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Zusammenfassung

Seit Beginn 1990 sind die F+E-Arbeiten des Forschungszentrums Karlsruhe
(FZKA) zur Reaktorsicherheit im Projekt Nukleare Sicherheitsforschung (PSF)
zusammengefallt. Der vorliegende Jahresbericht 1994 enthélt Beitrdge zu
aktuellen Fragen der Sicherheit von Leichtwasserreaktoren und innovativen
Systemen sowie der Umwandlung von minoren Aktiniden. Die konkreten
Forschungsthemen und -vorhaben werden mit internen und externen

Fachgremien laufend abgestimmt.

An den beschriebenen Arbeiten sind die folgenden Institute und Abteilungen des

FZKA beteiligt:

Institut fUr Materialforschung IMF 1, 11, 11l
Institut fir Neutronenphysik und Reaktortechnik INR
Institut fir Angewandte Thermo- und Fluiddynamik IATF
Institut fur Reaktorsicherheit IRS
Hauptabteilung Ingenieurtechnik HIT
Hauptabteilung Versuchstechnik HVT

sowie vom KfK beauftragte externe Institutionen.

Die einzelnen Beitrage stellen den Stand der Arbeiten zum Frihjahr 1995 dar und
sind entsprechend dem F+E-Programm 1994 numeriert. Den in deutscher
Sprache verfaliten Beitrdgen sind Kurzfassungen in englischer Sprache

vorangestellt.




Summary

The reactor safety R&D work of the Karlsruhe Research Centre (FZKA) has been
part of the Nuclear Safety Research Project (PSF) since 1990. The present
annual report 1994 summarizes the R&D results. The research tasks are
coordinated in agreement with internal and external working groups.

The contributions to this report correspond to the status of early 1995. An abstract
in English precedes each of them, whenever the respective article is written in

German.
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32.21 LEICHTWASSERREAKTOR-SICHERHEIT

32.21.01 Wasserstoffverbrennung

l. Wasserstofftransport im Containment
(P. Royl, IRS; Ch. Muller, J.R. Travis, T. Wilson, LANL)

Abstract:

For the description of transport phenomena in water vapor/hydrogen mixtures
released in nuclear meltdown accidents, an integrated analytical model is being
developed for LWR containments. Thermal and mechanical loads due to
recombination and combustion are to be calculable. The 3-dimensional
GASFLOW code was taken over from LANL in exchange for HDR experimental

results and Battelle BMC program results.

EinfUhrung:

Ziel ist die Verfugbarmachung eines integrierten Analyse-Werkzeuges fur LWR
Containments zur Beschreibung der Transportvorgédnge von Wasserdampf/Was-
serstoff-Gemischen, die bei Kernschmelzunféllen freigesetzt werden, mit
mdéglichen thermischen und mechanischen Lasten durch Rekombination und
Verbrennung. Die Arbeiten wurden Uberwiegend am Los Alamos National
Laboratory (LANL) durchgefihrt. Der 3D Finit-Volumen-Code GASFLOW wurde
im Austausch gegen Experimente aus dem HDR-Programm und dem Battelle
BMC-Programm vom LANL Ubernommen. Die Arbeiten am LANL konzentrierten
sich auf Validierungsrechnungen zum Experiment T31.5, zur Thermohydraulik des
Phébus FPTO-Experiments. Es wurden einzelne Verbrennungsexperimente aus
dem HDR- und Battelle-Programm nachgerechnet.” Speziell fur die Analysen zum
EPR wurde ein Rekombinator-Modell mit Spezifikationen von Siemens in
GASFLOW implementiert. AuRerdem wurde das Programm in Los Alamos flr die

*Deflagrationsexperimente E12.1.2, E12.2.2 und E12.3.3 aus dem HDR E12
Programm und die Battelle Experimente HX12, HX14 und HX23 zur
Wasserstoffverbrennung in Luft (erfolgreich mit 3D Modellen nachgerechnet).




Implementierung auf einer Risc Work Station im FZ Karlsruhe vorbereitet und ist
hier inzwischen erfolgreich in der KfK zum Laufen gebracht worden. GASFLOW
ist zur Zeit weltweit der einzige 3D Finit Volumen Code fur die integrale
Beschreibung von Wasserstoff/Wasserdampf-Verteilungen, in dem auch die
Wirkung von Rekombinatoren auf das 3D Strémungsfeld erfaf3t wird, und mit dem
Verbrennungsvorgénge in komplexen Geometrien konsistent weiterverfolgt

werden kénnen.

1. Modellerweiterungen

GASFLOW wurde durch ein Film-Modell erweitert. Es bilanziert den
Kondensatfilm auf kalten Strukturen. Ein vorgegebener Anteil des Filmes kann bei
raschen Druckabsenkungen verdampfen und die wahrend des Blow-Downs
erhitzten Strukturen in der nachfolgenden Phase des Druckabfalls rascher wieder
abkuhlen. Ein homogenes 2-Phasen-Modell wurde implementiert fur die
Simulation von Flashing-Vorgangen beim Blow-Down. Es erlaubt auch die
Beschreibung der Volumenkondensation. Das Modell baut entstehende transiente
thermodynamische Ungleichgewichte mit einer vorgegebenen Zeitkonstante ab.
Wassertropfen bewegen sich im homogenen 2-Phasen-Modell mit der
Gasgeschwindigkeit. Die Entfernung der Wassertropfen erfolgt mit Hilfe eines
Ausregnungsmodells. Ein neues Modell beschreibt die 1D Warmeleitung in die
Strukturen. Es bilanziert die Wéarmestréme an den Oberflachenmaschen
unabhangig. Durch die Verwendung eines variablen Maschennetzes erlaubt es
eine genaue Bestimmung der fur die Kondensation wichtigen
Oberflachentemperaturen mit einer verhéltnismaRig kleinen Maschenzahl. Das
neue  Warmeleitprogramm  ist  wesentlich  flexibler  hinsichtlich  der
Randbedingungen und erlaubt regional unterschiedliche isotherme oder adiabate
Rénder auf den Innenseiten der verschiedenen Wande. Die neu eingeflihrten
fraktionellen Zelloberflaichen erlauben die exakte Berucksichtigung der
Uberstréméffnungen, die in dem diskreten Maschennetz z.B. fur das HDR
Containment oft nicht genau darstellbar waren. Die JANAF-Bibliothek (thermal
chemical tables der Joint Army Navy Air Force) wurde durch Polynome bis 5.
Ordnung an die Temperatur angepaflit. Die neuen Stoffwertfunktionen

ermdglichen eine .genauere Umsetzung der Energiefreisetzung chemischer




Verbrennungsprozesse in  Temperaturen und Drucke. Vergleiche mit
Experimenten zeigen eine starke Verbesserung der Verbrennungsanalysen allein
durch die neuen Stoffunktionen. GASFLOW wurde durch ein katalytisches
Rekombinationsmodell erweitert. Es erlaubt die Freisetzung eines Teils der
chemischen Energie in lokalen Bereichen nach vorgegebenen Modellen (zur Zeit

fur das Siemens Recombiner Model).
2, Containment Thermohydraulik des Phébus FPTO Tests

Die Datenbasis fur die Thermohydraulik des Phébus Containments beim Phebus
FPTO Test wund bei Vorversuchen wurde zur Validierung des
Kondensationsmodells in GASFLOW verwendet. Bei diesen Tests werden Dampf
und Dampf/Wasserstoffgemische in einen 10 m*™3 Tank geblasen. Die
Dampfkondensation kann dabei nur an drei Kondensatorstaben erfolgen, die im
Abstand von 120° * -+ von oben in den Testtank hereinragen, und deren
Oberflachentemperatur durch ein organisches Kuhimittel eingestellt werden kann.
Die Beheizung der Tankbegrenzungen schlie}t Kondensationen in anderen
Bereichen aus. Die GASFLOW-Analysen konnten die Drucke fur unterschiedliche
Dampfeinspeiseraten  gut  wiedergeben  (Bild  1). Nur bei der
Wasserstoffeinspeisung und bei starken Reduktionen der Dampfeinspeisung wird
die damit verbundene Reduktion der Kondensationsrate etwas Uberschéatzt.
Wabhrscheinliche Ursache dafir ist die zu geringe Dampf- und
Wasserstoffdiffusion durch die Vernachlassigung der Turbulenzmodellierung. Bei
den erforderlichen kleinen zentralen Maschen in Zylinderkoordinaten lie3 sich die
Turbulenz aus Zeitschrittgrinden nur fir die geringen Einspeiseraten
berucksichtigen. Die berechnete Geschwindigkeitsverteilung im Tank ist stark 3-
dimensional und war in dieser Form unerwartet. Der Dampf strémt im zentralen
Bereich innerhalb des Kondensatorrings nach oben, von dort radial nach aul3en
und kondensiert in einem abwarts gerichteten Stréomungspfad auf dem kalten

Kondensator.




3. Nachrechnung des HDR-Tests T31.5

Ziel des HDR-Tests T31.5 war die Untersuchung des Containmentverhaltens
nach einem KuUhimittelverlustunfall mit groRBem Leck. Das Experiment hat zwei
Dampfinjektionsphasen und eine Phase (nach ca. 30 min.), in welcher ein
Helium/Wasserstoff-Gemisch (Light Gas) zur Simulation des Wasserstoffs
eingeleitet wird. Die Analyse mit den diskutierten Modellerweiterungen und mit
den an den Phébus Containment Tests angepalten Kondensationsparametern
zeigt wesentlich verbesserte Druck-und Temperaturverldufe. Die Temperaturen
der leichten Strukturen fallen mit dem neuen Film-Verdampfungs-Modellrascher
nach dem Blow-Down ab; eine langfristige Gaserwd&rmung durch Uberhitzte
Strukturen wird dadurch vermieden. Durch die Flashing Simulation mit dem
homogenen 2-Phasenmodell entfallt die isentrope Vorexpansion auf Containment-
Bedingungen, die bei friheren Analysen vorgenommen wurde. Das verbesserte
Warmeleitmodell fUhrt auch bei dicken Betonwénden zu
Oberflachentemperaturen, die mit analytischen Lésungen Uberprift wurden und
gut Ubereinstimmen. Zusammen mit den neuen Kondensationsparametern ergibt
sich insbesondere in der Langzeitphase eine sehr gute Ubereinstimmung mit den
gemessenen Drucken (Bild 2). Dazu trdgt auch die neu hinzugekommene
Modellierung der Instrumentierungs-Kuhlung durch Kondensation auf isothermen
Warmesenken bei. Die Lage und GroRe der Kuhlflachen wurden dafur aus den
Angaben zum Test E11.2 Ubernommen. Die berechneten Verteilungen des
leichten Gases geben die gemessene Stratifikation gut wieder (Bild 3). Die
Ubereinstimmung ist wesentlich besser als die der dokumentierten
Vergleichsanalysen mit lumped parameter codes aus den HDR-Berichten. Die
neuen Simulationen verwenden die exakten Flachen der Uberstréméffnungen. Die
genauere Darstellung der Anlage in dem 3D Finit Volumen Modell fUhrt zu einer
Umkehrung der Zirkulationsschleife, die jetzt mit den Messungen gut
Gbereinstimmt (Bild 4). Dadurch stimmen auch die Wasserstoff-Verteilungen

besser mit den MeRwerten Uberein.

Zu Demonstrationszwecken wurde die als Wasserstoff interpretierte Verteilung

des leichten Gases nach Einstellung einer gewissen Séattigung (3600 s) in den




Simulationen geziindet (Bild 5). Die dabei entstehende Verbrennungsfront wurde
visualisiert mit dem Karlsruher Programm Kismet, wobei eine rasche Bildsequenz

als Film auf der Silicon Graphics Workstation erzeugt werden kénnte.
4, Nachrechnung von Verbrennungstests

Die Validierungsrechnungen mit dem Verbrennungsmodell in GASFLOW
konzentrierten sich auf die Verbrennungstests, deren Daten im Rahmen des
Abkommens mit Los Alamos Ubergeben wurden. Das waren einmal die HDR
Tests E12.2.2 und E 12.3.3 mit Dampf/Wasserstoffgemischen von 12 und 25
Vol% in Luft in einer Zweiraumgeometrie mit 205 und 330 m**3 und
verschiedenen Zundpositionen. Das waren aulRerdem die Experimente HX14,
HX12 und HX23 mit 10 Vol % Wasserstoff ohne Dampf in 2, 3 und 4
Raumgeometrien des Battelle Model Containments (BMC). Die Volumina bei den
BMC Tests waren etwa um den Faktor 10 kleiner als bei den HDR-
Verbrennuhgstests. GASFLOW verwendete dabei durchgehend eine voll
dreidimensionale Modellierung der Verbrennungsablaufe. Dies war mit den bisher
in Deutschland verwendeten Analyse-Modellen (z.B. BASSIM) nicht méglich
gewesen. Die gemessenen unterschiedlichen Verbrennungsablaufe
(Strahlzindung bei E12.3.3 sichtbar in Bild 6 und milde Flammenausbreitung in
verschiedene Richtungen durch Zundung nahe der Uberstréméffnung in E12.2.2
sichtbar in Bild 7) werden gut simuliert. Auch die spater noch durchgefihrte
ergénzende Analyse mit den Daten des Tests E12.1.2 palit gut in dieses Bild. Die
Massenbilanz und Anfangsverteilung fir den Wasserstoff war bei den E12-
Testdaten allerdings nicht genau genug bekannt. Die Druckspitzen stimmen gut
Uberein bei Verwendung der spezifizierten mittleren Gaskonzentrationen (Bild 8).
Wie bei solchen Analysen Ublich, mul} die Zeitskala gegentiber den Messungen
verschoben werden, da der Zindzeitpunkt nicht genau erfalt werden kann und
die anfanglichen Gasbedingungen um den Zinder herum (z.B. lokale
Konvektionen) nicht erfallbar sind. Die Restmenge des Wasserstoffs, der nach
Offnung der Berstfolie nach oben in das Containmentvolumen abgeblasen wurde,
ist ebenfalls schwer zu bestimmen und konnte daher bei den Analysen etwa durch
Wahl anderer Offnungsparameter fur die Folie nicht weiter eingestellt werden. Die

Berstfolie wird modellméaRig nach Uberschreitung einer Druckdifferenz von 0.1 bar




herausgenommen. Die Analysen bestdtigen die Notwendigkeit der 3D
Modellierung insbesondere zur Beschreibung der Vorgénge an der

Uberstrémoffnung.

Starke 3D Effekte im Strémungsfeld werden auch in den Nachrechnungen der
Battelle BMC Tests sichtbar. Die bananenférmige Anordnung der Zindr&dume
fuhrt zu Zentrifugalkraften, die die Flammenfront 3-dimensional verzerren (s. Bild
9). Solche Vorgénge waren in der abgewickelten Anordnung der Zindrdume, die
far die bisherigen (2D) Verbrennungs-Analysen verwendet werden mufte, nicht
darstellbar. Aulerdem 2 Raum Test HX14 wurden auch Experimente mit 3 Raum
und 4 Raumgeometrie nachgerechnet (Bild 10). Dabei stimmen die Dricke mit
den Messungen gut Uberein. Test HX23 in 4 Raumgeometrie zeigt parallele
~ Flammenausbreitungen mit Strahlzindungen in der unteren und oberen Ebene
(Bild 11).

Alle Verbrennungs-Analysen verwenden das algebraische Turbulenzmodell und

wurden mit den neu implementierten JANAF Stoffunktionen durchgefihrt.

Eine Testrechnung mit GASFLOW simuliert auch die katalytische Verbrennung
von Wasserstoff mit der 3D Geometrie und der Gaszusammensetzung des E12
Tests. Die Rekombination erfolgt dabei in den Fluid Zellen auf einer Seite der
Wand eines vertikal angeordneten Bleches. Sie erzeugt eine Konvektion entlang
der Wand. Wegen der unrealistisch grofen Lange dieser Bleche fuhrt das nach
kurzer Zeit zur Uberschreitung der Zindgrenze am oberen Ende des
Rekombinators (Bild 12). GASFLOW berechnet die Verbrennung aus der
Transportanalyse heraus, ermdéglicht also die integrale Beschreibung von
Rekombination und dadurch getriggerten Verbrennungsprozel in einem
Rechengang. Nach dem Einbau einer Zeitschrittlogik fur lokale Zinder wird somit
auch integral eine volle 3D Simulation des dualen Konzepts von Rekombinatoren

und Zindern in komplexen Containment Geometrien méglich.
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Il. Untersuchungen zu Ho-Verbrennungsvorgangen

(W. Breitung, E. Hesselschwerdt, H. Massier, M. Md&schke, R.
Redlinger, H. Wilkening, H. Werle, J. Wolff, INR)

Abstract:

The central goal of the work at Karlsruhe and external partners is investigation and
.mitigation of containment loads from hydrogen combustion in severe»accidenfs. Dur-
ing 1994 results were obtained for

- turbulent deflagrations,
- detonation ignition criteria, and

- detonations.

In the field of turbulent deflagrations, two different 2-d codes have been developed,
which are capable of describing the large spectrum of combustion regimes important
for severe accident analysis. Two series of large scale experiments on turbulent Hy-air
combustion have been completed, one with premixed atmospheres, one with dy-
namic Hz-injection into the test volume. They are the largest tests done so far world-
wide on confined turbulent H-air combustion and they provided new clean data for
code evaluation on reactor relevant scale (up to 480 m3 volume).

In the field of detonation ignition criteria different mechanisms were investigated
which can trigger a transition from deflagration to detonation (DDT). Large scale ex-
periments were performed on turbulent jet ignition of unconfined Hj-air mixtures. As
in earlier small scale tests, detonation ignition was only observed above 25 % hydro-
gen in air. Such reactive mixtures will be rare in severe accidents. Pressure wave focus-
sing was also investigated experimentally. The Mach numbers necessary to trigger a
local detonation in different geometries and in different Hp-air mixtures were mea-
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sured on small scale. The conditions necessary for a shockless detonation ignition by
induction time gradients were calculated. Only close to the reactor pressure vessel the
corresponding temperatures and temperature gradients can possibly exist, not in the
remainder of the containment.

In the field of detonation modeling the code development was completed. Detona-
tion experiments were performed in a 12 m tube equipped with complex obstacles.
Some of the data were used to validate the codes. The remaining analysis will be per-
formed in early 1995. The codes can describe well all important physical phenomena
which influence detonation loads in complex 3-d geometries. The validated codes
were used to calculate local detonation loads in a preliminary EPR containment. The
implications for structural response are being investigated by Siemens.

The GASFLOW code was used to perform afirst test calculation of the hydrogen dis-
tribution if 780 kg H; are released via the IRWST. A stratified mixture was predicted. A
systematic comparison with the Siemens code WAVCO is planned for 1995.

The combustion research in 1995 will concentrate an fast turbulent combustion under
accident relevant conditions. The detonation modeling has reached a sufficiently ad-
vanced level and is essentially completed.

CONTENTS
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2.1 Code development

2.1.1 COM-code
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2.2 Large scale experiments
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3. Detonation ignition criteria

3.1 Turbulent jet of combustion products
3.2 Pressure wave focussing

3.3 Induction time gradients

4. Detonations

4.1 Code development

4.2 Tube detonation experiments
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1. Introduction

The work performed in 1994 addresses three fields in hydrogen combustion re-
search for reactor safety:

- turbulent deflagrations,
- detonation ignition criteria, and

- detonations.

In addition to FK-personel, research teams of the RWTH Aachen, ICT Berghausen,
Kurchatov Institute and Russian Academy of Sciences contributed to the results
described below.

2. Turbulent deflagrations

Theoretical and experimental work was performed in this field.

2.1 Code development

The code development to describe turbulent deflagration of premixed Hj-air-
steam atmospheres in complex geometry continued. Two different modelling ap-
proaches are pursued, one at the Kurchatov Institute in Moscow (COM-code), and
one at RWTH Aachen (ERCO-code).

2.1.1 COM-code

The work done so far has led to the choice of a second order hydrodynamic solver,
a k-g¢ model for turbulence modeling and a modified eddy-dissipation model for
turbulent combustion. Different 2-d numerical schemes were tested. Combustion
simulations were compared to slow and fast turbulent flame experiments. The
main characteristics of these different combustion regimes could be reproduced
with promising results.

Calculated results are shown in Figures 1 to 3 for the case of a 6 m long tube,
equipped with internal ring obstacles. Only half of the flow cross section is de-
picted because of the cylindrical symmetry of the problem. Three different mix-

tures were in -




vestigated, which cover a wide range of chemical reactivity (10, 15, and 20 % H>
in air).

Figure 1 shows the fuel mass fraction distribution for a series of equidistant
points in time. Black corresponds to 0 % hydrogen and white to 10 % H; in air.
The flame, which is located between black and white, clearly accelerated with in-
creasing time.

Figure 2 shows results from a combustion which proceeds in the slow deflagration
regime. The 2-d fields of various calculated variables are depicted for a given
time.

Figure 3 shows the same calculated variables for 15 % Hj. In this case a choked
flow is established in the obstacle field. The flame reaches a velocity close to the
sound speed in the combustion products. A clear separation into burnt and un-
burned gases is visible. Much more fine structure exists in the calculation than
visible in the figures.

The important result is that the developed two-dimensional numerical model
seems capable of describing the different combustion regimes and the corre-
sponding transitions which are observed in turbulent combustion experiments.
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Figure 1. Calculated evolution of a slow combustion in a tube with ring ob-
stacles (half of cross section shown), 10 % Hj-air mixture, black = burned gas,
white : unburned gas (COM code, RRC Kurchatov Institute).
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Figure 2. Regime of slow deflagration in 10 % Hj-air mixture. The shown 2d-
fields are: 1 - fuel mass fraction; 2 - turbulence dissipation rate; 3 - schlieren pho-
tograph model; 4 - pressure; 5 - turbulent kinetic energy; 6 - density; 7 - tempera-
ture; 8 - longitudinal mass velocity; 9 - transverse mass velocity (COM code,

Kurchatov Institute, Moscow).
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Figure 3. Regime of choked flame in 15 % Hj-air mixture. The shown 2d-fields are:
1 - fuel mass fraction; 2 - turbulence dissipation rate; 3 - schlieren photograph model;
4 - pressure; 5 - turbulent kinetic energy; 6 - density; 7 - temperature; 8 - longitudinal
mass velocity; 9 - transverse mass velocity (COM code, Kurchatov Institute, Moscow).
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2.1.2 ERCO-code

The ERCO-code development has resulted in a tool for two-dimensional simula-
tion of turbulent combustion in pre-mixed systems. The code addresses the so-
called "flamelet”-regime of turbulent combustion: the turbulent and stretched
flame still has a locally laminar structure. The turbulence intensity is not sufficient
to destroy the local quasi-one-dimensional flame structure. This flamelet regime
is bounded by a Karlovitz-number Ka < 1, which describes the ratio between the
chemical reaction time in the flame and the characteristic time for flame stretch-
ing. (For Ka > 1 the intensitive turbulent convection seperates regions of react-
ing gas before the reaction is completed, leading to distributed reaction zones.)
The basic approach in the ERCO-code is to describe a scalar quantitiy G to the
flame surface and track the flame evolution in time and space by solving an ap-
propriate transport equation.

Figure 4 shows density plots from a test calculation in which a flame front propa-
gates in a closed channel with obstacles. The flame expands to the right, com-
pressing unburned gas to increasingly higher pressures. Note that the interface
between burned and unburned gas remains well defined and is not smeared out
by numerical diffusion. A relatively coarse grid was used in this simulation to
demonstrate the robustness of the developed algorithm.

2.2 lLarge scale experiments
2.2.1 Premixed turbulent Hz-air combustion

Thirteen large scale experiments on turbulent combustion of premixed H;-air at-
mospheres were performed in the RUT facility near Moscow in 1993. These tests
were analyzed in detail during 1994. The results can be summarized as follows.

A. Loads

Three different combustion and load regimes were observed in the tests, depend-
ing on experimental parameters

- slow deflagrations,

- fast turbulent flames,




Figure 4. Simulation of a flame front in a closed channel with obstacles
(ERCO-code, RWTH Aachen).
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- DDT and local detonations

Typical pressure histories for these three combustion regimes are shown in Fig-
ure 5. Note that the pressure amplitudes increase with flame speed (from top to
bottom) and pulse widths decrease. Fast combustion processes are observed with
obstacles (BR = blockage ratio of obstacles, = % of flow cross section blocked).

The two most influenced parameters are hydrogen concentration and presence
of obstacles. A good characteristic measure for loads is the time-averaged side-on
overpressure <p>. The following observations were made:

- <p> is of the order of the adiabatic complete combustion pressure for
fast turbulent deflagrations,

- <p> considerably exceeds cJ-values close to the DDT location,
- <p> decreases with increasing vent size in case of deflagrations.

While the average pressure <p> depends on the combustion mode, the long
term impulse is practically independent of the combustion regime (= flame
speed). The impulse depends mainly on the energy content of the mixture.

B. Deflagration-to-detonation transition (DDT)

Transition to detonation was observed at a minimum H;-concentration of 12.5 %.
This is a much less sensitive mixture, than those for which a detonation transition
was obse_rved before (> 15 % H; in air).

This value of 12.5 % is not a limit from the view point of chemical induction times,
itis mainly determined by the scale of the enclosure. It was shown that the largest
part of the test volume (a room of 2.5 x 6 x 10.5 m3) was responsible for the deto-
nation onset. Overdriven detonations were observed near the DDT location.

The results confirm earlier observations in different tubes, that the larger the size
of the enclosure, the less sensitive mixtures are capable to undergo a DDT. The
new DDT results obtained in the RUT facility fit into a model which correlates the
mixture sensitivity to the size of the reacting mixture:
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Figure 5. Comparison of measured pressures for different combustion re-
gimes. TOP: test 19, slow deflagration. MIDDLE: test 17, fast turbulent
deflagration. BOTTOM: test 16, deflagration-to-detonation transition.
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L=7A
where L = characteristic length of reacting mixture = (volume)*

A = detonation cell width of the mixture.

This relation predicts that a reacting mixture must have a certain minimum size
(= 7N in order for aDDT event to be possible.

Figure 6 shows that the new large scale results from the RUT experiments confirm
the trend observed in many earlier experiments on smaller scale, done over a
wide range of volumes and chemical compositions. Extrapolation of this trend to
larger geometries, predicts that even mixtures below 12.5 % could allow transi-
tion to detonation. Since such mixtures are not far from the flammability limits
(= 5 % for upward and =~ 9 % for downward propagation) very little safety mar-
gin seems to remain in case of large containment burns.

The experimental results were reproducible with respect to the main features like
flame velocities, overpressures, DDT occurrence and location.
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Figure 6. Correlation of mixture sensitivity, expressed as detonation cell

width, with the characteristic diameter of the reacting mixture. With increasing
size, less sensitive mixtures are capable to undergo a detonation transition by tur-
bulent jet initiation.




2.2.2 Dynamic Hz-injection with spark ignition

Deliberate ignition with spark igniters is a potential hydrogen mitigation tech-
nique for large dry PWR containments. The basic idea is to burn the hydrogen be-
fore high concentrations can develop. This concept was tested extensively for ho-
mogeneously premixed, quiescent, isothermal initial conditions, lean mixtures
and empty test volumes without obstacles. Such conditions appear similar to con-
ditions far away from the break location where the hydrogen/steam mixture is
released, e.g. in the containment dome.

Additional verifications of the igniter concept are needed for other initial condi-
tions. The opposite extreme exists in the break compartment where a fast
Hy/steam jet is released into an air/steam environment.

The conditions here are:

- the source is initially inert (H, + steam),

- the jet entrains air and enters the combustible regime from the rich side,
- high velocity flow,

- high mass flow,

- turbulence induced from jet and obstacles, before and after ignition.

To investigate the results of deliberate ignition under such dynamic conditions,
experiments were performed in the RUT facility near Moscow. The test began in
1993 and were completed in 1994. A total of 17 tests was made. The main experi-
mental parameters were:

- total test volume 310 m3

- vent area 0.3-4m2

- H; release rate 0.1-1.2kgH3/s
- injection location low, high

- ignition frequency 0.1and 1 H>

- distance of ignitor from release point 5-20m
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Figure 7 shows a side view the experimental arrangement including source and igniter
locations, obstacles and instrumentation. The depth of the shown test volume is 2.5
m.

Figure 8 summarizes the test conditions and the separate effects which were investi-
gated in the respective experiments.

For interpretation of the results it is helpful to consider first the distribution phase
and then the combustion phase of these highly dynamic tests. The important physical
processes for the distribution phase are

- jet induced turbulent mixing with air near the source (air entrainment),

- buoyant rise of Hy-air mixture (stratification), and

- displacement flow of Hj-air cloud towards vent openings.

The distribution processes determine the initial conditions for the combustion phase.
Combustion is triggered only after an ignitable mixture arrives at the ignitor location.
The flame propagation was evaluated with the installed array of photodiodes. The
important processes for the combustion propagation and load development are:

- obstacle induceed turbulence,

- turbulence at geometrical cross section changes,
- DDT by jet ignition (for high Hz-concentrations),

- detonation propagation according to the local gas reactivity (high Hp-conc.).
The evolution of the combustion process is mainly determined by the total amount of
hydrogen present in the facility at the time of first ignition. This total amount de-

pends on the Hj-injection rate and the ignition time. Three possibilities were ob-
served.

1. No ignition because of insufficient H, at the ignitor location.

2. Ignition, flame acceleration, DDT and local detonations (for high injection rates
or late ignition time = large source-ignitor distance), example in Figure 9.

3. Ignition and slow deflagration (for low injection rates and early ignition time),
examples in Figure 10.
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Figure 7. Experimental configuration of RUT-tests with dynamic hydrogen injec-

tion and spark ignition. Depth of test volume in the third dimension was 2.5 m.
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TEST TABLE
UPPER INJECTION LOCATION

Injection  Injection First Time Ignition  Igniter

Test # rate time spark between time location
time sparks
(kg/s) (s) (s (s) (s)
IGNITER LOCATION AND IGNITION TIME

hyd24 1.26 10.74 8.52 10 8.52 lower
hyd25 0.84 7.26 432 10 432 lower
hyd26 0.71 12.15 8.62 10 8.62  upper

CONCENTRATION MEASUREMENTS
hyd27 0.60 7.35 13.97 10 33.97  upper

hyd28 0.99 11.60 69.10 - 69.10  upper
hyd29 0.59 7.98 14.3 10 343  upper
INCREASED VENTING

hyd30* 068  8.1+8.1 14.04 10 260.8  upper
CONTINUOUS HYDROGEN INJECTION

hyd31 * 0.73 25.46 14 10 21.4 upper
LOW INJECTION RATE
hyd32 *  0.10 58.5 2.75 10 52.75  upper
hyd33 *  0.12 55.0 60 10 no upper
ignition
hyd34 *  0.12 491 1.34 1 4534  upper
hyd35s*  0.12 439 29 1 439  lower
LOWER INJECTION LOCATION
Test # Injection Time of Time of Flame
rate (kg/s)  injection (s) ignition (s)  velosity
(m/s)
hyd36 * 0.186 7.4 3.7 40
hyd38 * 0.16 - 11.02 7.7 62
hyd39 * 0.148 11.32 23.92 6.1
hyd40 *  0.184 7.1 18.42 4.5

* venting 4 m2

Figure 8. Test matrix for large scale RUT-experiments with dynamic hydrogen in-
jection into air and spark ignition.




The explosion events that can take place for a high hydrogen inventory in the test vol-
ume, are essentially local phenomena which are centered around the space between
source and ignitor. The fast combustion sequences were not significantly influenced
by the Hj-injection rate (only total mass matters), and the spark frequency (ignition
only after arrival of Hy-cloud).

Multiple explosions were observed for continuous injection. This unexpected chain of
events is due to explosion venting of combustion products followed by re-entry of air,
mixing with newly released hydrogen, ignition and so forth.

The tests have been completed in 1994 and will be analyzed in 1995. Some prelimi-
nary conclusions at the present time are

- the possibility of local detonations near the H-source from deliberate ignition
should be taken into account,

- a detailed analysis of the hydrogen distribution processes prior to ignition is
very important for further insight and optimization of an ignitor system,

- the analysis of hydrogen combustion and resulting loads should include non-
uniform Hj-air-steam mixtures (clouds),

- distribution and combustion phenomena may be strongly coupled, which must
be considered and modelled correctly in severe accident analysis.
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3. Detonation ignition criteria

Deflagrations can develop under certain conditions into a supersonic combustion
mode, so-called detonations, which represents also another load regime. The pres-
sure peaks are generally higher but of shorter duration than those of turbulent
deflagrations.

For a successful deflagration-to-detonation transition three conditions are necessary:

1. Ignition of an explosion in a local hot spot of the reactive mixture.
2. Amplification of this detonation kernel to a strong pressure wave.
3. Transmission of the wave to the less sensitive mixture with a stable coupled

shock/flame front.

Different mechanisms have been identified which have the potential for fullfilling
these conditions in certain hydrogen-air-steam mixtures:

- flame acceleration (due to combustion generated turbulence in the unburned
gas),

- turbulent jet of hot combustion products entering a volume of unburned cold
gas,

- reflection or focussing of pressure waves in complex geometries,

- induction time gradients (so-called SWACER-mechanism),

- energetic source, e.g. strong spark,

- extended regions with high temperatures (above von-Neumann value).

The first three potential DDT mechanisms are significant for severe accident condi-
tions without question, the SWACER-mechanism probably too. The last two mecha-
nisms seem less relevant. The detailed DDT processes are very complex, in many as-
pects not well understood, and very difficult to simulate numerically. Therefore rela-
tively simple empirical criteria are determined experimentally, and used in the com-
bustion calculations to identify situations which could lead into the detonation re-
gime.

During 1994 results were obtained for the three potential ingition mechanisms de-
scribed below.
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3.1  Turbulent jet of combustion products

During a severe accident a burn may develop in one compartment of the containment
and propagate through an opening (e.g. door) into a neighbouring room, also filled
with a combustible mixture. The turbulent jet of hot combustion products (which may
also contain unburned hydrogen in case of a rich mixture) can either generate a
deflagration or a detonation.

Large scale experiments were performed by Kurchatov Institute in the specially de-
signed and built KOPER facility to investigate the critical conditions for jet initiation
of a Hy-air detonation on reactor relevant scale.

Figure 11 shows a front and a side view of the KOPER facility. A combustion was start-
ed in the 20 m3 jet chamber, which after rupture of a steel membrane, released a jet
of combustion products into the large unconfined test volume (193 m3) filled with dif-
ferent Hy-air mixtures and covered by a polyethylene sheet. The size of the jet orifice
was 1.2 x 1.2 m2. The membrane consisted of one or two layers of sheet metal, each
0.8 mm thick.

The instrumentation included pressure transducers inside of both volumes and out-
side the large test volume, photodiodes and high speed cameras.

Figure 12 summarizes the experiments. Six testswere performed to characterize the
properties of the turbulent jet leaving the jet chamber. The initial jet speed was be-
tween 350 and 550 m/s. The H; concentration in the jet chamber ranged from 15 to
35.5 % H» in air.

Five tests investigated the critical conditions for detonation ignition of large, uncon-
fined Hj-air clouds by a turbulent jet. Two combustion regimes were observed:
Deflagrations occurred at 16 to 22 % H; in air, the flame speeds were 500 to 700 m/s,
and the measured overpressures between 1 and 3 bar. A detonation occurred at 25 %
H; in the large test volume. The measured detonation velocity was 2030 m/s and the
peak overpressures between 17 and 29 bar. The detonation ignition was promoted by
an interaction of the jet with the steel frame, used to hold the polyethylene cover.

The measured peak overpressures inside the large test volume are compared in Figure
13 for jet experiments (cycl7 and cyl10), 4 deflagration experiments, and the detona-
tion test (cyl12). The overpressures clearly demonstrate that the two different com-
bustion regions correspond to significantly different load regimes. As in the earlier
KOPER tests with a smaller jet diameter, detonations were not observed below 25 %
hydrogen in air.
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Scheme of the KOPER Facility
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Figure 11.  Front and side view of the KOPER facility used for large scale tests on tur-
bulent jet ignition of unconfined Hj-air mixtures.
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Test# H, conc. H, conc. # of Remarks
Jet Half-cylinder Membranes
(% vol.) (% vol.)
Jet experiments
eyl 17 - 1
cyl2 19 - 1
cyl3 15 - 2
cyld4 18.2 - 1
cyl7 35-40 - 1
cyl10 35.5 - 2
Initiation experiments
cyl5 18.6 16.3 1
cylé 21 20 1
cyl9 34.5 20 1
cyl11 35 22 2
cyl12 36 25 2 detonation

Figure 12. Summary of KOPER tests. Six experiments were performed to character-
ize the turbulent jet, five tests were made to investigate the critical conditions for det-
onation ignition. Four deflagrations and one detonation were observed.

Overpressure iside mixture, P (Bar)

30

KOPER 1994

oyls
(=%
cyi7
cyl9
cyt10
cyli1
oyl12

Distance inside mixture, X (m)

Figure 13. Measured peak overpressures inside the large test volume. X = distance
from jet orifice. Two combustion regimes were observed: fast turbulent deflagration

and detonation.
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3.2 Pressure wave focussing

When pressure waves enter non-planar converging geometries regions of elevated
pressure and temperature are formed. In reactive systems these "hot spots” can trig-
ger different combustion processes, ranging from slow deflagrations to fully devel-
oped detonations. Examples for converging geometries in a containment are e.g. 2d-
edges, 3d-corners, or the hemispherical containment dome. Potential pressure sources
under severe accident conditions are

- ex-vessel steam explosions,

- vessel failure,

- pipe rupture or valve opening,
- pre-cursor waves of fast flames.

Shock tube experiments were performed at the Russian Academy of Sciences to deter-
mine the critical Mach number of a pressure wave needed to induce the different
combustion regimes. The following experimental parameters were investigated:

- reflector geometry (2d and 3d)
- hydrogen concentration in air
- incident Mach number.

The instrumentation included fast pressure transducers and newly developed optical
temperature gauges, which allow measurement of the average gas temperature in
the light path. Figure 14 shows the arrangement of reflector, pressure gauges (PG)
and photodetectors (PD).

Figure 15 composes measured temperatures and pressures for a (15 % H;+ air)-
mixture and for a parabolic reflector. At an incident Mach number of M = 2.21 a mild
ignition is observed. The reaction front propagates behind the leading reflected shock
front. At M = 2.29 a transient combustion regime developed, with higher pressures
and smaller ignition time. Increasing the Mach number to 2.40 results in strong igni-
tion of the lean Hj-air mixture. The temperature and pressure rise behind the re-
flected shock is very fast. The coupled detonation-like complex of shock and reaction
travels along the tube in a stable manner.
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Figure 15. Comparison of measured temperature and pressure histories for differ-
ent incident Mach numbers in the mixture 15 % H+air and parabolic reflector geom-
etry.
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The regime of “mild ignition” is characterized by relatively long induction times (100 -
1000 ps) and the regime of “strong ignition” by short induction times (1 - 10 ps). These
times are needed to build up a suffiently high concentration of reactive radicals. The
two different modes of “mild” and “strong” ignition correspond to two different re-
gimes in the detailed reaction chemistry, called “thermal explosion” and “chain
branching”.

The Mach numbers necessary for the various self-ignition regimes depend on the mix-
ture composition. Figure 16 summarizes the results for a 3-d corner geometry.
Stoichiometric mixtures can be ignited easier than lean or rich mixtures, ranging from
M = 1.1 for mild ignition to M = 1.9 for detonative (strong) ignition.

Changing the initial pressure of the combustible mixture between 1 and 5 bar had no
significant influence on the self-ignition behaviour. The addition of CO to the Hj-air
mixture had the same effect as the corresponding increase in hydrogen. CO has the
same apparent reactiveness as hydrogen. The addition of NO decreased the critical
Mach numbers at given hydrogen concentration slightly. NO promotes the self-
ignition processes.

The described critical Mach numbers were measured on small scale (shock tube and re-
flector diameters were 54 mm) and should be considered conservative values. It is an-
ticipated that the critical Mach numbers decrease with increasing scale because the
time available for the compression of reactive gas should increase with the scale. The
data obtained so far serve as conservative detonation ignition criteria, which could be
improved by few large scale tests.

3.3 Induction time gradients

Theoretical calculations predict that in reactive systems with non-uniform induction
times a local combustion starting at a certain hot spot can spontaneously develop into
a stable detonation if the flame velocity becomes equal to the local sound velocity.
Under this condition a coupling exists between the chemical and the gas dynamical
processes, which leads to a rapid acceleration and escalation into a detonation. This
phenomenon is named SWACER (= Shock Wave Amplification by Coherent Energy
Release).

A spatial distribution of the induction time can be due to a concentration gradient or
a non-uniform temperature distribution.
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Figure 16. Incident shockwave Mach number necessary for different regimes of
self-ignition in Hj-air mixtures. Mild ignition corresponds to turbulent combustion,
strong ignition to detonation.
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A theoretical model was developed at the Russian Academy of Sciences which solves
the one-dimensional equations of reactive gasdynamics for non-uniform initial con-
ditions. The pressure evolution was analyzed for lean Hz-air mixtures, different initial
pressures, initial peak temperatures and temperature gradients. Two possible out-
comes exist:

- the local reaction at the hot spot develops into a burn with uncoupling of flame
and shock after some distance, e.g. 0.06 min Figure 17, or

- a resonance exists between the chemical and the gasdynamic time scale, lead-
ing to a stable, self-propagating detonation front, e.g. after 0.25 m in Figure
18.

Figure 19 summarizes the calculated peak pressures for a large number of initial con-
ditions. The pressure increase is normalized by the initial pressure po. The large pres-
sure ratios correspond to detonation onset by the SWACER mechanism. The range of
critical temperature gradients is 5 - 40 K/cm for peak temperatures of T = 1300 - 1500
K, and a 15 % Hj/air mixture. The critical domain is very similar for other lean Hj-air
mixtures.

Typical temperature gradients for severe accident conditions were estimated from the
HDR-test E11.2. Far away from the break location the maximum temperatures and
temperature gradients are well below the identified SWACER regime (T, < 473 K,
dT/dx < 0.5 K/cm). In these regimes, the spontaneous detonation ignition due to a
n