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Abstract 

In the Institute of Reactor Safety (IRS) at the Forschungszentrum Karlsruhe (FZK), light water 
reactor (L WR) studies are performed in the frame of the Nuclear Safety Reseach Project to 
investigate the in-vessel behaviour under severe accident conditions. The intemationally 
acknowledged computer code SCDAP/RELAPS is used for whole plant analyses including core 
degradation sequences. In order to validate the code, severe core darnage experiments such as 
CORA and Phebus FP have been selected for test analyses. 

The in-pile experiment Phebus FPTO provides an excellent data base reflecting the course and 
the consequences of a severe core melt accident starting from the core uncovery up to bundle 
degradation and molten pool formation. 

In the IRS post-test calculations of the Phebus FPTO have been performed with 
SCDAP/RELAPS. A detailed parameter study has shown that some models used in the codestill 
have to be improved and that some parametric models need to be substituted by more physical 
models. In the context oftbis parameter study, the heat transfer through the Phebus FPTO shroud 
has been identified to be one of the most influencial physical processes on the course of bundle 
degradation. Especially the gap behaviour and the heat transport through the gaps of the FPTO 
shroud have shown to be insufficiently modeled by the original code version. Therefore, the 
shroud heat transfer model has been improved to consider dynamic gap closure by thermal 
expansion of the shroud materials and to take into account radiation heat transfer through open 
gaps. 

In this report, the results of the parameter study for FPTO obtained with the original code are 
compared to the results of a reference calculation which includes the improved shroud model. It 
is shown that SCDAP/RELAPS is now able to calculate the heat Iosses through a shroud 
containing gas-filled gaps like that of Phebus FPTO quite accurrately. Thus, SCDAP/RELAP5 
now can also be used more successfully for test analyses of experiments like Phebus FPTl and 
FPT2, and ofthe QUENCHtest series. 



Kurzfassung 

Untersuchung der Phebus FPTO Bündelzerstörung mit SCDAP/RELAP5 

Im Institut für Reaktorsicherheit (IRS) am Forschungszentrum Karlsruhe (FZK) werden 
Leichtwasserreaktor (L WR)-Studien im Rahmen des Projektes "Nukleare Sicherheitsforschung" 
durchgeführt, um das Unfallverhalten im Reaktordruckbehälter während eines schweren Störfalls 
zu untersuchen. Der international anerkannte Computercode SCDAP/RELAP5 wird zur Analyse 
von ganzen Kraftwerken einschließlich der Kernzerstörungsphasen eingesetzt. Um diesen Code 
zu validieren, sind Experimente zur schweren Kernzerstörung wie CORA und Phebus FP für 
Testauswertungen ausgewählt worden. 

Das In-Pile-Experiment Phebus FPTO liefert hier eine exzellente Datenbasis bezüglich des 
Ablaufes und der Konsequenzen eines schweren Kernschmelzunfalls angefangen von der 
Kernfreilegung bis zur Bündelzerstörung und der Bildung eines Schmelzepools. 

Im IRS sind Nachrechnungen von Phebus FPTO mit SCDAP/RELAP5 durchgeführt worden. 
Eine detailierte Parameterstudie hat gezeigt, daß einige Modelle des Codes noch verbessert 
werden müssen und einige parametrische Modelle durch physikalischere Modelle zu ersetzen 
sind. Im Zusammenhang mit dieser Parameterstudie wurde der Wärmetransport durch die 
Ummantelung des FPTO Bündels als einer der physikalischen Prozesse identifiziert, der den 
Verlauf der Bündelzerstörung stark beeinflußt. Insbesondere das Verhalten der Spalte und der 
Wärmetransport über die Spalte der Ummantelung haben sich als vom Originalcode nicht 
zufriedenstellend modelliert herausgestellt. Daher ist das Wärmetransportmodell flir die 
Ummantelung insofern verbessert worden, daß nun auch das dynamische Schließen der Spalte 
aufgrund der thermischen Ausdehnung der Materialien der Ummantelung und der 
Strahlungswärmetransport über die offenen Spalte berücksichtigt wird. 

In diesem Bericht werden die Ergebnisse der Parameterstudie für FPTO, die mit dem 
Originalcode erzielt wurden, mit denen einer Referenzrechnung mit dem verbesserten 
Wärmetransportmodell für die Ummantelung verglichen. Dabei wird gezeigt, daß 
SCDAP/RELAP5 nun in der Lage ist, die Wärmeverluste durch eine Ummantelung mit 
gasgeflillten Spalten, wie diejenigen in Phebus FPTO, recht gut zu rechnen. Daher kann 
SCDAP/RELAP5 auch für Auswertungen von Experimenten wie Phebus FPTl und FPT2 sowie 
für die QUENCH-Testserie noch erfolgreicher eingesetzt werden. 
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1 INTRODUCTION 

The Phebus FP experimental test series aims primarily at the investigation of the fission product 
behaviour under severe accident conditions in a light water reactor (LWR) [1]. However, as far as 
the tests starting from intact bundle geometry are concerned, an important additional objective is 
the investigation of all basic phenomena of core degradation and their interactions durlog the 
course of a severe core darnage accident. 

The first experiment, Phebus FPTO, was performed in 1993 [2,3] and simulates a large break 
LOCA without supply of any emergency core cooling using real reactor materials. In comparison 
to other bundle tests like CORA [4,5], PBF SFD1.4 [6], LOFT-LP-FP2 [7], in FPTO higher 
temperatures were reached for a Ionger time, resulting in a larger amount of molten fuel. So, 
nearly all physico-chemical phenomena of core degradation [8,9, 1 0] occurred up to the formation 
of a molten pool. 

Thus, Phebus FPTO supplies an excellent database for test analyses to assess the capahilides of 
computer codes like SCDAPIRELAPS to predict core degradation. Under this aspect this report 
describes the application of SCDAP/RELAPS for post-test analyses ofPhebus FPTO. In this work 
a study has been performed to investigate the influence of varied parameters on the core 
degradation behaviour. This analytical effort shows the necessity of detailed modeling of the 
experimental peculiarities like heat transfer through the bundle shroud as weil as the necessity to 
improve some models. Therefore, in this report an improved shroud model for SCDAP/RELAPS 
is also presented and its influence on the post-test calculations is assessed. 

In section 2 of this report, the experimental set-up as weil as the course of the experiment with 
the characteristic experimental observations are presented. In section 3, the state-of-the-art of the 
Severe Core Darnage Analysis Package (SCDAP) of SCDAP/RELAPS [12] is discussed briefly. 
In section 4, the experimental results and the post-test calculations with SCDAP/RELAPS will be 
compared to each other. Finally, a best-estimate calculation is defined out of this comparison and 
discussed. 

These post-test calculations ofPhebus FPTO with the SCDAP/RELAPS computer code had been 
taken up as part of an international benchmark exercise organized in the frame of the Phebus FP 
project [11]. This benchmarkwill go on with FPTI experiment in which the influence ofirradiated 
fuel is investigated. Because no modeling of burn-up is available in the code, the work of code 
improvement and assessment has to continue. 
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2 THE PHEBUS FPTO EXPERIMENT 
This section is subdivided into two parts: We start with the description of the FPTO bundle, i.e. 
the bundle geometry and related bundle component data, the axial and radial power proflies and 
the boundary conditions in terms of the transient bundle power and steam mass flow rates during 
the test (section 2.1). These data have been obtained from the Phebus-Databook [13, 14, 15]. Then 
we give some brief outlines of the test conduct and the respective experimental observations 
during and after the test concerning the bundle behaviour (section 2.2). 

2.1 Description of the FPTO bundle 

2.1.1 Geometry 

The dimensions are representative to those of a French N4 nuclear power-plant except for limited 
length. Figure 2.1 shows a cross-section of the bundle which is 1.1 m long and is heated on a 
length of 1 m. The test bundle consists of a centrat Ag-In-Cd control rod with SS cladding and 
Zircaloy guide tube, an inner ring of eight and an outer ring of twelve fuel rods. Four intemal 
Zircaloy stiffeners support the bundle arrangement (Figure 2.2b ). There are two Zircaloy spacer 
grids located at axial elevations of0.247 m and 0.767 m, respectively, from the bottom ofthe fuel 
stack. The test bundle is surrounded by a shroud consisting of different material layers separated 
by two gaps (Figure 2.2a). On the outer surface of the Inconel pressure tube the bundle is cooled 
by water. Table 2.1 summarizes the data conceming bundle components, geometry and material 
compositions. The material properties taken into account for the calculations are given in 
section 4. 

Figure 2.1 

iD-pile ceU 0114 id 

iiiSII'Umelltuion proteaiou lllbe stainleu stee1 011 !1110 
presrure lllbe incoad 011.21100 

0100198 

OUUt shrowllayer 097183 
i11Der sllroud layo:r 0S 1.5/i 4 

Cross section of the Phebus FPTO bundle [14] 



Figure 2.2 

3 

Q-• ,,.-~} 
-0.6-

Cross section of the shroud, the given radial positions are the outer and inner 
thermocouple positions, respectively (a); cross section of a stiffener, 
measurements in mm (b) [14] 
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Fuel Rods 
Material Length Inside Outside Thickness 

Diameter Diameter 
fuel uo2 1m - 8.19e-3 m 4.095e-3 m 
cladding Zircaloy 1.1125 m 8.36e-3 m 9.50e-3 m 0.570e-3 m 
length of cladding above absorber stack 0.0825 m 
length of cladding below fuel stack 0.0300 m 
pitch 12.6e-3 m 
fuel density 10.48 g/cm3 at 4.14% porosity 
burnup 0 GWdlturaniwn (9 days in-situ irradiation) 
volume upper plenum 2.335 e-6 m3 

volume lower plenum Om3 

filling gas Helium, 2.8 MPa at 293 K 

Absorber Rod 

Material Length Inside Outside Thickness 
Diameter Diameter 

absorber Ag-In-Cd 1m 8.66e-3 m 4.33e-3 m 
cladding steel (304) 1.1015 m 8.75e-3 m 9.70e-3 m 0.470e-3 m 

guide tube Zircaloy 1.1100 m 11.30e-3 m 12.10e-3 m 0.400e-3 m 

length of cladding above absorber stack 0.0825 m 
length of cladding below absorber stack 0.0190 m 
length of guide tube above absorber stack 0.0825 m 
length of guide tube below absorber stack 0.0275 m 
filling gas air, 0.1 MPa at 293 K 

Shroud 
Material Inside Diameter Outside Diameter Thickness 

inner protective Zirconia 73e-3 m 74 e-3 m 0.50 e-3 m 
layer 

inner layer Zirconia 74e-3 m 81.5e-3 m 3.75e-3 m 
gap Steam 81.5e-3 m 83e-3 m 0.75e-3 m 

outer layer Zirconia 83e-3 m 97e-3 m 7.00e-3 m 
gap Steam 97e-3 m 98e-3 m 0.50e-3 m 

sleeve Zirconia 98e-3 m lOOe-3 m l.OOe-3 m 
pressure tube Inconel625 IOOe-3 m 112e-3 m 6.00e-3 m 

Stiffeners 
Material Mass per stiff. Length Surface 

Zircaloy 0.073 kg 0.945 m 0.037 m2 

Spacer Grids 
Material Mass _p_er sp. Gr. Height Thickness 
Zircaloy 0.0782 kg 43mm 0.4mm 

Table 2.1 Geometrical data and materials of Phebus FPTO bundle components [14] 
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2.1.2 Axial and radial power profi/es 

The axial power profile for a non-degraded fuel rod is plotted in Figure 2.3 together with the Iist 
ofnormalized axial power factors. For an analyst the data is given in detail in a table beside. 

2.0 ...-...,...-,.--r---,--r--r-...,..-.....,.--r--. 

Height from Axial power 1.9 
1.8 
1.7 
1.6 

bottom of fuel factor 
(m) 

0.05 
0.15 
0.25 
0.35 
0.45 
0.55 
0.65 
0.75 
0.85 
0.95 

Figure 2.3 

(m) 

0.28 
0.77 
1.25 
1.53 
1.59 
1.48 
1.30 
0.99 
0.60 
0.21 

j1.5 
'::' 1.4 
.9 1.3 
~ 1.2 
-1.1 
Q5 1.0 
;: 0.9 
g_ 0.8 
'@ 0.7 
·x o.6 
<( 0.5 

0.4 
0.3 
0.2 
0.1 
0.0 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Elevation (m) 

Axial powerprofilein terms of normalized power factors [14] 

The radial power profiles for the non-degraded bundle with intact control rod and for the 
degraded bundle after the complete loss ofthe control rod are given in Figure 2.4. 

Figure 2.4 Normalized radial power factors with intact control rod (left) and after loss of 
absorbermaterial (right) [14] 

2.1.3 Time dependent conditions 

The power history during the test deduced from the Phebus reactor power taking into account the 
neutronic coupfing factors, is shown in Figure 2. 5 together with the steam flow rate at bundle 
inlet. Table 2.2 summarizes the power and inlet steam flow rate data vs. time. The relatively high 
steam flow rate at the beginning provided a thin oxide shell due to pre-oxidation which usually 
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occurs also in real reactors. Rising up the power during the firs~ 10140 s step by step with a low 
steam flow rate caused temperature plateaus with different values that were used to calibrate the 
measurement instrumentation. The subsequent linear steep power and steam flow rate increase 
after 10140 s defines the actual beginning of the test. Moreover, the steam inlet temperature is 
483 K for the whole test. The temperature of the water flow along the outer surface of the 
Inconel pressure tube is constant at 438 K. 

- bundle nuclear power 
50ooo - ... steam flow rate at bundle inlet 

~ -... 
Q) 40000 

~ ... m 30000 

g 
c:: 
Q) =o 20000 
c:: 
:::l 
m 

10000 

Figure 2.5 

Time (s) 

Power (W) 

Time (s) 

Power (W) 

Time (s) 

Power (W) 

Time (s) 

Steam (gls) 

Time (s) 

Steam (g/s) 

Table 2.2 

3 g/s 

' I 
• 
I 

2g/s ' \ 
\ 1.5 g/s 
'---

, ............. , 
• I 
I • I 

I ----
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2.1.4 Location of the bundle thermocoup/es 

The axial and radial positions of the thermocouples referred to in this report are given in Figure 
2.6. Because only one fuel rod could be instrumented with one thermocouple the thermocouples 
at different axial and radial positions were distributed to different fuel rods in azimuthat direction 
[ 14]. This supposes an equal temperature distribution in azimuthat direction which of course 
could not be guaranteed for the whole test. The measurements of some shroud thermocouples at 
0.4 m deviate from each other by ca. 150 K [11]. The ultrasonic thermocouples (TUS) (see 
Figure 2.1) have failed very early in the test and will be not considered in the following. 

+1000 Tc15 

+900 Tcw20 Tc31 

+800. Tcw16 Tcw1 Tcw24 Tc32 

+700 Tc14 Tcw17 Tcw4 Tcw3 Tcw25 Tc34 Tc33 

+600 Tcw18 Tcws Tcw6,7 Tcw26 Tc35/36 Tc74 

+500 Tcw19 Tcw8,9 Tcw27 Tc37/38 Tc75/76 

+400 Tcw10 Tcw11 Tcw28 Tc39 u Tc77/78 
I- u 

111 I-... Tcw12,13 ." Tcw29 Tc40 ." Tc42 +300 "' 0 :::J ." -e 111 .. 0 :::J 
0 ." .. 0 

"' c &. .. 
+200 111 .c 0 Tcw30 Tc41 111 &. .c .. L. 111 

Cl :::J "' c - c &. ... c Li "' ... a. QJ E +100 ." - 'I: c: E c: Cl> "' ..t. '5 "' "' 1§ - QJ 
(!) u 11- 1: 1< 

0 Vl UJ 

Levellri mm Shroud 

Figure 2.6 Scheme of the radial and axial positions of thermocouplas for temperature 
measurements in the bundle and in the shroud [2] 

The fuel rod thermocouples (TCW) were located inside the fuel pellet [14]. Due to the thin 
cladding, the good heat conduction and the low power density of uo2 the radial temperature 
profile of the fuel rod is rather flat. The shroud thermocouples (TC) were leaded through 
afterwards refilled small holes in the outer shroud layers. 

The high-temperature thermocouples for temperature measurements inside the bundle use W /Re 
thermal elements with ceramic sheath and isolations. Generally, the uncertainty band around the 
thermocouple readings below 2000 K can be assumed to be ±1.. .3 %. In the high-temperature 
region above 2000 K, two additional factors must be taken into account which may also results in 
measuring errors [16]: 

1. The ceramic thermocouple isolation may become semi-conductive at high temperatures 
which causes a skip down ofthe emf-voltage (problem ofshunting errors), 

2. In the course of the degradation process of bundle components, liquefied material may 
attack the thermocouple and form a new junction. 

Both phenomena tend to indicate lower temperatures (by up to 200 K) than in the reality. 
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2.2 Bundle behaviour during the experiment 

Basedon the test scenario we distinguish two pronounced test phases: 

(start) 
I 

( 1) pre-transient ( calibration) phase 
(2) transient heat-up phase 

0 ... 10140 s 
1 0 140 . . . 18140 s 

I 
(reactor scram) 

In the following the test conduct is described considering the different test phases and their 
corresponding experimental observations conceming the bundle behaviour. Experimental data 
reflecting the bundle behaviour are: 

- temperature measurements in the bundle itself and the shroud, 
- hydrogen production rates deduced from measurements outside the bundle, 
- on-line aerosol measurements (OLAM) outside the bundle indicating indirectly the course of 

bundle degradation, 
- post-irradiation examination (PIE), a detailed microscopic investigation (including all 

destroying and non-destroying examinations) of the test fuel with some cuts across the bundle 
that provides information about the residual material compositions and the final geometrical 
state ofthe bundle. 

The experimental findings outlined in the following are restricted to those which can or should 
be calculated by the severe core darnage analysis tools applied like SCDAP/RELAP5. The 
experimental information referred to in the following is essentially extracted from [2,17]. 

The Table 7.1 in the appendix summarizes bundle related course and key-events of the 
experiment in detail. Instead ofthat table here a short overview is given in Table 2.3. 

Name Time Event 

Plateau 1 0-3445 s 

Plateau 2 3445-6485 s 

Plateau 3 6485-10140s Cladding rupture at 6930 s 

Control rod failure and 10140-13000 s First significant H2 detected at 10000 s 
oxidation phase First indication of control rod failure at 

10960 s 
Oxidation escalation at 12000-124 70 s 

Melt relocation 13000-15170 s Second period of H2 generation 
First indication of relocated material towards 
the lower spacer grid at 15000 s 

Molten pool formation 15170-18140 s Molten pool formation at 18000 s 

Table 2.3 Overview of FPTO test conduct and key-events 
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2.2.1 Pre-transient Phase 

The pre-transient phase is mainly dedicated to the calibration of the thermocouples and to the 
instrumentation check. There are three different plateaus of increasing fuel temperatures reached 
stepwise by mutual change of bundle power and steam mass flow rate (see Figure 2.5), with 
maximum bundle temperatures of 733 K, 873 K and 1173 K, respectively. As an example Figure 
2.7 shows measured fuel rod and shroud temperatures at the axiallevel of700 mm ofthe heated 
length ofthe fuel rod [2]. 

Figure 2.8 shows the axial profiles of bundle temperatures measured at the corresponding ends of 
the plateaus 2 and 3. 

During the pre-transient phase, a sudden increase of radioactivity release measured in the test 
circuit downstream the bundle at 6930 s indicated cladding rupture. 

2.2.2 Heat-up Phase 

The start into the high-temperature phase of the experiment was initiated by an increase of power 
and an increase of the steam mass flow rate from 0.5 g/s to 3 g/s reached at about 11080 s (see 
Figure 2.5). We distinguish in the following (see Figure 2.7) the phases of 

- control rod failure and Zircaloy oxidation escalation 
- melt relocation and begin of bundle collapse 
- bundle degradation with molten pool formation 

The periods are approximate with some overlapping between the phases. 

13000 s 
15000 s 
18140 s. 

Signals from a gamma spectrometer at 10960 s and 11920 s indicated control rod failure and 
massive control rod degradation, respectively. Between 12000 s and 13000 s, temperature 
escalation due to rapid Zircaloy cladding oxidation was measured by the thermocouples, see 
Figure 2.9, with maximum fuel rod temperatures of about 2600 K. For the oxidation phase, 
Figure 2.10 shows the evolution of the axial temperature profile in the bundle. lt is evident, that 
the Zircaloy oxidation begins in the upper part of the bundle resulting in a very skew temperature 
profile. During this oxidation period, about 70 % of the Zirconium inventory in the bundle is 
oxidized resulting in the production of hydrogen (Figure 2.11 ). 

Up to now there is no clear experimental evidence whether fuel rod degradation due to molten 
Zircaloy-U02 chemical interaction and failure of oxidized cladding had begun already during the 
oxidation phase between 12000 s and 13000 s. Only the On-line aerosol monitor (OLAM) 
detected a significant amount of released radioactivity which may indicate some fuel relocations. 
However, PIE revealed attack of fuel in the uppermost part of the bundle and accumulation of 
resolidified fuel on the upper and lower spacer grids which probably happened during this period 
[2,18]. 

Between 13000 s and 15000 s thermocouple measurements show some abrupt changes at high 
temperature level in this period which must be argued to be related to consequences of melt 
relocation processes (Figure 2.12). Additionally, the observed temperature rises coincide with a 
second period of hydrogen production (Figure 2.11) which may indicate oxidation of relocating 
metallic Zircaloy. Moredetails are, however, not knownjet. 

Bundle collapse and pool formation events are overlapping processes so that the definition of 
separate phases is somehow arbitrary. Anyway, both the continuous increase of temperatures 
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inside the bundle beyond 2500 K (Figure 2.9) and the significant rise in shroud temperatures in 
the lower part of the bundle after 15000 s (Figure 2.13, Figure 2.14) are a strong evidence of a 
severe bundle degradation ending up in the formation of a molten pool in the axial region 
between 200 mm and 300 mm above the lower spacer grid. 

Figure 2.15 gives an overview of the test sequence by means of the temperature evolution in the 
bundle as measured by the thermocouples. Because of almost complete thermocouple failure 
inside the bundle prior to 15000 s, the high temperature level in the very late phase of the 
experiment has been extrapolated from the temperatures measured in the shroud. 

At 18140 s the experiment was terminated by reactor scram. Post-test radiography and 
tomography gave insight into a severely damaged bundle (Figure 2.16): about 50% of the fuel 
inventory had relocated into a molten pool (axial section 2 of the radiography), causing a voided 
region in the central part of the bundle where the inner fuel rods had completely disappeared 
whereas residual outer fuel rod stacks were still present (tomographies on the right side of Figure 
2.16). 

The PIE resulted in final axial profiles of non-relocated U02 masses for the inner fuel rods and 
for the complete bundle as given in Figure 2.17 [17]. 
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Figure 2.16 Final bundle state with mass distributions deduced from radiography and 
tomography [17] 
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3 SCDAP/RELAP5 CAPABILITIES ESSENTIAL FOR PHEBUS FP 

3.1 Modeling of in-vessel phenomena 

The intention of the Phebus FP test series is to simulate a prototypic severe core darnage accident 
scenario, so that the most significant phenomena and processes occurring can be investigated and 
detailed mechanistic codes such as ICARE2 [19] or SCDAPIRELAPS [12] can be validated. 
Except for the release and transportation of fission products most phenomena can be modeled 
sufficiently starting from core uncovery, although there are still improvements necessary. 

3.1. 1 Core heat-up 

3. 1. 1. 1 Power source and distribution 

In Phebus the decay power is simulated by fission power due to the neutron flux supplied by the 
external driver core [ 1]. This neutron flux from the driver core defines the axial power profile by 
its chopped cosine shape in axial direction corresponding to the axial length of the driver core 
(see Figure 2.3). In SCDAP/RELAPS the nuclear heat generation can be simulated quite well up 
to the point when uranium material relocation takes place using the pre-calculated coupling 
factors [3]. 

In case of "pure" decay heat the power source density is only dependent on the power history of 
the fuel, whereas in a fission powered in-pile test the intemal power density of the fuel varies 
according to the axial neutron flux shape. This indicates that the heat-up of a molten pool at the 
lower end ofthe heated length may be overestimated in SCDAPIRELAPS since the power factors 
are different from reactor and code situation: 

1. The neutron flux becomes reduced inside the pool by self-shielding processes 
( absorption, reflection ), 

2. the power source diminishes when the pool relocates downwards since there is a rapid 
drop ofthe neutron flux density at the lower end. 

In the SCDAP/RELAPS calculations the nuclear power driving the bundle heat-up is realized as a 
power table for the axial power profile and radial power distribution. It is supplied by the Phebus 
staff as a result of the pre-test neutranie calculations. 

Hand calculations using the total fission power history, the changes of the radial power 
distribution given in the Phebus-Databook [13, 14], and the time interval of the absorber rod 
failure showed that a distortion of the axial power profile is possible assuming that the absorber 
rod did not fail completely at one time. The radial power distribution takes also into account the 
mettdown ofthe Ag-In-Cd absorber material. The conceming axial and radial power distributions 
within the Phebus FPTO fuel rodbundleis shown in Figure 2.3 and Figure 2.4. 

3. 1. 1. 2 Radial heat Iosses 

The heat sink is mainly due to radiative heat transfer to the shroud and heat conduction in the 
insulation materials of the shroud. This radial heat conduction is calculated by a 2-D-conduction 
model. Also possible gaps in the shroud are simulated by this model in the original code. 
However, justat this point code improvements were necessary (see section 3.2.3). 
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In SCDAP the viewfactors, describing the radiative coupling inside the bundle between adjacent 
component surfaces are computed only at the beginning so that geometry changes such as 
ballooning cannot be considered correctly. Since the radiation heat transfer becomes dominant 
only beyond 1000 K the viewfactors were calculated concerning the ballooned fuel rod geometry 
which occurs at around 7000 s (see Table 3.1). 

a) 

from ... -1- to ... ---+ Inner fuel rod Control rod Outer fuel rod Stiffener Shroud 

Inner fuel rod .4259e+OO .1328e+OO .3918e+OO .4956e-01 .OOOOe+OO 

Control rod .8338e+OO .7556e-01 .9061e-01 .OOOOe+OO .OOOOe+OO 

Outer fuel rod .2612e+OO .9617e-02 .2481e+OO .6601e-Ol .4151e+OO 

Stiffener .1256e+OO .OOOOe+OO .2508e+OO .OOOOe+OO .6236e+OO 

Shroud .OOOOe+OO .OOOOe+OO .6464e+OO .2583e+OO .9526e-Ol 

b) 

from ... -1- to ... ---+ Inner fuel rod Control rod Outer fuel rod Stiffener Shroud 

Inner fuel rod .8576e-02 .9810e-02 .1141e-01 .1875e-Ol .OOOOe+OO 

Control rod .9810e-02 .7200e-02 .2277e-01 .OOOOe+OO .OOOOe+OO 

Outer fuel rod .1141e-Ol .2277e-01 .1039e-01 .5567e-02 .8675e-02 

Stiffener .1875e-01 .OOOOe+OO .5567e-02 .OOOOe+OO .8175e-02 

Shroud .OOOOe+OO .OOOOe+OO .8675e-02 .8175e-02 .9151e-02 

Table 3.1 SCDAP viewfactors (a) and path lengths (b) used in Phebus FPTO calculations 

3.1.1.3 Convective heat Iosses 

The primary fluid component of steam which is superheated at the lower end of the test section to 
increase the fluid temperature up to 873 K, is assumed to be constant during the course of the 
experiments. The convection heat Iosses are in a range of 20 to 30% of the heat input (nuclear 
heat and oxidation heat generation since the system pressure is low (app. 0.2 MPa) and the fluid 
velocities are rather small (app. < 1 m/s ). Radiation absorption in the fluid is also restricted due 
to rather small path lengths of app. 0. 01 m and the low system pressure. 

3.1.2 Zirca/oy cladding rupture 

In the temperature range between 1000 K and 1200 K the Zircaloy cladding material undergoes a 
2nd order phase transition, the crystal lattice changes form hexagonal ( a.-phase) to the cubic 
(ß-phase ). With this phase change a remarkable drop in the rupture strain is coupled, so that the 
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fuel rod claddings, which have been ballooned due to the intemal pressure may rupture due to the 
reduced strength of the metallic part of the cladding. 

In SCDAPIRELAP5 mod.3.1 a strain based rupture model is available which can be controlled 
defining the engineering strain, the transition strain and the rupture strain of Zircaloy. Since above 
1000 K the oxidation rates of Zircaloy have to be taken into account, the model also considers 
hardening or strengthening due to a growing oxide layer. 

3.1.3 Oxidation 

The oxidation model is based on rate equations derived from isothermal experiments. In both 
releases of SCDAPIRELAP5 the correlation ofUrbanic and Heidrick [20] is used. In the code the 
Pawel/Cathcard [21] correlation is also available. The Urbanic/Heidrick correlation show a steady 
increase of the oxidation rate with temperature up to 1820 K (low temperature oxidation). Above 
1820 K Urbanic/Heidrick observed a rate skip to higher values (high temperature oxidation). 

Three mechanisms leading to a possible Iimitation ofthe maximumoxidationrate are realized: 

1. Steam availability at the Zr02-fluid interface; 
2. Diffusion of steam through a layer of noncondensable gas (hydrogen, argon ... ); 
3. Diffusion of oxygen through the Zr02 layer (rate equations). 

In the second case an error has been found and corrected in SCDAPIRELAP5 mod.3.1 Rel.F 
leading to very small differences in case of steam diffusion Iimit or not. 

In case of ballooning the surface area available for oxidation changes locally up to a factor of 
250 %. And in case of subsequent clad bursting situations the steam has access to the inner 
surface of the fuel rod claddings, which are still metallic. The axial extent of the double-sided 
oxidation can be restricted concerning the relative strain of the cladding. However, the code does 
not start to compute inner side oxidation as a new item, it only doubles the outer oxide layer 
thickness. Due to this fact, typicallimitation values are restricted to cladding strains of < 5 % (see 
section 4.4). 

A discrepancy was found in the calculation of the hydrogen production which is realized based on 
the clad mass increase correlation. This value differs from the rate equations used to compute the 
growth rate of the Zr02 and the a.-Zr(O) thickness [22]. A correction of this deviation is 
underway. 

In case of reduced steam concentration at the outer surface the code only reduces the layer 
growth, a typical "steam starvation" situation, where the Zr02 layer is reduced by growing 
a.-Zr(O) layer is not taken into account. 

3. 1.4 U02 Dissolution 

The U02 dissolution starts with the melting ofthe metallic Zircaloy. The melting point of metallic 
Zircaloy depends on the oxide concentration and can vary from 2033 K up to 2330 K. Presently 
Hofmanns correlation [23] is used, but only applied for the precipitation phase. The saturation 
phase where molten Zircaloy dissolves quickly the U02 pellet is modeled as instantaneous offset 
of dissolved U02 (35.8 wt% U02 content in molten Zircaloy). Since here two competing 
processes reduce the available Zr mass in the liquid metal ( oxidation and dissolution of U02), the 
onset ofU02 dissolution indicates that the oxidation is stopped. 
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3. 1.5 Oxide she/1 fai/ure 

The user defines the criteria ( temperature and maximum oxide layer thickness) for clad failure. In 
the calculations presented in this report usually the failure temperature criterion was set to 
23 50 K. The stable oxide layer thickness amounts to 60% of the initial Zircaloy layer. To test the 
influence of a higher failure temperature, which is only realistic if a slow temperature rise 
occurred before, the failure temperature was set to 2500 Kin one case (see section 2.1.4). 

3.1.6 Melt release, re/ocation, and b/ockage formation 

In SCDAPIRELAPS mod.3.1 Rel.D and Rel.F two different materials are allowed to relocate 
during the early core melt phase: 

Absorber material ofthe control rod: 
Absorbermaterials composed of Ag-In-Cd relocate along the absorberrod guide tube and collect 
at an elevation where the surface temperature is below 800 K. No radial melt spreading is 
considered. All molten material above the breach participates in the relocation process. In Rel.D 
the absorberrod is modeled to fail only due to melting ofthe stainless steel cladding (1769 K). In 
Rel.F, however, the eutectic interactions between the stainless steel cladding and the Zircaloy 
guide tube can Iead to earlier melt ejection. Radial melt spreading is not modeled, however, the 
interaction kinetics between Ag and Zircaloy are investigated [8]. 

Fuel rod materials: 
Fuel rod materials composed of Zr-U-0 relocate when the cladding fails. Allliquefied material at 
failure location is assumed to relocate as a thin film on the cladding surface with a constant 
velocity in one single process. Heat is exchanged between cladding surface and molten material 
but not with the fluid surrounding the fuel rod. Moreover, in Rel.F the new droplet relocation 
model allows to simulate a quasi non-cylinder symmetrical material relocation by assuming 
individual droplet relocation. The main parameters of this model were assessed against CORA 
experiments [12]. Now, also the metallic debris is allowed to be oxidized concerning the Zr 
content in the temary Zr-U-0 mixture. 

3.1. 7 Behavior of a malten poo/ 

3. 1. 7. 1 Malten pool formation 

A molten pool can be formed from two starting configurations: 

1. starting from a debris bed which has been formed after previous melt relocation. Then 
an ideal mixture of all materials within the Zr-U-0 debris is assumed and the liquidus 
temperature of this composition is the initial pool temperature. 

2. starting from oxidized claddings surrounding a pellet stack. Then, exceeding the 
melting temperature of either Zr02 or U02 , melt contacts the other still solid 
components of the fuel rod leading to a rapid liquefaction since the temperature Ievel is 
above the eutectic temperature of a Zr-U-0 compound. 

Once a molten pool has been formed, the program bypasses the normal calculations for fuel rod 
geometry. Unfortunately, the radiative heat transfer between the pool and surrounding structures 
is disabled and the ernst of the molten pool only radiates to the surrounding fluid. Due to this 
insufficient model a correct heat transfer calculation is not possible futheron. 
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3. 1. 7. 2 Pool spreading 

The axial zone below the pool is filled with debris which heats up due to the reduced convective 
heat transfer. When the average debris temperature exceeds the pool formation criteria mentioned 
above, the debris is transferred to part of the molten pool. Then additional material from the pool 
situated above fills up the available space since the porosity is reduced to zero due to liquid 
materials. The pool also grows when still intact fuel rod columns above the pool reach the criteria 
for melting and slump into the molten pool. 

In radial direction the pool can only grow when the adjacent zone reaches one of the criteria 
mentioned above. Since the ernst temperature is always below liquefaction temperature this can 
occur only due to deeay heating of the fuel rods. 

3.1. 7.3 Crust fai/ure 

In SCDAP/RELAPS two types of crnsts are ealculated: an upper and a lower ernst. The stability 
of the crnsts are calculated by an energy balance. If the heat flux at the outside is !arger than that 
on the inner surface ( to the molten pool) the ernst can grow and is stable. So far no mechanical 
failure is considered, since no physieal data of a ernst composed of a mixture of Zr-U-0 is 
available. 

There are two options to set a ernst failure criterion - a lateral ernst failure whieh occur early, 
and a bottom ernst failure which may oecur very late. Sinee the Phebus FPTO test was terminated 
early the first criteria was selected. Nevertheless these models are very simple and not completely 
tested. As a eonsequence the ernst is caleulated to be rather stable if the fluid aets as an efficient 
heat sink as in Phebus or in reactor applications. An improved model taking into account the 
pressure history inside the pool as an additional force acting on the pool ernst is foreseen for 
SCDAP/RELAPS mod.3.2. 

3.2 Code improvements 

The most important improvements are the enhanced applicability ofthe code by adding a SCDAP 
restart capability and the error correction as weil as the improvement of existing models. 

3.2. 1 Restart capability 

The SCDAP input parameter set required for code validation calculations and reactor applications 
have been checked and a set of parameters was defined for the enhanced restart eapability. This 
new SCDAP restart option is activated if a card 40000100 is found in the restart input deck. At 
the moment following cards are allowed to be modified on restart: 

40000100: 

40000300: 

allows to modify the power flag and shatter trip 
(however, this function is not yet tested). 

Zr02 Failure Temperature: 
Stahle oxide shell fraction: 
Double-sided oxidation Iimit: 
Radiation heat transfer Iimit: 

tmpfal 
frcoxf 
epsox2 
voidrd 

Here the code checks the state of the simulated fuel rods whether or not the darnage state has 
reached values so that a change of the parameters causes unpredictable and unreliable results. If 
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these conditions are not fulfilled the restart is not accepted and the user is prompted to use an 
earlier restart number. For each component the user may specify with the 40cc4xxx cards the 
type of oxidation Iimitation factors: 

40cc4xxx: LIMIT ON: steam diffusion through a non-condensable layer 

(new) 
LIMIT OFF: oxygen diffusion through Zr02 layer 
LIMIT AUTO: depending on the axial conditions at each rod surface and the fluid 

composition the Iimitation is set to ON or OFF. 

In case of double-sided oxidation it is assumed that steam diffusion Iimitation is only valid for the 
inner surface of the cladding whereas at the outer surface the Iimitation is due to oxygen diffusion 
in the Zr02layer (LIMIT AUTO). 

After correcting a dimension error in the Iimitation formula in subroutine statep.F, the differences 
between unlimited and limited oxidation became negligible, so that this restart option can be 
removed. 

3.2.2 lmprovements for 2-D heat conduction heatc2 

In our efforts to model FZK out-of-pile test facilities we found that the first and last axial nodes of 
the simulator have a fixed temperature indicated by the card 4ccc0250+1. So these zones do not 
participate in the convective heat transfer to the fluid. Especially for the projected QUENCH 
facility, where a fluid inlet from the bottom is planned, this causes problems [24]. Therefore, we 
defined the boundary temperature mentioned above at the axial ends of the end-zones and 
calculated the nodal temperature as a function of 2-D heat conduction, convective heat transfer, 
and radiation. This allows to make assumptions about the temperature response of the copper 
electrodes and to compute a realistic energy balance. During this work the coding was improved 
with respect to vectorization increasing total code efficiency (app. 3 %). 

3.2.3 Phebus specific shroud mode/ 

From the CORA experiments [4,5] it is known that the exact modeling of the shroud and its 
material properties is mandatory to correctly calculate the bundle behaviour because the thermal 
conductivities influences the temperature Ievel in the bundle which in turn has a strong impact on 
the various processes of core degradation. Though the material property data in question are 
essentially known [13], there remains an open problem: to model the behaviour of the various 
gaps between the individual materiallayers. 

The original program, SCDAPIRELAPS mod.3.1, cannot handle variations of the gap width due 
to the fixed mesh used for heat conduction solution. Gap deformation or radiation heat transfer 
across a gap cannot be treated in a realistic manner. The only way is to adjust the thermal 
conductivity of the gap material (gas/steam) globally by modification of the static input table for 
SCDAP. Therefore, an improved shroud model has been developed and implemented into the 
FZK/IRS version of SCDAPIRELAPS mod3 .1 Rel.F. 1t takes into account both variation of gap 
widths due to thermal expansion of the shroud material layers and radiation heat transfer across 
gaps. 

The improved shroud heat transfer model is based on the original heat conduction model using a 
fixed mesh and modeling purely heat conduction transfer. To calculate the material expansion 
leading finally to gap closure the original heat conduction coefficient AM,originai is corrected by the 
ratio of temperature dependent local gap width SM,new and fixed gap width SM,original of the original 
model: 
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~ _ ~ SM,original 
"'M,new - ''M,original • 

SM,new 

(I) 

Radiation across the gap is written formally like conduction heat transfer. Thus, the overall heat 
conduction coefficient Aeff results in: 

A. _ ~ sM,original [T? T.2 ] [r. T. ] 
eff - ''M,original • + SM,original • U8 • M,original,in + M,original,out • M,original,in + M,original,out 

SM,new 

(2) 

where cr is the Stefan-Boltzmann constant, 8 the radiation exchange coeffi.cient and 
T M,originai,in and T M,originai,out are the calculated temperature at the inner and at the outer side 
ofthe gap, respectively. 

The new model does not need any parameter to be prescribed by the user or to be calibrated by 
comparison with experimental results. Therefore, the code is now able to predict more accurately 
the heat transfer out of the bundle and capable to provide reliable pre-calculations. For more 
details about this model see the Appendix (section 7.2). 

3.3 Test specific properties for FPTO 

In a first approach a very detailed nodalization scheme was developed. The bundle is divided in 
radial direction into three rings (Figure 3 .1). Two Zircaloy spacer grids are at elevations of 
247 mm and 767 mm, respectively. The dimensions are extracted from the Phebus-Databook [13]. 

The two additional tungsten uhrasonie temperature sensors are taken into account as a net flow 
area reduction. The four stiffeners are modeled as hollow fuel rods, the pellets are not simulated. 
To maintain the Zircaloy surface area, Zircaloy mass, and the Zircaloy thickness eight "stiffener" 
components had to be used. Figure 3.1 shows the arrangement of the stiffener components within 
the fuel rod bundle. 

The fuel rod bundle is surrounded by a cylindrical shroud composed essentially of two Zirconia 
layers enclosed by an Inconel pressure tube cooled by water on the outer side. Across the shroud 
the nodes for heat conduction are arranged to fit the radial temperature gradient in an appropriate 
way. Since the user defined materials are limited in SCDAP/RELAP5 mod3.1 Rel.D, the gap heat 
conduction values are modified so that they include the radiative heat transfer, too. 

The inner ring as weil as the absorber are linked to the inner pipe {21xx), the outer ring to the 
center pipe (31xx) and the stiffeners as weil as the shroud inner surface are linked to the 
outermost pipe (41xx). At the outside of the Inconel pressure tube the water channel removes 
heat to the Phebus heat exchanger [ 1]. 

The centrat absorber rod as weil as the inner and outer ring are normal SCDAP components 
whereas the stiffeners are modeled as hollow fuel rods without U02 pellets. This allows to scale 
the Zircaloy mass as weil as the Zircaloy surface so that the hydrogen production as weil as the 
total mass is not influenced by any scaling distortion. 

The main disadvantage ofthis detailed inputdeck was the large computation time. To overcome 
this insuffi.cient behaviour, the input deck was simplified to a 2-channel input deck (see 
Figure 3.2). In this report the results were compared with the experiment and with results gained 
by the 3-channel version. 



Figure 3.1 
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~ Absorber Rod 

Fuel rods: Inner Ring 

U Fuel rods: Outer Ring 

® ® Stlffener 

Axial and radial discretization of the Phebus test section including three parallel 
channels with cross flow junctions and a water channel areund the shroud. 
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Absorber Rod 

Fuel rods: Inner Ring 

Fuol rods: Outer Ring 

@) iJJ Stiffonor 

Figure 3.2 Simplified fast running SCDAP/RELAP5 model of the Phebus test section 
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4 COMPARISON OF EXPERIMENTALAND CALCULATIONAL 
RESULTS 

4.1 Goals of the study 

Starting from a detailed 3-channel model, a 2-channel model (see Figure 3.2) has been derived, 
considered in the following as the standard (2-ch-root) input model (see section 3.3). This 
simplified input model, consuming considerably reduced CPU time, has been applied for 
parameter sturlies by varying both some physical model parameters and the axial discretization of 
the bundle components and the radial discretization of the fuel rods. This effort aimed at the 
identification of the influence of these model variations onto the results of the calculations 
measured in terms of: 

a) evolution offuel rod and shroud temperatures, 

b) evolution of the hydrogen mass produced by Zircaloy oxidation, 

c) correspondence in time scales of significant events such as: 

• cladding ballooning and rupture, 

• control rod failure andrelease of Ag-In-Cd melt, 

• failure of oxidized cladding and release of Zr-U-0 compound, 

• begin of Zr02-U02 ceramic melting and subsequent molten pool formation. 

These calculational data and events will be compared with the corresponding experimental 
findings. 

Because of evident shortcomings in the SCDAPIRELAP5 models describing heat transfer across 
bundle components during the molten pool formation phase (see section 3.1.7.1), the calculations 
have been stopped during early pool formation much prior to the nominal end of the experiment. 
Thus, there will not be any comparison clone for data characterizing this late bundle degradation 
phase. 

At first, the parameter studies mentioned above have been performed with SCDAPIRELAP5 mod 
3.1 Rel.D (cases (1) - (11)). This parameter study should provide firstly the range of possible 
influences of changing those parameters and secondly best-estimate parameters and nodalizations. 
Anticipating the result, the range of the influence of parameter variations is quite small and that 
was the reason why an improvement of the existing shroud model became necessary. Therefore, 
the results of this parameter study will not be discussed in detail in the following but mentioned as 
a more or less broad scatter band in comparison to the calculations with the improved shroud 
model. 

From this parameter study we have obtained the following best-estimate parameters and 
nodalization which then were used for the subsequent calculations: 

• axial nodalization: 20 nodes 

• radial nodalization: 

- fuel rod: 4 nodes in pellet; 2 nodes in cladding 

- shroud: 14 nodes 
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• number of hydrodynamic channels: 2 

• extend of double-sided oxidation: 2 % clad strain 

• clad failure temperature: 2350 K 

After SCDAPIRELAP5 mod 3.1 Rel.F had become available, theseadditional calculations have 
been performed with a SCDAP/RELAP5 Rel.F code version which includes the new shroud 
model mentioned in section 3.2.3 affering a more realistic simulation ofthe shroud heat transfer 
properties and thus ofthe temperature Ievel inside the bundle (cases (12)- (15)). 

The meaning of a here so called calculational raute is a superposition of best-estimate parameters 
derived from the parameter study and best-estimate models. Since the knowledge of core 
degradation increases, more and more parameters can be substituted by models. Thus, since the 
beginning ofthis task the following parameters used in our calculational route were substituted: 

• oxidation Iimit on/off due to error correction 

• use of defined artificial heat conductivities and emissivities by the improved shroud 
model 

The case (13) of this report includes all these best-estimate parameters and models except the 
axial nodalization of 20 axial nodes. Nevertheless, we now define this calculation as our 
best-estimate calculation. 

4.2 lnvestigated parameters of the sensitivity study 

The SCDAP input data of the three-channel and two-channel standard cases are identical and 
summarized in Table 4.2. The physical and numerical model parameters varied in the frame of the 
sensitivity study with SCDAP/RELAP5 rel.D refer to Table 4.3: 

• axial nodalization (11, 12, and 20 elevations) 

• radial nodalization in fuel rods and shroud 

• cladding oxidation (limited, unlimited, in cases (12) to (15) error corrected) 

• axial extension of doublesided oxidation (5 % and 10 % clad strain) 

• cladding ballooning and rupture (yes, no) 

• oxidized cladding failure criteria (temperature) 

• shroud gap heat conductivities. 

Table 4.4 lists the shroud inner and outer gap heat conductivities taken into account for the 
calculations, and Table 4.5 lists the material property data of the solid shroud material layers 
which were recommended by the Phebus staffand have not been varied in the frame ofthis study. 

The nominal axial power profile as given in section 2.2 changes when the central control rod 
begins to fail and Ag-In-Cd melt relocates. In order to take into account the transition conditions 
from a bundle with intact control rod to a bundle with degraded control rod, the axial power 
factors have been changed for the time period between 11000 s and 11500 s as given in Table 4 .1. 
The information about the degree of change of axial power profile during this time period has 
been deduced from the Phebus reactor power [2]. This evolution of the axial power profile is 
assumed for all cases (1) to (15) calculated with SCDAP/RELAP5. 
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Elevation t=:;llOOO s 11000 sstsll500 s t~11500 s 
[m] 

0.05 0.28 0.27 0.28 

0.15 0.77 0.73 0.77 

0.25 1.25 1.18 1.25 

0.35 1.53 1.46 1.53 

0.45 1.59 1.52 1.59 

0.55 1.48 1.41 1.48 

0.65 1.30 1.44 1.30 

0.75 0.99 1.09 0.99 

0.85 0.60 0.66 0.60 

0.95 0.21 0.22 0.21 

Table 4.1: Axial power profile used in the Phebus FPTO calculations 
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Nurnber of axial nodes in the bundle components 

Axial node lengths for all nodes 

11 

0.1 m 
-----------------------------------------------------------
Component 1: inner fuel rods (8) 
Component 3: outer fuel rods (12) 

Nurnber ofradial nodes in fuel!cladding 4/2 

Oxidized cladding failure criterion T :2::2350 K and ds(ox) ~ 60% 
(T = cladding temperature; ds(ox) = oxide layer thickness) 

Minimum cladding strain for double-sided oxidation 2% 

Cladding rupture strain by ballooning 18% 

Cladding strain for transition from sausage type deformation 15% 
to localized deformation 

Strain Iimit for rod-to-rod contact 20% 

Pressure drop caused by ballooning modelled yes 

Oxidationlimitation for inner/outer rods off/on 
r----------------------------------------------------------
Component 2: control rod (1) 

Number ofradial nodes in absorber+SS cladding 
in guide tube 

4/2 
2 

r----------------------------------------------------------
Component 4: Stiffeners (8) 

modelled as pseudo fuel rods 

Number of radial nodes 

Stiffener "fuel pellet radius" 

Stiffener "inner cladding radius" 

Stiffener "outer cladding radius" 

Oxidation Iimitation for stiffeners 

4 

2.0e-5 m 

2.8e-3 m 

3.1e-3 m 

Oll 

r----------------------------------------------------------
Component 5: shroud 

Number of radial nodes 14 

Table 4.2 SCDAP/RELAP5 input data for the standard three-channel and two-channel 
models 



Run Identification Axial Radial Oxid. Iimit. Zr02 fail ure Cladding Cladding rad. Shroud SCDAP!RELAP5 
No nodalization nodal iza tion Inner/outer temperature strain Iimit ballooning nodes inner/outer gap code version 

fuel rods rods (K) double-sided on/off in heat 
fuel/cladding oxidation (%) shroud conductivity 

1 3-ch-root 11 4/2 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

2 3-ch-Iimitoff 11 4/2 off/off 2350 2 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

3 2-ch-root 11 4/2 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

4 2-ch-axnod 20 4/2 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

5 2-ch-radnod 11 5/5 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

6 2-ch-balloff 11 4/2 off/on 2350 2 off 14 Tab. 4.3 mod3.1 Rel.D(O*) 

7 2-ch-1 O%strain 11 4/2 off/on 2350 10 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

8 2-ch-5%strain 11 4/2 off/on 2350 5 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

9 2-ch-ZR02500K 11 4/2 Off/On 2500 2 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

10 2-ch-gpc1873 11 4/2 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.D(O*) 

11 2-ch-gpc1873radnod 11 4/2 off/on 2350 2 on 20 Tab. 4.3 mod3.1 Rel.D(O*) 
t---- --------------------- -------- t--------1-------- ---------------- ----- ----------

._ ___________ 
12 2-ch-root-rel.F 11 4/2 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.F(1 *) 

13 2-ch-root-tstgap5 11 4/2 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.F(2*) 

14 2-ch-root -all.1 Oe 11 4/2 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.F(2*) 

15 2-ch-root-all.10cc 11 4/2 off/on 2350 2 on 14 Tab. 4.3 mod3.1 Rel.F(2*) 
~-L__~ 

0*) original version as received from INEL with a scaling error in the oxidation Iimitation model 
1 *) original version as received from INEL with the scaling error in the oxidation Iimitation model removed 
2*) IRS version with the scaling error in the oxidation Iimitation model removed and with the new shroud model including gap expansion and gap radiation heat transfer 

Table 4.3 Model and parameter variations for the FPTO sensitivity study with SCDAP/RELAP mod 3.1 rei.D and rei.F 

w 
N 



Run No. 

1-9 

10-11 

12-13 

14/al1.10c: Argon 

15/all.l Occ: V apor 

Table 4.4 

Shroud gap heat conductivities for temperatures (K.) 

300 550 700 873 1083 1173 1248 1700 2100 

mner gap 0.028 0.0535 0.076 0.109 0.154 0.308 0.60 0.99 1.66 

outer gap 0.028 0.0535 0.076 0.109 0.154 0.308 0.60 0.99 1.66 

mner gap 0.028 0.0535 0.176 0.64 0.58 0.59 0.60 0.99 1.66 

outer gap 0.028 0.0535 0.176 0.64 0.58 0.59 0.60 0.99 1.66 

mner gap 0.028 0.0535 0.076 0.109 0.175 0.308 0.60 0.99 1.66 

outer gap 0.028 0.0535 0.076 0.109 0.175 0.308 0.60 0.99 1.66 

mner 0.025 0.030 0.035 0.045 0.055 0.065 0.07 0.08 0.09 

out er 0.025 0.030 0.035 0.045 0.055 0.065 0.07 0.08 0.09 

mner 0.040 0.045 0.055 0.075 0.120 0.135 0.15 0.23 0.325 

out er 0.040 0.045 0.055 0.075 0.120 0.135 0.15 0.23 0.325 
- --

FPTO shroud inner and outer gap heat conductivities taken into account for the 
studies summarized in Table 4.3 

2500 

2.38 

2.38 

2.38 

2.38 

2.38 

2.38 

0.10 

0.10 

0.45 

0.45 

w 
w 



Materiallayer 300 

Zirconia inner cP (J/kg K) 419 
protective layer 

p (kg/m3
) 5600 

A. (W/mK) 2.0 

Zirconia inner and cP (J/kg K) 439 
outer layer 

p (kg/m3
) 5000 

A. (W/m K) 0.69 

Zirconia sleeve c" (J/kg K) 419 

p (kg/m3) 5600 

A. (W/m K) 2.0 

Inconel pressure cP (J/kg K) 453 
tube 

p (kg/m3) 8430 

A. (W/m K) 9.73 
----

Table 4.5 

Temperature (K) 

550 700 873 1083 1173 1248 1700 

591 619 637 646 655 659 546 

5600 5600 5600 5600 5600 5600 5600 

2.0 2.0 2.0 2.06 2.13 2.186 2.5 

540 568 595 613 581 581 586 

5000 5000 5000 5000 5000 5000 5000 

0.75 0.71 0.64 0.58 0.59 0.60 0.99 

591 619 637 646 655 659 546 

5600 5600 5600 5600 5600 5600 5600 

2.0 2.0 2.0 2.06 2.13 2.186 2.5 

556 523 565 635 622 626 653 

8430 8430 8430 8430 8430 8430 8430 

13.5 15.8 18.4 21.6 23.0 24.1 31.0 

FPTO shroud material properties used for SCDAP/RELAP5 calculations 

2100 

568 

5600 

3.0 

635 

5000 

1.66 

568 

5600 

3.0 

678 

8430 

37.1 

2500 

637 

5600 

4.0 

686 

5000 

2.38 

637 

5600 

4.0 

678 

8430 

43.2 

w 
.j::,. 
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4.3 Experimentalphases of FPTO 

Following the definitions of experimental phases as outlined in section 2.2, we distinguish 

1. a pre-transient ( calibration) phase up to about 10 140s 

2. a transient heat-up phase ofthe bundle with three sub-phases: 

• oxidation phase 

• melt relocation and bundle collapsing phase 

• molten pool formation phase 

The principal parameters controlling the course of the experiment are the bundle power and the 
steam mass flow rate at bundle inlet, see Figure 2.5. 

To give a first overview, Figure 4.1 shows the fuel rod temperatures calculated compared with 
the experimental data for the whole experimental period up to t= 16000 s. The calculated 
temperatures refer to the inner ring of fuel rods. Because of the scarce data pool the experimental 
data shown are for the inner ring (int.fuel), the outer ring (per.fuel), and for the control rod guide 
tube (g.t.). The failure time ofthe thermocouples is specified in the legend. Figure 4.2 shows the 
corresponding shroud temperatures, related to the outer shroud measuring position at elevation 
0.3 m, and to the inner one at positions 0.4 m to 0.8 m (see Figure 2.2). 

In the following, we discuss the comparison of experimental versus calculational data in detail for 
the different phases of the experiment. 

4.3.1 Pre-transient (ca/ibration) phase 

The initial pre-transient phase is characterized by a controlled heat-up under reduced steam flow 
conditions, (see bundle power and bundle inlet steam flow rate in Figure 2.5) resulting in distinct 
temperature plateaus with maximum temperatures of about 1200 K in the bundle. During this 
phase no steam starvation occurred due to rather low temperatures. 

4.3. 1.1 Starfing conditions at 5000 s 

Figure 4.3 shows the experimental and calculational fuel rod temperatures at different axial 
positions in the bundle for this phase. The first temperature plateau prior to 4000 s at a very low 
temperature Ievel has been ornitted here and in the following because it has not any significance 
for our considerations. The calculational results generally lie in the uncertainty band of the 
measured data (see section 2.1.4) with a tendency to over-predict the temperatures in the upper 
part of the bundle and to under-predict them in the lower part. Figure 4.4 reflects this behaviour 
showing the axial temperature proflies at 6485 s and 1 0140 s. Especially for high er temperatures 
in the bundle at 10140 s, the calculated results clearly show an influence of the variation of the 
heat conduction properties in the shroud gaps with I arge differences between the cases (1) to (9) 
and (12) on the one side without special gap closure modeling and (10), (11), (13) to (15) on the 
other. 

Moreover, Figure 4.4(b) indicates a more accurate calculation of the heat transfer through the 
shroud by a better agreement of measured and calculated results in the upper part of the bundle 
(cases (13) to (15)), whereas case (12) performed with the original code version 
SCDAP/RELAP5 mod3.1 Rel.F without the new shroud heat transfer model shows qualitatively 
about the same behaviour as shown in Figure 4.4(a) for cases (1) to (9). 



36 

The influence of the new shroud heat transfer model becomes more evident in Figure 4.5 which 
shows measured and calculated shroud temperatures. Here the new shroud model clearly did 
improve the calculational results considerably (cases (13) to (15)). When we compare measured 
and calculated shroud temperatures, it must be kept in mind that due to the Cartesian shroud 
model in SCDAPIRELAP5 (contrary to the cylindrical shroud in the experiment) the calculated 
shroud temperatures at the radial measuring positions have been estimated tobe over-predicted 
by 30 to 40 K. 

4. 3. 1. 2 Cladding ballooning and rupture 

Fuel rod cladding rupture by overstrain was recorded during the experiment at 6930 s, see 
section 2.2. Figure 4.6 shows the cladding radii calculated in the bundle mid-plane which increase 
by ballooning up to failure by overstrain. The failure times for the different cases, indicated by 
stagnant radii, lie in a time interval of 100 s and agree rather weil with the experimental 
observation; case ( 6) had been performed with the ballooning model switched off resulting in no 
cladding rupture. 

Figure 4. 7 shows the calculated axial proflies of the cladding strain at the end of the calibration 
phase with only minor scattering of the calculational results. This figure points out that, although 
the new shroud heat transfer model has a significant influence on temperature behaviour, the 
cladding rupture time isn't changed and deviations of the cladding strain between the calculations 
are very small over the whole axiallength. 

Table 4.1 summarizes the events of cladding failure by overstrain for the cases (1) to (15) 
tagether with characteristic events ofbundle degradation during the transient heat-up phase which 
is discussed in the following. 



Cladding failure by 
ballooning 

(s) 

Experiment FPTO 6930 

3-ch-root (1) 6963 

3-ch-limitoff (2) 6963 

2-ch-root (3) 7074 

2-ch-axnod ( 4) 7065 

2-ch-radnod (5) 7073 

2-ch-balloff (6) no failure 

2-ch-1 O%strain (7) 7074 

2-ch-5strain (8) 7074 

2-ch-Zr02500 K (9) 7074.3 

2-ch-gbc1873 (10) 7129 

2-ch-gbc1873radnod (11) 7132 

2-ch-root-rel.F (12) 7126 

2-ch-root-tstgap5 (13) 7217 

2-ch-a11.10c (14) 7092 

2-ch-all.1 Occ (15) 7181 

Table 4.6 

Begin of control rod Begin of relocation of 
failure (U-Zr-0) 

(s) (s) 

10778 12000 

11300 11917 

11300 11339 

11250 11815 

11250 11785 

11500 11350 

11700 11890 

11700 11826 

11500 11819 

11300 11906 

11545 11838 

11500 11570 

10520 11310 

10862 11800 

10606 11715 

10793 11765 

Sequence of events calculated with SCDAP/RELAPS 

Begirr of molten pool formation 
by UO/Zr02 melting 

(s) I Temp. (K) 

15000 I-

14525 12822.6 

14435 I 2739.0 

14852 I 2822.9 

14492 I 2705.3 

14350 I-

15177 I 2822.6 

14592 I 2975.0 

14673 I 2822.7 

15056 I 2822.7 

14445 I 2756.0 

14685 I 2874.7 

15080 I 2867.3 

15770 I 2782.4 

15533 I 2863.0 

15641 I 2863.6 

I 

_I 

w 
-...,J 
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4.3.2 Transient heat-up phase 

In the following, we subdivide the transient heat-up phase into oxidation phase, melt relocation 
phase, and begin of molten pool formation as outlined above. Since the bundle is composed of 
20 fuel rods and one central absorber rod, a detailed treatment of both components seems 
necessary. At first we consider the fuel rod behaviour and after that the behaviour of the control 
rod. The section about fuel rod behaviour is subdivided into the three important phases of the 
transient heat-up phase mentioned above. This classification is rather arbitrary, and one should 
keep in mind that these sub-phases are particular overlapping in time, especially the oxidation 
phase and the melt relocation phase between 12000 s and 13000 s. 

4.3.2.1 Oxidation 

The oxidation phase starts in the calculations at nearly 10000 s when the temperature exceeds 
1000 K. The increase ofbundle power and the augmented supply of steam (see Figure 2.5) result 
in the oxidation temperature escalation with heat-up rates up to 10 K/s at about 12000 s and peak 
temperatures of2500 K (Figure 4.8, 10000- 13000 s). 

Comparing experimental and calculational temperature data, we see a good qualitative agreement 
with some quantitative differences in details. Around the bundle-mid-plane (0.4 m ... 0.6 m), the 
begin of oxidation temperature escalation and the course of its escalation reflect the experimental 
findings rather weil. Although there is a considerable scattering of the experimental data and some 
uncertainty concerning the temperature Ievel (see section 2.1.4). Thus, the experimental peak 
temperatures at 12000 s tend to be higher than the calculated ones by 1 00 to 200 K. 

In the upper part ofthe bundle at 0.7 m and 0.8 m, cases (1) to (12) (calculations without the new 
shroud model) show a too early (ca. 500 s) oxidation temperature escalation whereas cases (13) 
to (15) with the new shroud heat transfer model agree better with the experimental observations 
concerning the oxidation temperature escalation. 

Figure 4. 9( a )-( c) showing the axial temperature distribution du ring the oxidation phase illustrate 
the beginning of oxidation in the upper bundle part. It is also visible that the oxidation in cases ( 1) 
to (12) starts very early while the calculations with the new shroud heat transfer model are in 
good agreement with the experimental data. 

The evolution ofthe shroud temperatures, at 0.3 m for the outer radial shroud measuring position, 
from 0.4 m to 0.8 m for the inner positions (Figure 4.10, 10000- 13000 s) shows an increase 
corresponding to the bundle temperatures in Figure 4.8. The shroud temperatures follow the 
bundle temperatures closely. That points out that the heat capacity of the shroud has only a 
limited influence. 

It is evident that only for cases (13) to (15) with the new shroud heat transfermodelexperimental 
and calculated temperatures are in a satisfactory agreement, whereas cases (1) to (12) with the 
original SCDAP shroud model over-predict the shroud peak temperatures during the oxidation 
phase by up to 300 K. Hence we consider the calculations (13) to (15) with the new shroud heat 
transfer model to give us the more reliable results in terms of data and events listed in section 4.1 
from (a) to (c). 

The rapid oxidation of the fuel rods together with the spacer grids, the control rod guide tube and 
the stiffeners Ieads to a strong hydrogen generation. Figure 4.11 shows the instantaneous 
hydrogen generation rates and the cumulative hydrogen mass produced by Zircaloy oxidation. 
The later onset oftemperature escalation due to oxidation calculated for cases (13) to (15) results 
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in a more delayed hydrogen mass production (compared with cases (1) to (12)) and thus a better 
qualitative agreement with the measurement. However, the difference to the maximumhydrogen 
mass measured is about 20% for cases (13) to (15). This is partly due to an error in the 
calculation of the contribution of the guide tube oxidation to the cumulative hydrogen mass 
(app. 5 %), which in SCDAP/RELAP5 mod.3.1 Rel.F is not calculated. 

In Figure 4.12(a), the degree of oxidation in the bundle, calculated for all cases, is shown. A 
representative averaged value of 60 % has to be compared with about 70 % deduced from the 
measurements [12]. That means that the calculations in general result into a lower oxidation with 
less hydrogen production in comparison to the experimental measurements (see Figure 4.11(b)). 

Figure 4.12(b) to (d) showaxial profiles ofthe degree of oxidation ofthe inner and outer fuel rod 
claddings as weil as of the stiffeners, respectively, as calculated for the 2-channel reference 
case (13) with the new shroud heat transfer model. One can see the less oxidation at lower 
elevations due to lower temperatures and the later begin of oxidation. In the upper bundle the 
claddings aren't oxidized completely because the oxidationwas stopped by exceeding one of the 
stop-criteria mentioned in section 3 .1.3. 

4.3.2.2 Melt relocation 

After reaching peak temperatures of around 2500 K a subsequent temperature decrease occurs 
due to the end of rapid cladding oxidation. Hence quasi stationary temperature plateaus are 
observed at the different bundle elevations with a constant bundle power (Figure 2.5) with fuel 
rod temperatures from about 1600 K at the lower end of the bundle to about 2200 K in the upper 
part (Figure 4.8, 12000-14000 s). In this phase U02 dissolution by molten Zircaloy, Zr-U-0 melt 
relocation takes place as well as partial formation of coolant channel blockages when melt 
resolidifies in lower bundle regions. 

A comparison of experimental bundle temperatures with calculational results demonstrates a 
rather nice agreement of the temperature levels during the post-oxidation plateau. At that time 
the last bundle wide temperature comparison reveals that the conditions in the test section can be 
represented quite well with the optimized SCDAPIRELAP5 code system. 

Unfortunately, most of the thermocouples failed in this phase additionally to the thermocouple 
uncertainties mentioned in section 2.1.4. This leads to some problems in comparing the 
experimental with the calculational results and hence in qualifying the calculational results. 

Despite of lacking experimental data, a sufficient agreement of experimental and calculational 
results is confirmed as can be seen in the axial fuel rod temperature profiles during the relocation 
phase in Figure 4.9(d)-(l). Although the calculational data tends to lower temperatures (the peak 
temperatures were not attained), the calculations match the measured data, especially the axial 
temperature gradient, qualitatively well along the whole bundle over the whole time period. 

Since melt relocation is initiated by clad failure criteria (see section 3.1.5 and 3.1.6),. this most 
important temperature criterion was, based on former CORA calculations, fixed to 2350 K 
except in case (9) using 2500 K. At the end of the oxidation phase and during the relocation 
phase temperatures between 2200 K and 2500 K were calculated in the upper bundle part. That 
means whether Zr-U-0 melt relocation may happen or not, depends on the fact whether the 
temperature exceeds 2350 K or not. In some cases the calculated temperature only reaches 
2300 K and no relocation happens. This problern points out the importance of a correct 
temperature calculation and the influence of a few uncertainties in the code (non-linear effects) 
which can cause even worse results. 
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In the lower part of the bundle at 0.3 m, Figure 4.8 shows temperature peaks calculated at the 
beginning of the degradation phase which are not recorded experimentally. This is the 
consequence of relocated Zr-U-0 melt released at higher axial elevations and resolidified above 
the lower grid spacer. 

The shroud temperatures also show in this phase a temperature plateau similar to the bundle 
temperatures. However, the overestimation of the shroud temperatures in the cases (1) to (12) 
(calculations without the new shroud model) by nearly 300 K is maintained (Figure 4.10, 12000-
14000 s). From the comparison to the results ofthe cases (13) to (15) with the new shroud model 
one can derive the significance of a correct modeling of heat transfer through the shroud, 
especially at high shroud temperatures when radiation heat transfer becomes important and gap 
closure could be expected. 

Figure 4.13(a) and (b) give some information about the sequences offuel and Zr relocation as the 
consequence of the release of Zr-U-0 melts, respectively, and about the corresponding masses 
involved in this degradation process originating from chemical interaction of molten Zircaloy with 
U02 and resulting U02 liquefaction (U02 dissolution by molten Zircaloy) prior to U02-Zr02 
ceramic melting. The initial U02 mass in the bundle, as taken into account in the calculations, is 
11.75 kg. Cases (1) to (3) show the release of considerable quantities of liquefied U02 as the 
consequence of large amounts of molten Zircaloy enclosed by oxidized cladding and thus 
liquefying uo2 untillate cladding failure beyond 14000 s, though early partial release is calculated 
to occur in the range of 11300 s to 11900 s. Most cases indicate the onset offuel rod degradation 
in the range of 11800 s and 12000 s, thus reflecting the experimental observation rather weil, see 
Table 4.1. 

4.3.2.3 Molten pool formation 

Finally, a steep power ramp beginning at about 14000 s (Figure 2.5) results in an increase of the 
temperature Ievel in the bundle beyond 2800 K and the onset of U02-Zr02 ceramic melting. This 
molten pool formation is indicated in the calculations by a steep temperature increase up to 
3000 K (Figure 4.8, 14000-16000 s); corresponding thermocouple data arenot available because 
the thermocouples have failed in this high-temperature phase before 14800 s. 

As mentioned in section 3 .1. 7 the molten pool formation inhibits the radiation heat transfer from 
the crust to the shroud. Since the convective heat Iosses are rather small and the radiation to the 
steam Ieads to a sharp increase of fluid the temperature (Figure 4. 8, t> 14000 s ), the pool becomes 
nearly adibatic. 

This is supported by a steep decrease in shroud temperatures (Figure 4.10, beyond 14000 s). The 
main reason for this behaviour is the difficulty to describe the surface conditions of a ceramic 
crust with respect to radiation heat transfer. Due to this shortcomings in SCDAP/RELAP5 the 
calculations were stopped here unless an improved radiation heat transfer model will become 
available. 

As for the onset of molten pool formation, the calculated results show a broad scattering with the 
tendency of late onset of pool formation after 15000 s for cases (13) to (15) (Figure 4.14). 
On-line aerosol measuring devices indeed provide information of the onset of pool formation in 
the experiment at about 15000 s (see section 2.2). 

Figure 4. 14 shows the onset of molten pool formation calculated in terms of the evolution of an 
equivalent pool radius (radius of an equivalent hemisphere containing the liquid pool); the scatter 
band lies in the range of 14400 s to 15800 s (see Table 4.1), whereas experimental data indicate 
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onset of molten pool formation at around 15000 s. The calculations have been terminated after 
onset of molten pool formation due to the model shortcomings mentioned above. 

4.3.2.4 Control rod behaviour 

Within the heat-up of the whole bundle due to power increase and heavy oxidation also the 
temperature ofthe control rod rises correspondingly to the fuel rod temperatures (see Figure 4.8). 
Finally, the temperature of the control rod exceeds the melting temperature of the absorber 
material Ag-In-Cd. After the melting temperature ofthe stainless steel cladding has been reached, 
release of absorbermaterial occurs as soon as the Zircaloy guide tube fails (see section 3.1.6). 

The onset of control rod failure by release of Ag-In-Cd absorber material had been recorded at 
10778 s (see section 2.2). In Table 4.1 the onset of control rod failure as calculated by 
SCDAP/RELAP5 is given, and Figure 4.15 presents the corresponding calculated results in terms 
ofthe residual (i.e. not yet relocated) Ag-In-Cd mass ofthe absorberrod versus time. Here, the 
onset of absorber rod failure is calculated to be in the range from 10500 s to 11700 s, with cases 
(13) to (15) representing best the experimental observation. Interesting to see that the absorber 
rod degradation covers a period of about one hour in the calculations. This outcome reflects a 
steep temperature gradient towards the lower end of the bundle maintained during the oxidation 
and melt relocation phases. 

The axial temperature distribution during the steep heat-up (Figure 4.9) makes clear that the 
control rod relocation covers such a long time. One can see here an always steep temperature 
gradient towards the lower end ofthe bundle where obviously the melting temperatures (1700 K) 
were exceeded some times later while already in the upper bundle part material is relocated. Due 
to a later start of the oxidation escalation in cases (13) to (15) the control rod meltdown is 
delayed, too. 

Although the consequences of control rod meltdown are considered ( e.g. changes in the axial 
power profile by input tables or liquefaction of Zircaloy cladding of adjacent fuel rods by silver or 
steel), the time of control rod failure practicaily does not influence the subsequent bundle 
behaviour. 

4.4 FZKIIRS calculational route 

Case (13) of this report has been identified to be the FZKIIRS best-estimate calculation and as 
mentioned before our prefered calculational route. In the foilowing the main advantages of this 
calculation will be discussed and some additional viewpoints will be given. 

Due to the error correction of the oxidation Iimitation and the introduction of the new shroud 
model the temperatures of the whole bundle as weil as in the shroud can be modeled quite weil. 
Although the temperatures are from time to time quantitatively calculated too low, the qualitative 
evolution is predicted very good, especially the onset of the oxidation escalation phase. 

For case (13) with our new Standard (best-estimate) FPTO input model and application of the 
improved shroud model, Figure 4.16 shows the evolution ofthe calculated fuel rod temperatures 
together with the corresponding experimental temperature histories. Due to the Iack of 
experimental data, Figure 4.16(a) covers only the axial region between 0.3 m and 0.8 m. 
Moreover, one should be aware of different time scales: the regions of interest are enclosed by 
black frames. 
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In principle, Figure 4 .16( a) and (b) reflect the satisfactory qualitative agreement, which has 
already been pointed out by means in section 4.3: The sequences of temperature plateaus 
indicated by different colour are quite close to the experimental data. However, the differences in 
detail may be considerable. In general, the measured axial temperature profiles seem to be flatter 
than calculated, this is already true for the calibration phase. Moreover, the measured data after 
the oxidation phase indicate a temporally more pronounced and axially extended high-temperature 
plateau at about 2400 K. A finer axial nodalization (e.g. 20 nodes) will further improve the 
calculation because also local effects can be considered out in a more satisfactory way. This will 
of course Iead to a more time consuming calculation, however, this is made up by the reduction 
from a 3-channel to a 2-channel model. 

The temperature range from 2800 K to 2850 Kin Figure 4.16(a) reflects the molten pool at about 
15000 s, whereas the calculation shows the begin ofmolten pool formation at 15770 s with a pool 
temperature of 2782 K (see Table 4.1). The deviating contour plot at the right side and the 
bottom comer ofFigure 4.16(a) is due to the failure ofthe thermocouple measurements. 

Figure 4.17 shows for case (13) a comparison of the evolution of radial temperature profiles 
across the bundle and the shroud at different axial elevations with corresponding experimental 
data; the terms "g.t.", "c.r.", "p.r." and "st." mark the radial positions of the guide tube, central 
fuel rods, peripheral fuel rods and stiffeners, respectively. Missing symbols indicate the Iack of 
experimental data due to thermocouple failure. 

Although the experimental data are scarce, it is obvious that in a more macroscopic sense both the 
radial temperature shapes and the temperature development in time as calculated reflect 
satisfactorily the experimental findings. For t > 13000 s, the calculated temperature Ievels are 
mostly lower than the experimental data, and bearing in mind possible underestimation of 
measured temperatures by thermocouple "shunting" errors at high temperatures (see 
section 2.1.4), this tendency may become even more pronounced. 

It is evident that especially the shroud temperatures calculated with the new shroud model are in 
good agreement with the experimental data. This means a rather correct temperature profile 
across the shroud and therefore a correspondingly correct heat transfer through the shroud. 

Figure 4.18 compares the sequence of bundle degradation events with the corresponding 
experimental observations, see Table 4.1. The experimental findings refer to OLAM signals 
(On-Line Aerosol Monitor) with voltage drops in cases of significant release of radioactivity from 
the bundle as consequences of a bundle degradation process. The sequence of characteristic 
events is well reflected by the results of the calculation, case (13). This indicates a correct 
modeling of cladding failure. That again means a good estimation of the clad failure criteria, 
especially the failure temperature of2350 K. 

Event 5 was observed very close to the end of the experiment, probably due to the relocation of 
the molten pool towards the lower end of the bundle with vaporisation of residual Ag resulting in 
an increase ofthe pool volume and aerosol release [11]. 
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Figure 4.14 Calculated begin of molten pool formation in terms of the evolution of the 
equivalent malten pool radius (radius of an equivalent hemisphere containing the 
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5 SUMMARY AND CONCLUSION 

Starting from a detailed FPTO input model for the analysis with SCDAP/RELAP5 which includes 
three independent fluid channels interconnected with cross-flow junctions, we developed a 
simplified two-channel model for the realization of parameter studies with a fast-running 
computer model for FPTO. In total 12 calculations cover this first part of our investigatiort. 

The variation of several parameters showed a qualitatively small scatter band of temperature 
evolution up to the beginning of the oxidation escalation. Only after the onset of oxidation effects 
of the parameters were relevant but only in details (for example the onset of molten pool 
formation is earlier or some times later). This indicates that new models or improvements of 
existing models are necessary to improve accurately calculated results considerably. 

Investigations have shown that heat transpoft properties of the shroud (i.e. heat Iosses through 
the shroud) have a significant impact on the temperature history inside the bundle and thus on the 
sequence of individual bundle degradation processes. Since the standard shroud model in 
SCDAP/RELAP5 takes into account neither the changing gap widths due tothermal expansion of 
the shroud materiallayers nor radiation heat transfer through open gaps, a new shroud model has 
been developed which considers these effects. Further calculations (13) to (15) as a second part of 
this study cover the effects of this new shroud model. 

With the new shroud model, the calculated bundle temperatures agree satisfactorily with the 
corresponding experimental data. Generally, the temperature Ievels both inside the bundle and in 
the shroud are higher in the calibration and early oxidation phase than observed in the experiment 
resulting in a significantly earlier begin of Zircaloy oxidation and thus in an earlier begin of 
hydrogen production than in the experiment. 

Though the scatter band of calculated temperatures up to the early degradation phase is small, 
these temperature differences, due to the nonlinearities involved in the modeled physical 
processes, may lead to larger differences in the generated hydrogen and the amount of relocated 
material. Temperature level, Zircaloy oxidation, failure of oxidized cladding and release of 
liquefied Zr-U-0 influence each other and thus lead to a broader scatter band in the calculated 
results for the later phases (after onset of oxidation) ofthe bundle degradation processes. 

The uncertainties can be reduced by two means: 

1. a more accurate temperature calculation in the bundle starting in the calibration 
phase 

2. by a more physical model of the failure of oxidized cladding than offered by 
SCDAP/RELAP5 

With this work part 1 has been successfully done, though there are still some improvements 
necessary. Part 2 ofthe necessary improvements needs stilltobe done. 

Essential improvements of the calculational results (cases (13) to (15)) concerning the evolution 
of shroud temperatures and thus fuel rod temperatures result in a much better qualitative 
agreement with the experimental cumulative hydrogen mass, although there is still a quantitative 
difference between experiment and calculation of about 20 %. This indicates the necessity for a 
demand of further code assessment and improvement, especially for the oxidation model. 
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Nevertheless, the sequence of characteristic events in the course of the bundle degradation -
cladding failure by overstrain, begin of control rod failure, begin of release of liquefied Zr-U-0 
masses, and malten pool formation onset - agrees weil with the experimental observations. All 
calculations have been terminated with the begin of malten pool formation due to significant 
shortcomings in SCDAP/RELAPS models for the subsequently following late phase. Therefore, 
no statements could be made about the subsequent events of the experiment. 

In a next step the Phebus test FPT 1 will be analyzed in a similar manner based on the experience 
presented here. In this work it is planned to go on with additional code improvements concerning 
the following items: 

• hydrogen generation 

• relocation of centrat fuel rods 

• influence of irradiated fuel 
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7 APPENDIX 

7.1 FPTO test conduct and characteristic events 

Calibration Phase 

bundle power steam mass flow rate events observed 

Plateau I 0-600 s: 0- 560 s: 
0. 75 - 0.85 kW 0.0 g/s 
600-745 s: 560-600 s: 
0.85 - 2.05 kW 0.0-2.0 g/s 
745- 1275 s 600-3445 s: 
2.05 - 1.44 kW 2.0 g/s const. max. fuel rod temp. 
1275 - 3445 s: 733 K 
1.44 kW const. 

Plateau 2 3445 - 6485 s: 3445-3500 s: 
1.44 kW const. 2.0-0.5 g/s max. fuel rod 

3500-6485 s: temperature 
0.5 g/s const. 873 K 

Plateau 3 6485 - 6800 s: 6485- 10140 s: 
1.44- 3.70 kW 0.5 g/s const. 
6800 - 8850 s: 6930 s: 
3. 70 kW const. cladding rupture 
8850 - 9000 s: 
3.70- 3.42 kW max. fuel rod 
9000- 10140 s: temperature 
3.42-3.50 kW 1173 K 

Transient heat-up phase 

bundle power steam mass flow rate events observed 

Control rod failure - 11090 s: - 11080 s: 10960 s: first indication 
and Zircaloy increase to 11.23 kW increase to 3 g/s of control rod failure 
oxidation phase -11400 s: 11920 S: second strong 

11.23 kW const. indication of control rod 
- 12020 s: degradation 
increase to 20.60 kW 12000- 12470 s: 
- 12410 s: oxidation escalation 
increase to 24.22 kW 400 mm Tmax = 2342 K 
- 13000 s: - 13000 s: 600 mm T max = 2546 K 
24.22 kW const. 3 g/s const. 700 mm Tmax = 2521 K 

70% of Zircaloy 
inventory oxidized, 
about 90 g H2 produced 

Table 7.1 Summary of the FPTO test conduct and characteristic events of bundle 
degradation observed 
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Transient heat-up phase 

bundle power steam mass flow rate events observed 

Control rod failure Post irradiation 
and Zircaloy oxidation examination of bundle 
phase materials microstructures 

indicates liquefaction of 
fuel in the upper part of 
the bundle 
relocation ofZr-U-0 
melt uncertain 

Melt relocation and - 13680 s: - 14180 s: second period of 
bundle collapsing 24.22 kW const. 3 gls const. hydrogen production 
phase 

- 14830 s: - 14720 s: thermocouples inside the 
increase to 35.25 kW decrease to 2.5 gls bundle fail at 

temperatures of 2200 -
2500K 

- 15170 s: - 15 170 s: signi:ficant temperature 
32.25 kW const. decrease to 2.3 gls rise at 200 and 300 mm 

inside shroud. On-Line 
Aerosol Monitor 
indicates material 
relocation towards lower 
spacer grid beginning at 
about 15000 s ( collapse 
of inner ring of fuel 
rods?) 

Bundle degradation - 15850 s: - 15350 s: up to the end of the 
and molten pool increase to 39.50 kW decrease to 2.2 gls experiment a molten 
formation phase - 17925 s: - 16120 s: pool forms at the 200-

increase to 45.90 kW decrease to 1.5 gls 300 mm elevation at 
- 18100 s: - 18140 s: about 18000 s power 
increase to 47.85 kW 1.5 gls const. increase in the driver 
- 18140 s: core probably due to 
increase to 50.40 kW axial pool expansion as a 
reactor scram consequence of 

vaporisation of control 
rod material in the 
lowest part of the 
bundle. OLAM measures 
aerosol release 
PIE and PIA show 
uniform ceramic melt 
pool: 
60 wt%U, 20 wt% Zr, 
20wt%0 

Table 7.1 continued 
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7.2 A new shroud gap model for SCDAP/RELAPS 

The Phebus-Databook [13] provides most of the data for Zr02 and Thoria with considerable 
margins of uncertainty. However there is an additional problern left: the modeling of the shroud 
gaps (radiation heat transpoft through open gaps and changing gap widths due to thermal 
expansion). These phenomena had to be included artificially into an effective thermal conductivity 
ofthe gapmaterial (gas/steam) by modification ofthe input table for SCDAP/RELAPS. With the 
new shroud gap model the precision of effective thermal conductivities for the gap materials by 
user input ( adding the effects of radiation heat transfer and gap closure) is not necessary any 
Ionger because it provides an integrated radiation heat transfer and a gap closure simulation. 

7.2.1 Theory 

At the moment SCDAPIRELAPS uses only transparent and non-absorbing gases as gap material. 
SCDAPIRELAPS also neglects the radiation heat transfer through shroud gaps. Now the 
radiation heat transfer is modeled by the code using an additive correction factor for the thermal 
conductivity of the gap material. Here the radiation heat transfer is calculated from the boundary 
temperatures of the gap and then transformed into a factor that increases the thermal conductivity 
ofthe gap. 

Up to now in SCDAPIRELAPS the shroud is modeled by a fixed axial and radial mesh. To handle 
a variable gap size using a moving mesh would be very difficult and time consuming. Thus, we 
decided to simulate the gap deformation by adjusting the thermal conductivity of the gap using a 
correction factor. This correction factor is derived from the relation of actual gap width and initial 
gap width retaining the original mesh. 

Thus, the task is to model the real heat transfer qR considering radiative heat transpoft and heat 
conduction through changing gap widths without change of the computational mesh in the 
shroud. As a first approximation, the effect of changing gap widths onto the effective heat 
capacity has not been considered because of its negligible influence on the overall heat capacity of 
the shroud (i.e. assuming very small gaps in comparison to the shroud thickness and very low heat 
capacities of the gap gases). Furtheran we assume that the shroud is modeled in rectilinear 
(Cartesian) geometry as donein SCDAPIRELAP5. 

Figure 7.1 shows a scheme of a shroud consisting of two gaps as modeled in SCDAPIRELAP5 
with fixed geometry compared with the more real shroud behaviour indicated by axially varying 
radii of the individual shroud materiallayers due to thermal expansion. In Figure 7 .2, a decreased 
gap width s0 is compared with the corresponding standard SCDAPIRELAP5 shroud model 
considering a fixed gap width sM. 

We assume a linear temperature profile across the whole gap where the boundary temperatures 
T;n and T out are equal to those of the experiment due to equal heat transfer. That means that this 
derivation is valid only for slab geometry. This again Ieads to an averaged thermal conductivity 
across the gap dependent only on an averaged temperature across the gap. 

The transformation of thermal expansion effects and radiation heat transfer into thermal 
conductivity Ieads to the introduction of an additive thermal conductivity correction factor Acor,i 
which has to be added to all other thermal conductivity coefficients AM,i· The comparison of 
reality and model provides the following equations: 

F or the experiment: 
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tj R = :t ~ + 80" • [ J;i,, + Ti,~,][ T"". + T",.] · ( T"". - T",.) 

i=l ARi 

(1) 

and for the model: 

( 2 ..... ) ( ) (J'M. 2 ·) ( ) • _ _e_w , T. _ T. = . _ __,r + ~ . T. _ T. 
qM - S M,in M,out qM,i - S . S . M,i M,i+l 

M M,r M,r 

(2) 

Because ofequal heat flux ofreality and model one gets from equation (1) and (2) the following 
equation for Acor,i: 

-'=, = :t ~ +eu · [Ti,, + Ti.~,][ T",, + T" ... , j 
i=l AR,i 

(3) 

Because ofthe assumption of a linear temperature profile across the gap, the summation factor in 
equation (3) can be simplified to: 

(4) 

The thermal conductivity of model AM,i and reality AR.i are equal to each other because they 
simulate only the pure thermal conductivity ~ excluding thermal expansion effects or radiation 
heat transfer. 

Also, the linear temperature profile and the same temperatures assumed at the gap boundaries 
(TR,tn =TM.tn and TR,our=TM,our) results in an equal temperature gradient, whereby from equation (3) 
und er consideration of equation ( 4) follows: 

l_, =At: -J) +SM '80"' [ T~.io + T~·'"' ~ TM,io + TM.~•] (5) 

The gap width ofthe experiment sR has tobe calculated in SCDAP/RELAPS by using a thermal 
expansion coefficient ß and the bulk radii referred to the averaged bulk temperature of the 
material next to the gap, whereas the radiation is based on the surface temperatures ofthe gap: 

SR =SM+ rmat,out 'ßmat,out '(I:at,out - I:at,cold)- r mat,in. ßmat,in '(I:at,in- T",at,cold) (6) 
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With help of this correction one gets the new thennal conductivity coefficient Aetr,i for each node 
of the modeled gap. They are equal to each other and to the conductivity Aeff of the whole gap 
due to the assumption of a linear temperature profile: 

..<..- = ..<..-.• = A,( ::) +sM ·eo-·[1!,,, + T~ .•• IrM ... +TM.~,] (7) 

The relation of the real gap thickness to the initial gap thickness represents the correction factor 
due to gap closure and the second tenn is the transfonned radiation heat transfer coefficient. 

Due to the added radiation tenn the conductivity increases by nearly 10 % at gap temperatures of 
about 1000 K in comparison to the old value. In the case of gap closure the thennal conductivity 
will reach values of metallic substances. 
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7.2.2 Symbols 

QR heat flux across the whole gap ofthe experiment [W/m2
] 

QM heat flux across the whole gap of the model [W /m2
] 

QM,i heat flux across a node ofthe gap [W/m2
] 

QL heat flux due to heat conduction [W /m2
] 

qs heat flux due to heat radiation [W/m2
] 

rmat,in averaged radius ofthe next inner material ofthe gap in the model [m] 

rmat,out averaged radius ofthe next outer material ofthe gap in the model [m] 

SM whole gap width in the model [ m] 

SM,i node distance in the gap in the model [ m] 

SR gap width in the experiment [ m] 

SR,i node distance, corrected with the experimental gap width [m] 

T R,in temperature of inner side of shroud of the experiment [K] 

T M,in temperature of inner side of shroud of the model [K] 

T R,out temperature of outer side of shroud of the experiment [K] 

T M,out temperature of out er side of shroud of the model [K] 

T M,i temperature of inner side of node i of the model [K] 

T M,i+ 1 temperature of outer side of node i of the model [K] 

T mat,in averaged bulk temperature of the next inner gap material of the model [K] 

T mat,out averaged bulk temperature of the next outer gap material of the model [K] 

T mat,cotd temperature of cold material ( usually 3 OOK) 

Ai pur thermal conductivity of a node of the gap [W /mK] 

AR,i pur thermal conductivity of a node of the gap in the experiment [W /mK] 

AM,i pur thermal conductivity of a node ofthe gap in the model[W/mK] 

Aeff effective thermal conductivity of the whole gap in the model [W /mK] 

Aeff,i effective thermal conductivity of a node of the gap in the model [W /mK] 
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A.cor thermal conductivity correction factor due to radiation and gap deformation [W/mK] 

A.cor,i thermal conductivity correction factor ofa node [W/mK] 

ßmat.in thermal expansion coefficient ofthe next innergapmaterial [1/K] 

ßmat.out thermal expansion coefficient ofthe next outer gapmaterial [1/K] 

cr Stefan-Boltzmann constant (5.67 10"8 W/(m2K2
)) 

E emissivity of shroud material [-] 
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