 

A,·craie Flowratc (e's) l.26 1.30 
Average Steam Temperature (0 C) 14; 14S 

T2as (0 C) - Be2innim? 110.4 110.0 
Tgas {°C) - End 111. 9 111.0 

Ptot (bar) - Be,;nnine 2.145 2.163 
Ptot (bar) - End 2.703 2.742 

P\.·ap (bar) - Beeinnin!! 0 .895 0.893 
P\.·ap (bar) - End l .-Ui 1.468 

Tsump (0 C) - Bceinnin~ 92.0 90.0 
Tsump (°C) - End 92.4 90.0 

Tableau II : Characteristics of Steam Injection Phase 

After a stabilization period of about 600 s, the steam condensation transient proper begins. It is divided into 2 
sequences. The first one comprises the period during which the condenser surface temperature is decreased as 
quickly as possible to a prescribed value. The condensation flowrate will continuously increase during this phase 
and \\ill be maximum at the end of this first period. The second period lasts until the end of the test. In this 
situation, we observe the condensation of an initially fixed quantity of steam, so the condensation flowrate will 
decrease toward zero until the equilibrium panial steam pressure is reached. The latter happens to be the 
saturation pressure corresponding to the su.i-np free surface temperature. The gas temperature being monitored to 
an almost constant value, the noncondensablc partial pressure is constant so the variation of the total pressure is 
proportional to the condensation flo,,Tatcs on condenser and sump. As we will seen later on, the three 
experiments show that condensation on the sump surface is negligible although the Jericho calculations predict 
an opposite tendency. The initial conditions of th~ different condensation phases are : 

Sl3MPIP Test I Al A2 I A3 
Ptot (bar) I 2.671 2.178 2. 710 
PYap (bar) I 1.422 0 9-H 1.-'60 

Humidit,· Rate I 0.98 0.66 • 
T~as (°C) I 110.5 109.8 111.0 

Tcond (0 C) I 109.8 105.3 110.0 
Tsump (°C) I 92 .8 89.9 90.0 

Table III : Initial Conditions of Condensation Phases 

The kinetics of the condenser surface temperature decrease can be considered as linearly depending on time. 
Their characteristics are listed in Table IV. 

St;MPIP Test Al A2 A3 
Tcond (°C) - Be~nning 109.8 105.3 110.0 

Tcond (°C) - End 78.0 76.0 100.0 
Duration (s) I 560 l 440 I 200 

Cooling lute (0 C/s) 0.020J 0.0235 0.0083 
Table IV: Condenser Cooling Characteristics 

The main experimental data recorded during the condensation phases are made up of : the condenser surface 
temperature Yersus time. the gas temperature Yersus time, the sump water temperature, and the total pressure. In 
the next section, we will describe the way to predict these data using the 0-D Thennal-hydraulics Jericho code. 
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III JERICHO CODE SIMULATION OF EXPERIMENTS 

111.1 Outline of the Jericho Code 
In the general context of saf cty analysis, the Institut de Protection ct de Surete Nucleaire is entrusted 

with studies related to severe accidents as well as beyond design basis accidents. This assignment has required 
the development and assessment of a set of codes devoted to stud}ing severe accidents. This system of codes. 
named Escadrc /8/, is in charge of predicting the behavior of a nuclear power plant with water-cooled reactor 
from the very beginning of core degradation up to fission product release out of containment into the 
environment. The users arc allowed to run codes in a stand-aJone or a coupled mode. The Escadrc svstem is 
mainly divided into two parts : primary circuit codes such as Vulcain, Ecroul, Sophaeros and containmc.nt codes 
such as Jericho. Wechsl. Acrosols-B2 and lode. 

The zero-dimensional Jericho /9/ code enables calculations of containment thermal hydraulics during a 
Se'\'crc accident by solving mass and energy balance equations in a pre-defined companment. The input data 
consist in the thermal description of containment together with the flow rates of steam and hydrogen. The code 
cmculatcs pressure and temperature variations in containment as well as the consequence of hydrogen 
combustion. It is designed for analysis of the thennodynamic evolution of a mixture of non condensable gases 
and steam in a fixed volume or possibly a multi-compartment one. Pressure and temperature changes in the 
mixture depend on sources and heat and mass transf crs between the confined atmosphere and walls. possibly 
sump free surface or condensing surfaces as well as other compartments if there are any. The liquid water 
produced by condensation on walls or by nucleation is instantaneously transferred to the sump. The nucleation is 
also considered instantaneous, therefore no over saturation is allowed. 

1112 Modeling of Condensation 
The heat and mass transfers during condensation can be optionally chosen by Jericho's users. The 

follo\\ing options are available : constant heat transfer coefficient as input parameter, Collier or Chilton-Colburn 
models and the Uchida correlation. The condensation models of Collier / l 0/ and Chilton-Colburn, implemented 
in the Jericho code, write respectiYely : 

• Paw 
mc(t) = Kc C Ms Log [-- 1. 

Pab 

;c ( t) = Kc [ P sw - P sat l . 
1 -xsw 

• 

(1) 

(2) 

where the follo,"ing definitions apply : me (t) = mass c ... ,densation flmnate, Psw = steam density near 

condcr ;ing wall. Psat = density of saturated steam at condensing surface temperature, Paw= air pressure near 
condensing wall. Pab = air pressure in bulk, Kc = mass transfer coefficient, C = total molar concentration. M5 = 
steam molar mass and Xsw = molar fraction of steam near condensing wall . The main ingredient necessary for 
both models is an estimate of the mass transfer coefficient Kc (mis). Actually, it is a key point to a practical use 
of these models. This coefficient usually writes : Kc = D/6 where D is the mass diffusivity of steam in air and 8 is 
a typical length representing for instance a concentration boundary layer. The usual approximation is to obtain 
the mass transfer coefficient from the classic Chilton-Colburn analogy which relates Kc to the natural convection 
heat transfer coefficient Hconv in the following way : 

Kc = Hcom: Pr 213 I Pbulk Cp Sc 213 (3) 

\\ith : Pr = Prandtl number of bulk gas, Sc = Schmidt number of bulk gas and Cp = constant pressure specific 
heat capacity. The values of the total heat transfer coefficient Htot are then computed from the following 
expressions : 

Htot = Hconv + Hcond (.J) Hccnd = L ~---- IT\: 
(Tgas -Tcond) 
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where L (J/kg) stands for the latent heat of condensation and Tgas and Tcond are respectively the gas and 
condensing surface temperatures. The convective or sensible heat transfer coefficient Hconv is based on the usual 
Nussclt expression valid for a turbulent convection regime : 

Hconv = 0.13 A. (Gnn Pr) 1/3 (6) 

where Grm is related to the Grashof number and writes : 

Grm = g I v2 ( 1 + ( Psw + Paw ) / Pbulk ) (7) 

where Paw and Pbulk arc respectively the noncondensablc density close to the condenser surface and the bulk 
density. In addition. g is the gravity acceleration, v the bulk kinematics viscosity and ).. the thermal conductivity. 
The Uchida and Tagami fonnulations /11/ adopted in the Jericho code give directly an expression for Htot 
including convection and condensation contributions, where x (dimensionless) stands for the mass ratio of steam 
to air. They respectively write : 

Htot (W/m~/K) = 379 z o.'.'o, (8) Htol (W/m2/K) = 11.3 + 283.8 1. (9) 

Both correlations allow condensation even if the steam density is lower than the saturation density at the 
condensing wall temperature. In order to avoid this non-physical beha\ior, the condensation flow rate is set to 
zero in the Jericho code when steam dcnsit)· is lower or equal to the saturation value. This procedure may induce 
abrupt jumps of the heat and mass transfers during the calculation of a transient. We wil suggest in Section Va 
new formulation avoiding such a drawback. 

IIL3 Jericho Simulation of Piteas Containment 
The Pitcas vcssd i-s ·modclcd with I compartment which connects 5 walls : vessel wall, condensing and 

non condensing parts of the condenser. internal sump wall . In addition. a free swnp surface is modeled. The 
initial conditions arc the· experimental ones mentioned in Table I. The experimental transient boundary 
conditions. to be provided as input to the Jericho code. are organic coolant temperature laws. The code linearly 
interpolates between two orgaruc coolant temperatures . The experimental scenarios are reproduced through the 
boundary and initial conditions. The values of the steam injection rate and its duration are the experimental 
ones. The main geometric characteristics and heat transfer coefficients (HTC) between ,,,alls and organic liquid 
coolant are reponcd in Table V: 

Component 
I 

Arca I \Vall Thickness I HTC 
(m2) (mm) (W/m2/K) 

Vessel Wall 11.46 I 5.0 300 
\Vet Condenser 0.775 I 3.5 450 
Dn· Condenser 0 .336 l 3.5 450 

Wet Sump 0.254 I 8.0 600 

Table V : HTC's & Geometric Characteristics 

From previous experiments both carried out in the Pitcas /12/ and Phebus /3 & 4/, it was possible to determine 
from an ener_g)· balance during the constant steam injection plateaus the coolant/inner condenser wall HTC's. 
We came up \1tith the follm\ing average value : 450 W!m2/K. The value 300 W/rn2/K has also been estimated 
against these previous tests . The simulated scenarios have the follo,,.,ing characteristics (see Table VI) 
reproducing the actual experimental sequences. 

PERIOD (s) SUl\lPIP Al SUMPIP A2 i SEMPIPA3 
Heating 1 68 100 75 100 25 900 

Isothermal Test __ :_ 80 °C 1 200 1200 50 700 

Heatim! II 8 700 9 ,fob 35 700 
Isothermal Test : 110 °C 9 600 8 100 I l 700 

Steam Injection I 8.!Q * 840 
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Stabilisation 560 
Condenser Temperature 1 260 

Decrease 
Condenser Temperature 2 300 

Stabilized 
Table VI : SUMPIP Test Scenarios 

IV JERICHO/EXPERIMENT COMPARISONS 

IV.I SUMPIP Al Test 

,. 
660 

1440 500 

7 560 4 000 

The objective of a Jericho numerical simulation is to test its predictive capability. In order to do so, we 
have introduced the known experimental boundary conditions (organic liquid temperature laws) and initial 
conditions together with the values of the heat exchange coefficients (see Table V). These latter have not been 
measured but only estimated on previous (unpublished) tests performed in the Piteas containment. The first step 
for a Jericho/experiment comparison is to check out the consequences of such estimates. In addition, note that 
boundary temperatures arc given with a roughly± 1.5 °C accuracy. 

The condenser surface temperature directly governs the condensation phenomenon we study. On Figure 
2. we present a comparison bct\vcen the experimental and calculated values of the condenser surface temperatures 
,·crsus time. We focus on the most interesting part of the whole test which starts at the beginning of the injection 
phase. The assumption made on the condenser organic liquid (0.L.) exchange coefficient leads to a good 
agreement bet,\.·een the calculated and experimental values. The same remarks can be made on Figure 3 which 
present a comparison between the sump water calculated and experimental temperatures versus time. 'When r.a.k.ing 
into ac:ount the ± 1. 5 °C accuracy on temperatures and that the liquid temperature depends also on an exchange 
coefficient wall/liquid in.addition to the O.L./wall exchange coefficient. the comparison is excellent. For the vessel 
gas temperature, the wall/,gas exchange coefficient is modelled by the classic Mac Adam correlation (see cq. 6). 
The result of the predicted and experimental gas temperatures versus time is displayed on Figure 4. The code 
predicts the experimental slight decrease during the first part of the condensation phase and its stabilization 
during the second phase. The overall agreement is again very good. The success obtained in reproducing correctly 
the gas, condenser surface and liquid temperatures induces more confidence in the total pressure comparison 
which is the key point to the interpretation of the Sill,.,lPIP tests. 

The latter were designed as attempts to test condensation transients in the Piteas vessel. The presence of 
a sump full of \vatcr ,.,,·as necessary for evaporation (SU~1PIP A2) but was also another condensing surface. 
Previous tests have demonstrated that condensation on the Piteas sump surface was completely negligible due to 
probably the presence of a stable layer of air non disturbed by natural convecuon vessel wall and condenser. On 
the other hand. the stable air layer is only destabilized in case of evaporation. The prediction of a correct relative 
humidity rate in the Phebus tests is a crucial point. The humidity rate is essentially governed by the mass 
condensation rate whose correct prediction becomes in turn very important. In the Sln\.lPIP tests. the total 
pressure variation is directly proponional to the mass condensation flo\'rnlte assuming an ideal gas behmior of the 
air/steam mixture and the knowledge of the air partial pressure from the initial condition. This rationale reports 
all the information we arc seeking on the time beha\'ior of the total pressure during the experimental transients. 
That is the reason why in the following we concentrate on the numerical predictions of the total pressure given by 
the models and correlations implemented in the Jericho code. In addition, the total pressure is generally an easy 
measurement to perform "'"ith aver)' good accuracy on the results. 

On Figure 5. the experimental values of the total pressure is compared to the ones obtained \\ith the 
Chilton-Colburn and Collier models and the Uchida correlation. Despite the introduction in the simulation of the 
exact steam injection rate and duration. we do not obtain the same level of total pressure. The reason is because 
the code condenses water on the sump surface (0-D code simulation) during the steam injection whereas this 
phenomenon is inhibited in the Piteas vessel. The total pressure decreases slowly during the stabilization phase. 
Again, the Jericho code reproduces this beha,ior but for a lower level of pressure. From a simulation point of view 
the reason is clearly explained by condensation on the sump surface \\.'hich decreases as time passes by. However, 
the experimenters suggest that this 0.03 bar decrease of pressure could be attributed mainly to an homogenization 
of the air/steam mixture coupled to a very negligible amount of condensation on the swnp surface. For the 
condensation phase proper, the best overall agreement is obtained '"ith the Chilton-Colbwn model as already 
noticed and mentioned in /3 & 4/. The Collier model gives also a good prediction of the total pressure values 
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together with the same physical behavior as the experimental one. The calculated/experimental pressure difference 
incrc3Scs for both models and reaches its maximum at the end of the test : we get approximately for the Chilton
Colburn and Collier models 1.5 and~ % pressure difference undcrprcdictions based on the experimental values. 
The result given by the Uchida correlation is not satisfactory because it is highly unphysical. At the end of the 
condenser surface temperature decrease toward its constant value, the predicted pressure has already reached the 
equilibrium pressure which should be met at the end of the test although the pressure difference is under estimated 
(10 %). During the second phase of condensation, the total pressure remains almost constant. Ag~ this 
unphysical behavior have been noticed in references /3 & 4/. 

IV.2 SUMPIP A2 Test 
For this test, no steam injection was necessary to reach the prescribed values for total pressure at the 

beginning of condensation phase. On Figure 6, we present a comparison between the experimental and calculated 
values of condenser surface temperatures versus time. As for the SU?vlPIP A 1 test, the assumption made on 
condenser O.L. exchange coefficients leads to a very good agreement between the calculated and experimental 
values. Figure 7 presents a comparison between the sump water calculated and experimental temperatures versus 
time. The agreement turns out to be excellent which is important because in this case the steam production is 
licldcd by sump evaporation. The result of the predicted and experimental gas temperatures versus time is 
displayed on Figure 8. The overall agreement is excellent when considering the measurement accuracy of 
atmosphere thermocouples. 

On Figure 9, the experimental values of the total pressure is compared to the ones obtained \\ith the 
Chilton-Colburn and Collier models and the Uchida correlation. The reference time t = 0 was chosen at the end of 
the preparatory phase which was a sump evaporation. We notice on Figure 9 a strong discrepancy between the 
calculated and measured values. As remarked by the experimenters /6/. the saturation pressure corresponding to a 
90°C sump temperature is 0.7 bar and the noncondcnsable pressure at 110 °C is about 1.24 bar. Therefore the 
total pressure should be 1. 9.i bar (which is the Jericho code result also) whereas the experimental value is 2.10 
bar. The experimental data arc a.ff ectcd by a calibratron error during the first thousand seconds. However. during 
the second condensation phase (starting at about l 400 s}, the same behaviors as those noticed in the Sillvfi>IP Al 
test arc observed. Again, the best O\'Crall agreement is obtained ,,ith the Chilton-Colburn model. The Collier 
model gives also a good prediction of the total pressure values together \,it.h the same physical behavior as the 
experimental one. The calculatcd/c:xpcrimental pressure difference increases for both models and reaches its 
maximum at the end of the test : we get approximately for the Chilton-Colburn and Collier models - 4 and - 5 % 
pressure difference underpredictions based on the experimental values. As expected now, the result given by the 
Uchida correlation is not satisfactory. ~-t the end of the condenser surface temperature decrease toward its constant 
\·alue. the predicted pressure has already reached the equilibrium pressure which should be met at the end of the 
test although the pressure difference 1s roughly -7 %. During the second phase of condensation. the total pressure 
remains almost constant. This comparison suggests that the experimental data during this condensation phase 
docs not suffer from the same measurement error and then \\ill be able :o o; integrated in the data fi: presented in 
Section V 

IV.3 SUMPIP A3 Test 
On Figure 10. we present a comparison between the experimental and calculated values of the condenser 

surface temperatures versus time. As in the SLTJ\-1PIP Al test. we concentrate on the most interesting pan of the 
whole test wh.ich stans at the beginning of the injection phase. The experimental temperature decrease is very 
correctly reproduced by the Jericho simulation. The result of the predicted and experimental gas temperatures 
versus time is displayed on Figure 12. The code predicts the experimental gas temperature variations during the 
whole transient and when taking into account the experimental error band the overall agreement is excellent. 

A difficulty happens when we consider the comparison on sump water temperatures (Figure 11). The 
experimental behaYior shows a slight tendency to a temperature increase ( 1 °C) during the transient although it is 
comprised within the sump thermocouple error band. The Jericho simulation beha,ior is quite different in that the 
sump temperarure increases strongly (up to 3 °C) and then decreases down to 91 °C. The explanation comes from 
Figure 16 which displays the calculated condensation flo\\-Tates on the condenser and sump surfaces. Because the 
condenser surface is at I 00 °C and the sump surface at 90 °C, th.is latter plays the major role in condensation. The 
condenser acts during a period of l -400 s in the simulation then stops acting. In summary. the calculation 
simulates a scenario where condensntion is mainly onto the free sump surface whereas the experimental scenario 
demonstrates that condensation acts : nto the condenser due to an inhibition of condensation over L'le sump free 
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surface. As a matter of fact, the impossibility of simulating the SUMPIP A3 test with a sump surface at 90 °C is an 
extra proof of the passiveness of the sump. The SUMP IP A3 test is a condensation transient test ,on the condenser 
surface only. The only way of correctly predicting the experimental data is to suppress the presence of the sump in 
the Jericho code. The simulation has been done but the results will not be presented here. According to the 
foregoing explanations, one can understand the frank discrepancy on the total pressure comparison presented on 
Figure 13. Nevertheless, the conclusion that these data can be used for a correlation fit is easily drawn. 

V THEORETICAL MODELING OF CONDENSATION TRANSIENTS 

V.1 Modeling of Condensation 
As previously mentioned, after a stabilization period of about 600 s, the steam condensation transient 

proper begins at time to. It is divided into 2 sequences. The first one comprises the period during which the 
condenser surface temperature is decreased as quickly as possible to a prescribed value, noted t1. The second 
period lasts until the end of the test. In this situation. we observe the condensation of an initially fLxed quantity 
of stc.im. so the condensation flowratc will decrc.isc toward zero until the equilibrium partial steam pressure is 
reached at time t: which happens to be the saturation pressure corresponding to the sump free surface 
temperature. The gas temperature being maintained to an almost constant value, the noncondensable partial 
pressure is almost constant so the •,:iriation of the total pressure is proportional to the condensation flowrates on 
condenser and sump. The observed condensation phenomenon (,idea filming) shows a droplet formation on the 
upper part of the condensing surface :ind a droplet coalescence on the lower part leading merging to }ield 
rivulets without the gcner:ition of an observable condensation film. That is why we shall restrict ourselves to an 
overall correlation approach with no reference to any condensation film properties. 

We suggest the following modeling for the steam pressure in the Piteas containment or, in other words, 
a model for the steam condensation rate. We first model the condensation heat transfer Hcond (W/m2/K) with an 
Uchida-type correlation of the form : 

Hcond = a [z (t)- x * (t)) b (10) 

where a (W/m:/K) and b (dimensionless) arc 2 unknowf\ model parameters and z (t) is the steam (ms) to air 
(ma) mass ratio in containment versus time such as: 

z = ms (t) z* = ms• (t) (1 l) 
ma ma 

,-..·here ms* (t) = steam m:iss corresponding to a steam partial pressure equal to the steam saturation pressure at 
• 

Tcond (t). Taking into ac::ount eq. (10). the c:.mdensauon flo,-..iatc mc(t) (see eq. 5) writes: 
• s 
me (t) = - (Tgas - Tcond (t) ) Hcond (12) 

L 
whi.:·e S is the condensing area of condenser. Neglecting condensation on the sump free surface. the mass 
conscn·ation of steam in containment (noncondcnsablc mass ma 1s constant) writes 

d • 
-ms (t) = - mc(t) (13) 
dt 

Inscn.ing eqs. (l 0) & ( 12) in eq. ( 13). one obtains : 

d Sa b 
- x(t) + -- [Tgas-Tcond (t)][x (t)-z*(t)] =0 (14) 
dt L ma 

The two variables Tcond (t) and x * (t) depend on time during the first part of the condensation transient (from 

to to t1 ) and are constant during the second part (from t1 to t2) and tend to equilibrium values Tee and x • e (we 

neglect the time variations of the latent heat condensation). This suggests to make appear these constant values 
by proceeding to the follo\'<ing substitutions which turn out to be the definition relations for the dimensionless 
functions q> (t) and IV (t) : 
Tgas - Tcond (t) = ( Tgas - Tee)$ (t) and ;c_(t)- x * (t):: (x(t)- x *e) <J)(t) (15) 

Combining the physical parameters assoc;iated with eq. (14), one can obtain the characteristic time -r associated 
with the condensation phenomenon at hand. This characteristic time writes : 

L ma 
"C = 

Sa (f gas - Tee) 
(16) 
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The last step is to insen eqs. (15) & (16) into eq. (14) to obtain the model equation we are looking for which 
writes: 

(17) 

V.2 Variable Condenser Surface Temperature 
First, we look for a solution to eq. (17) when the condenser surface temperature varies in-between to and 

t1 • We define a dimensionless time ci:i and mass fraction F such as : 

Cl>= 
t - t0 and F = .1..2L 

lo - ll 
(18) 

where xo = x (to) and xi = 1 (t1 ) . Next, we model the dimensionless functions 4> (t) and 'V (t) versus w by 

assuming a linear variation of the condenser surface temperature between its starting and final values and a 
variation of 'V depending on some power of w. The foregoing assumptions write : 

ct>{@)= (I) and 'I' (CD)= (l)m (19) 
For instance, an evaluation of m against the SUMPIP Al test yields m = 0.5 (see Figure 18). Inserting eqs. (18) 
and ( 19) into ( l 7), one obtains : 

_d_ F + ~ [ X o - X I ] b - l [ F + >.. ] b co ( l + m b ) = 0 (20) 
d ro -r 

where fl = t1 - t 0 and i-. = (1..1 - X*c) / (za - 'l..1 ). Then the solution to eq. (20) writes : 

[i. • F11-b = l + [ (-'·- )l- b _ l] (1)2 + mb (2 l) 
,. + 1 ;._ + 1 

The integration constant is evaluated from the condition F (0) = 1. Use is also made of the compatibility condition 
stemming from F( l) = 0. 

V.3 Constant Condenser Suriacc Temperature 
In this case. the solution to eq. ( 17) is much simpler than eq. (21) and more easily tractable for data 

fitting. For t1 < t < t: , eq. ( 17) reduces to : 

~ x (t) + ~ [ x {t) - X * e lb = 0 (22) 
dt -r 

Assuming again for convenience, the follO\\ing dimensionless forms for time and mass fraction : 

* 
u) = anc F = X. - Ze 

* 1..1 - Xe 

whe1e we assume x (t2 ) = z *e and inserting this latter into eq. (22). one obtains : 

1 

F (@) = [ 1- (l - b) t2-l1 (z1 - X•c) b-1 Ci) 11-b 
,: 

(23) 

(24) 

where the integration constant is evaluated from F (0) = 1. The assumption that a time t2 can be defined such as 
x (t 2 ) = x *e implies F ( 1) = 0 or from eq. (24) we get the compatibility equation : 

.*b•l= -r 
[x1-xel (t2-t1Hl-b) 

\Vhen accounting for the latter, eq. (2-+) writes simply : 
l 

F(o) =[1-~]l-b 

·v.4 Comparison with Experiments 

(25) 

(26) 

A direct comparison with the SuNfPIP experiments is then possible using eq. (26). The latter re-\vrites 
as following, PT (t) being the total vessel pressure : 
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l 
F (ro) = PT (t)-PT (t2) = [ t2 - t ] ~ 

PT ( t I ) - PT ( t 2) l 2 - t I 
(27) 

W c represent on Figures 17, 19 & 20 the evolutions of cq. (26) based respectively on SUMP IP A 1, Al & A3 total 
pressure measurements. The ma.in values of parameters are summarized in Table VII : 

SUMPIP Test Al Al AJ 
t, (s) 2 700 1 300 1 850 
tz (s) 5 000 3 400 4 200 

PT (t1) (bar) 2.067 l.915 2.638 
PT (ti) (bar) l.732 l.721 2.422 

b 0.615 0.565 0.629 
Table VII : Data Fit of Correlation Exponent b 

The determination of the corresponding a values is more delicate. From eqs. ( 16) and (25), the follo\\ing 
expression ca11 be derived : 

a = 
ma L (Tce)(x. 1 •X•e> 1 -b 

(I - b) S (Tgas - Tee) (t 2 - t 1 ) 
(28) 

Inserting the experimental values in cq. {28). one obtaind the following results summarized in TableVIII : 

SU:\tPIP Test I a (W/m2/K) 
Al I 190 
A2 I 160 

Table \'111: Determination of Correlation Parameter a 

When taking into account the experimental error which can be estimated as being about 10% at least, 
the a-values show some natural discrepancy. \Ve have discarded the A3 experiment in the evaluation of the a
'Value because of a large uncertain()· on the air mass in this case value which plays an important role (see eq. 
(28)). ~evertheless the e:-q)eriments Al & A2 allow a reliable determination of the corresponding a-values and 
we C311 propose. at the moment an average value such as : a = (I 75 ± 20) W/m2/K. The presence of the sump 
might be disturbing in the assessment of a condensation correlation. so a study is being performed on similar 
tests run \vithout the sump and \\ill be published later on. Summarizing the correlation data fit on ~ :e Su?v!PIP 
experiment. we obtain: 

Hcond = 175 [x (t) - x * (t)} 0-6 
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This paper deals ,,ith the assessment of the condensation models implemented in the Jericho code 1 

against the steam condensation transients namely SL~1PIP Al, Al & A3 performed in the Piteas Test Facility. 
The main obiective is to check the validi~.· of these models in a condensation transient situation. In order to 
enhance the ~redicti\'e capability of the Jericho code. an assessment of condensation models is presented and ,., 
discussed, based on comparisons between Jericho numerical simulations and experimental results. For the 
condensation phase proper of the SlTMPIP tests. the best overall agreement is obtained \\ith the Chilton-Colburn 
model as already noticed in previous papers for steady-state situations. The Collier model gives also a good l 
prediction of the total pressure values together \\ith the same physical behavior as the experimental one. The . 
result given by the Uchida correlation is not satisfactory because it is highly unphysical. At the end of the 
condenser surface temperature decrease toward its constant value. the predicted pressure has already reached the 
equilibrium pressure which should be met at the end of the test although the pressure difference is under l 
estimated ( 10 %). Again, this unphysical behavior have been pre,,iously reported. Simply based on containment . 
mass conservation equation, an analytic modeling of the condensation flowrate (or the condensation heat 
transfer) is proposed. This modeling consists of overall correlation approach \\'ith no reference to any ~; 
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condensation film propcnies. Actually the obsen·ed condensation phenomenon shows a droplet fonnation on the 
upper pan of the condensing surface and a droplet coalescence on the lower part leading merging to yield 
rivulets \\'ithout the generation of an obscn·ablc condensation film. The assessment of the proposed correlation 
against the SUMPIP tests involves the calibration of two model parameters. The detennination of the a
parameter shows some dispersion due to experimental data scattering. We propose the following form to 
correlate the condensation heat transfer coefficient Hcond {W/m2/K) for a closed vessel in the presence of 
noncondensablc gases : 

Hcond = 175 [X (t)-x • (t)] 0.6 

The presence of the sump being disturbing in the assessment of a condensation transient correlation, a 
study is undcnvay, at the present time. on similar tests run without the presence of\\clter in the sump. We intend 
to assess definitively the a and b parameter values against these tests. 
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