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ANALYSIS OF REACTIVITY INITIATED ACCIDENTS FOR ITU TRIGA
MARK Il RESEARCH REACTOR AND THE DEVELOPMENT OF A NEW
ANALYSIS CODE

SUMMARY

Safety analyses have been performed in this study on the ITU TRIGA Mark i
Research Reactor commissioned in 1979 for different reactivity initiated accidents
(RIA) scenarios. The study starts by highlighting the importance of safety analysis and
research reactors in nuclear industry, benchmark analysis aspect, the evolution of the
computational and numerical modelling methodologies in developing codes for the
utilization in safety analysis.

The objective of this study has involved two phases, first phase consists of; a multi-
physics model of ITU TRIGA MARK Il using EUREKA-2/RR code. This is a known
computer code for transient analysis of the neutronic and thermal-hydraulic behavior
for safety analysis of severe accident scenarios (i.e., LOFA, RIA, and LOCA). The
model has been used for safety analysis of seven different RIA events. The model
development has been initiated by adapting the neutronic models developed by
MCNP-V for neutronic fluxes determination and Serpent-2 for finding neutronic
parameters (such as; decay constants, delayed neutron fractions, etc.) for six and eight
groups. However, the EUREKA-2/RR code has fixed set of neutronic parameters
related to precursors groups. Thus, no change has taken place to that respect, except
for the effective delayed neutron fraction and prompt neutron generation lifetime.
Besides, DISSUE, ICETEA, and PREDISCO codes have been utilized to construct the
transient EUREKA-2/RR model. Due to the modelling scheme of EUREKA-2/RR, the
thermal hydraulic system has been divided into five channels, each has 10 control
volumes (segments) that represent the flow and the heat generation. The scenarios are:
protected (with a control system delay of 0.1 second) and unprotected RIA with
reactivity insertion (dk/k/step); 0.468%/step, 0.935%/step, and 1.872%/step, also
unprotected RIA with slow reactivity insertion rate of 1.872%/ (0.5 seconds) and fast
protected (control system delay is 0.01 second) for RIA of 1.872%/step.

The second phase consists of; a completely original code developed for TRIGA
MARK Il with cylindrical fuel type for simulating the RIA scenarios, and the
algorithm has been written using MATLAB programming language. The thermal
hydraulic system represented by two channels (hot and average) and two dimensions
(radial and axial), also the methodologies adapted are as following; pointwise constant
function for the solution of point kinetic equations. The code has the freedom in
implementing different neutronic parameters of the concerned reactor. Backward fully
implicit finite different method has been adapted for solving the governing equations
and heat conductivity equation, in order to escape from the stability restriction imposed
by other methods, regarding time step size. Furthermore, hydraulic formulas and heat
transfer package have been chosen to suit ITU TRIGA MARK 11 characteristics. The
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heat transfer package is able to predict the heat flux and heat transfer coefficient till
the subcooled boiling region. The initial fields are solved analytically, which also
represent the parameters of steady-state (operational) conditions. Therefore, the TM2-
RIA code aims to predict the TRIGA Mark Il behaviors during operational and
transient accidental scenarios. The analyzed RIA scenarios with reactivity insertions;
0.468%/step, 0.935%/step, and 1.872%/step. Moreover, to investigate the capability of
TM2-RIA and the influence of different sets of neutronic parameters, the analyses have
been extended for each RIA scenario by implementing three sets of neutronic
parameters; the fixed set utilized by EUREKA-2/RR, six groups and eight groups
generated by Serpent-2 model of ITU TRIGA MARK Il. Keeping in mind that the
analyses consider only forced convective cooling.

The safety analyses demonstrated by EUREKA-2/RR model, have shown the
influence of reactivity insertion magnitude, the time between each reactivity insertion,
automatic scram control and the delay of the scram action. The results have shown that
how significant the influence of the reactivity insertion rate can be. For 1.872%/step;
peak power reached more than 450 MW, while in case of 0.935%/step and 0.468%/step
they reached around 3 MW and 0.7 MW, respectively. The protected cases have shown
strong negative net reactivity, causing a sloppy and a fast increase in the DNBR after
it reaches its minimum values. This ensures the safety of the reactor for the three
investigated reactivity insertions. However, the bigger the magnitude of reactivity
insertion is, the lower the influence of the scram becomes, especially at the reactor
Kinetics starting stages. The influence of scram is hardly noticed in case of 1.872%/step,
especially at the longer delay, while in case of short delay 0.01 sec peak power has
reached 438 MW. On the other hand, in case of 0.935%/step, the scram influences the
power change behavior, where the reactor’s power drops within 1 second to power
level less than the operational power. Moreover, the difference in reactor’s response
due to slow reactivity insertion of 1.872%, when it is compared to fast (step) reactivity,
has been translated into; time shifting in peak power occurrence (0.35 seconds
difference between fast and slow RIA), and a lower magnitude of power (~117 MW).

It has been concluded that the EUREKA-2/RR model ensures safe performance of ITU
TRIGA MARK II for all the presented cases, since all values are inside the safety
margins addressed by the safety analysis report and other literature sources. It should
be kept in mind that the highest cladding surface temperature and minimum DNBR
are around 152°C and 1.19, respectively. That wouldn’t violate the safety of the reactor
for more conservative safety margins, since the time of their presence is very short.
Besides, in all presented scenarios; the power, fuel and cladding temperatures start
declining very rapidly afterwards due to the reactivity feedbacks features of TRIGA
MARK 11 till it reaches a quasi-static transient region, where both external and
feedback reactivities almost compensate each other.

The analysis carried out using TM2-RIA code have shown promising performance
since the expected trends of power, temperatures, and DNBR have been predicted
during operational and transient states. The study has shown the influence of segments’
size and number in the steady-state’s calculations. In addition, the code doesn’t fail to
simulate ITU TRIGA MARK I for the presented sets of neutronic parameters. These
indicate the flexibility and the advantages that TM2-RIA possess comparing to
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EUREKA-2/RR in these regards. Furthermore, the results extracted from TM2-RIA
ensures the safety of ITU TRIGA MARK 11 for the unprotected RIA scenario in case
of 1.872%/step. Although the minimum DNBR has been (~0.9) in two of the neutronic
sets, no critical consequences have been observed due to the very short time of the
reactor being at this state. That being said, the code failed to predict the 0.468/$ RIA
event smoothly, where unexpected and strong sloppy decrease has been observed after
5 seconds in power behavior. This can be attributed to the adapted point Kinetics
solution method, therefore, more improvement in that regard should take place in the
future.

By the comparison of TM2-RIA and EUREKA-2/RR results, it can be observed that
they show fairly good agreement for RIA scenario of 1.872%/step. Although the trends
have kept their similarities throughout the full transient time, the gap between the two
trends started being more noticeable with time. Investigation of coolant temperature
change has been insightful in understanding the reason behind such change in
behavior, which leads into change in heat transfer characteristics. This indicates the
impact of the different numerical methods adapted in solving the energy equation.
Furthermore, the differences between the performance of the two codes, which
becomes more obvious at lower magnitude of RIA events. Can be attributed to the
effect of many differences in the code’s structures (point kinetics solution method,
number and size of control volumes and channels that describe the thermal-hydraulic
system, initialization, reactivity feedbacks calculations, etc.).

The influence of neutronic parameters of precursors groups investigation is proved to
be essential in understanding the impact of the neutronic parameters choice. It also
proves how important it is to utilize the correct set that is also compiling with the point
kinetics solution method. The results have shown how each set of neutronic parameters
influence may vary with respect to the reactivity insertion rate and causing differences
in predicting the concerned parameters. This can be seen by calculating the temporal
location where the critical values are reached, in some cases time difference is more
than 0.5 seconds. Besides, by evaluating the maximum relative differences of
concerned variable (whereas the fixed set in EUREKA-2/RR selected as reference),
they have been found to be; 6%, 42% and 13%, corresponding to RIA from the lowest
to the highest reactivity insertion, respectively.
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ITU TRIGA MARK I1 REAKTORUNDE REAKTIVITE ILE BASLATILMIS
KAZALARIN ANALIZi VE YENI ANALiZ KODUNUN GELISTiRILMESI

OZET

Bu calismada, farkli RIA (Reactivity Initiated Accident) senaryolar1 i¢in 1979 yilinda
isletmeye alman ITU TRIGA Mark II arastirma reaktoruinin guvenlik analizleri
yapilmistir. Bu c¢alisma; niikleer endiistride giivenlik analizinin ve arastirma
reaktdrlerinin 6neminin yani sira karsilastirma analizlerinin, giivenlik analizlerinde
kullanilmasi i¢in kod gelistirmede kullanilan niimerik modelleme metodolojilerinin
gelistirilmesinin 6nemini vurgulamaktadir.

Bu calismanin amagclarindan ilki EUREKA-2/RR kodunu kullanarak ITU TRIGA
Mark II arastirma reaktoriiniin multifizik modelini olusturmaktir. Bu kod ¢esitli kaza
senaryolariin (LOFA, RIA ve LOCA gb.) giivenlik analizini yapmak igin nétronik ve
termal hidrolik davranisin gegici durum analizlerinde kullanilmaktadir. Bahsedilen
model, yedi farkli RIA senaryosunun giivenlik analizi i¢in kullanilmigtir. Modelin
gelistirilmesine, notron akilari igin gelistirilen MCNP-V ile n6tronik parametreler igin
gelistirilen Serpent-2 ndtronik modellerinin adaptasyonu ile basglanmistir. Bununla
birlikte EUREKA-2/RR kodunda, 6nctl gruplar icin sabit noétronik parametreler
kullanilmistir. Bu nedenle sadece etkin gecikmis ndtron orani ve ani ndtron iiretim
zamant hari¢ kodda bir degisim yapilmamistir. Ayrica, gecici durum EUREKA-2/RR
modelini olusturmak i¢in DISSUE, ICETEA ve PREDISCO kodlar1 kullanilmistir.
EUREKA-2/RR kodunun modelleme 6zelliklerine gore termal hidrolik sistem, her biri
akis1 ve 1s1 iiretimini temsil eden 10 kontrol hacmine sahip bes kanala boliinmiistiir.
Analizi yapilan senaryolar: 0,468%/adim, 0,935%//adim ve 1,8728/adim’lik reaktivite
girisi (dk/k/adim) ile korunmali (0,1 saniyelik gecikmeli bir kontrol sistemi ile) ve
korunmasiz RIA analizi, ayrica 0,5 saniyede 1,872$/adim’lik korunmasiz yavas
reaktivite girisi oran1 ve 1,872%/adim’lik korunmali hizli reaktivite girisi orani ile RIA
analizi.

Bu ¢alismanin ikinci amact ise RIA senaryolarinin simiilasyonu igin ITU TRIGA Mark
reaktoriine 6zgii orijinal bir kod gelistirmektir. Kodun algoritmast MATLAB programi
kullanilarak yazilmistir. Termal hidrolik sistem iki kanal (sicak ve ortalama) ve iki
boyut (radyal ve eksenel) ile olusturulmustur. Ayrica metodoloji olarak nokta kinetik
denklemlerinin ¢6ziimii i¢in nokta tabanli sabit fonksiyon kullanilmistir. Kod ilgili
reaktor icin farkli ndtronik parametreleri uygulamak adina uygundur. Zaman araligina
bagli olarak diger yontemlerin getirdigi stabilite kisitlamasindan kaginmak adina ana
denklemleri ve 1s1 denklemini ¢6zmek icin backward implicit (geriye kapali) sonlu
fark yontemi kullamlmustir. Hidrolik formiiller ve 1s1 transferi paketi ITU TRIGA
Mark II aragtirma reaktoriiniin 6zelliklerine uygun olarak segilmistir. Is1 transferi
paketi, 1s1akisini ve 1s1 iletim katsayisini sogutulmus kaynama noktasina kadar kendisi
belirleyebilmektedir. Normal c¢alisma kosullarinda kullanilan parametreler analitik
olarak ¢oziilmiistiir. Bu nedenle TM2-RIA kodu, ITU TRIGA Mark II arastirma
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reaktoriiniin hem duragan haldeki hem de gegici durum davranisini analiz etmeyi
amaclamaktadir. Reaktivite girisleri (dk/k/adim) ile analiz edilen RIA senaryolari;
0,468%/adim, 0,935%//adim ve 1,872%/adim *dir. Ayrica, farkli nétronik parametrelerin
etkisini ve. TM2-RIA kodunun kapasitesini gozlemlemek adina ti¢ set notronik
parametre uygulanarak analizler her bir RIA senaryosu igin genisletilmistir. Bu
parametreler; EUREKA-2/RR kodu tarafindan kullanilan ve ITU TRIGA Mark 1II
arastirma reaktoriiniin Serpent-2 modeli ile Gretilen 6 ve 8 gruplu notron
parametreleridir.

EUREKA-2/RR modeli ile yapilan giivenlik analizleri, reaktivite girisi degerinin, her
reaktivite girisi arasindaki zaman farkinin, otomatik ani durdurma kontroliiniin ve ani
durdurmadaki gecikmenin etkisini gostermistir. Sonuglar, reaktivite girisi orani
etkisinin ne kadar 6nemli oldugunu gostermektedir. 0,935%/adim’lik reaktivite girisi
i¢in yaklasik olarak 3 MW, 0,468%/adim’lik reaktivite girisi i¢in ise 0,7 MW’a ulasan
maksimum gu¢, 1,872%/adim’lik reaktivite girisi igin 450 MW’dan dan yiiksek
cikmistir. Korunmali reaktivite girisi analizleri, minimum degerine ulastiktan sonra
DNBR’de hizl1 bir artisa neden olan negatif reaktivite gostermektedir. Bu durum analiz
edilen reaktivite girisleri i¢in reaktdriin giivenli oldugunu garantilemektedir. Bununla
birlikte 6zellikle reaktor kinetiginin baslangi¢c sathalarinda, reaktivite giris degeri
arttik¢a ani durdurmanin etkisi azalmaktadir. 0,01 saniyelik kisa gecikmeli durumda
maksimum gii¢ 438 MW degerine ulasirken, 6zellikle uzun gecikmeli durumlar i¢in
1,872%/adim’lik reaktivite girisinde ani durdurmanin etkisinin ¢ok az oldugu
gozlemlenmistir. Diger yandan, 0,935%/adim’lik reaktivite girisinde, reaktor giiciiniin
1 saniyede ¢alisma giiciinden daha az bir degere diistiigii durumda ani durdurmanin
etkisinin gii¢ degisiminde etkisi oldugu gozlemlenmistir. Ayrica, reaktoriin 1,872’11k
yavag reaktivite girisine tepkisi hizli reaktivite girisi ile karsilastirildiginda maksimum
glic 0,35 saniye daha gecikmeli meydana gelmektedir ve degeri (~117 MW) daha
azdir.

Tim givenlik marjinleri guvenlik raporunda ve referans dokiimanlarda belirtilen
giivenlik limitleri igerisinde kaldigi i¢in EUREKA-2/RR modeli, bahsedilen tim
analizlerde ITU TRIGA Mark arastirma reaktdriiniin giivenliginin saglandigim
gostermektedir. Maksimum zarf yiizeyi sicakligi 152 °C ve minimum DNBR degeri
1,19 olarak gozlemlenmistir. Bu degerler ¢ok kisa siireligine gozlemlendigi icin
reactor giivenligi agisindan bir sorun teskil etmemektedir. Ayrica, analizi yapilan tiim
senaryolarda ITU TRIGA Mark II arastirma reaktoriiniin negatif reaktivite besleme
ozelliklerine istinaden, yakit ve zarf sicakliklar1 hizlica diismeye baslamistir.

TM2-RIA kodu kullanilarak yapilan analizler, gecici durum ve normal g¢alisma
kosullarinda gii¢, sicaklik ve DNBR dagilimlari i¢in beklenen sonuglar1 verdigi icin
giicenilir bir performans gostermistir. Bu ¢alisma duragan durumda calisan reaktor
icin kontrol hacim boyutunun ve sayisinin hesaplamalardaki etkisini gostermektedir.
Ayrica bu kodun, belirtilen ndtronik parametreler igin ITU TRIGA Mark II arastirma
reaktOriiniin simiilasyonunda basarili oldugu goézlemlenmistir. Bu agidan TM2-RIA
kodu, EUREKA-2/RR kodu ile karsilastirildiginda daha avantajlidir. Bunun yanisira,
TM2-RIA kodu 1,872$/adim’lik korunmasiz RIA senaryosu igin ITU TRIGA Mark II
aragtirma reaktdriiniin giivenliginin saglandigini gostermistir. Iki nétronik parameter
seti icin DNBR degeri (~0,9) minimuma ulagmasina ragmen, reaktor bu durumda ¢ok
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kisa siirede kaldig1 i¢in herhangi bir kritik sonugla karsilasilmamistir. Bununla birlikte
kod, 0,468%/adim’lik reaktivite girisinden bes saniye sonra gii¢c davranisinda
beklenmedik ani diisilise sebep olarak tutarli sonuglar géstermemektedir. Bunun nedeni
uygulanan nokta kinetik ¢ozim yoéntemi olabilir, bu nedenle gelecekte yapilacak
caligmalarla kodun gelistirlmesi gerekmektedir.

TM2-RIA ve EUREKA-2/RR kodu sonuglar1 karsilastirildiginda, 1,872$/adim’lik
reaktivite girisi senaryosu i¢in tutarli sonu¢ gosterdileri gozlemlenmistir. Bununla
birlikte, tim analiz siiresi boyunca tutarsizliklar da goézlemlenmistir. Sogutucu
sicakligl degisiminin incelenmesi, 1s1 iletimi 6zelliklerinde degisime neden olan boyle
bir davranisin arkasindaki nedenleri anlamada etkili olmustur. Bu durum, enerji
denklemlerini ¢ozmede farkli niimerik yontemlerin etkisini gostermektedir. Bunun
yanisira, diisiik degerli RIA olaylarinda daha belirgin olan iki kod arasindaki
performans farki kodlarin yapisindaki; nokta kinetik denklemlerinin ¢dziim yontemi,
termal hidrolik sistemi tanimlayan kontrol hacimlerinin ve kanallarin sayis1 ve boyutu,
reaktivite besleme hesaplamalar1 gibi bir¢ok farkliliga baglanabilir.

Onciil gruplarin ndtronik parametrelerinin etkisinin sorgulanmasi, nétronik parametre
se¢iminin Onemini anlamada esastir. Bu ayrica, nokta kinetik denklemlerinin
coziimiinde kullanilacak dogru nétronik parametre setlerini se¢gmenin Onemini de
gostermektedir.  Sonuglar, her nétronik parametrenin etkisinin reaktivite girisi
oranlara gore nasil degistigini gostermektedir. Bu, bazi durumlarda 0,5 saniyeden
fazla zaman farki i¢in kritik degerlerin ulasildigi zaman araliginda gézlemlenebilir.
Bunun yanisira, EUREKA-2/RR’de kullanilan sabit notronik parametre setinin
referans alindig1 yerde ilgili degiskenin maksimum relatif farkliliklar1 hesaplanarak en
diisiik reaktivite girisinden en yiiksek reaktivite girisine kadar ilgili RIA igin
hesaplanan gii¢ farki sirastyla; %6, %42 ve %13 olarak bulunmustur.
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1. INTRODUCTION

Multi-Physics safety analysis is a major aspect in the nuclear industry and it has been
becoming more and more essential with time advancing. That’s due to its critical value
in promoting and attracting trust towards the nuclear energy. It is driven by the
assurance of an efficient and safe performance of a nuclear reactor. Because of that, a
lot of attention has been focused on creating, improving, and implementing new tools
to have a robust structure in conducting the safety analyses, both experimentally and
numerically. Research reactors became one of the most essential and first steps in
strengthening the safety analyses, and verifying conceptual reactor design and safety
systems. Not only in the leading countries in nuclear industry, but expanding that to
include new members in the nuclear research field worldwide. However, high costs
and the lack of technological resources in some cases made conducting experiments a
limited option. Therefore, the role of numerical and computational modelling became
very focal in the last couple of decades. That’s why more focus has been paid in
developing and delivering a more reliable multi-physics models, which are able to
replicate and predict the behavior of a nuclear reactor. In order to fill the void that is
not covered by the experimental means. Since safety analysis mainly concerns the
transient behavior of a nuclear reactor post to a severe accident, such as; LOCA,
LOFA, RIA, and many others. Therefore, reliable codes must be able to simulate the
incidents and the physical behaviors which take place in the reactor during those

stages.

That being said, the main challenge in adapting the numerical model is validating it.
Because of that, benchmark data and analyses have been carried out in order to
examine the numerical model capabilities in simulating the real dynamic behavior of
a reactor. Not only in operational conditions but also in accidental scenarios. Research
reactors is the main source of the benchmark data when it comes to accident scenarios,
since they are designed for their limits to be pushed. Materials Test Reactor (MTR)
with power of 10-MW was one of the oldest research reactors to provide set of
benchmark data. Besides, the tests which were performed under the program (SPERT)

became a very valuable reference. The reactivity insertion tests and self-limiting
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reactor power excursion tests were demonstrated in SPERT-III and SPERT-IV,
respectively. The SPERT facilities contained small PWR; highly enriched oxide-
fueled plate type with water as moderator. The first set of tests presented in [1] which
is more related to the current study, considered three initial operation conditions
regarding the coolant temperature; cold startup (~21°C), hot startup (~127°C) and
(~260°C) and hot standby (~260°C). Whereas, reactivity insertions ranged from 0.5-
1.3% had been applied for operating conditions similar to commercial PWR. The
research results showed that the cold startup initial condition was responding to the
reactivity insertion rate, mainly due to fuel temperature change (Doppler broadening)
with contribution of (85-95%), and no real damaging power excursions was noticed.
On the other hand, cases under hot startup conditions showed similar response, but
with a higher peak power level in case of the hotter coolant condition case. Even
though, none of them made a big difference with the first case, which indicated that
the PMH effect played a more significant role in the dynamic response of the reactor
with a contribution of (20-35%). However, in the hot standby case a much higher peak
power was reached in a shorter time. Keeping in mind that this case was more
dependent on the reactivity rate influence than the previously mentioned cases. The
same research’s data used for testing (benchmarking) both PARET and IREKIN
models, the former gave errors within 30%, whereas the latter had a much larger error
margin with respect to the experimental data. Despite that, these results don’t resemble
the current efficiency of computational modelling capabilities, and a lot of

improvements have taken place since then.

The second set of tests presented in [2] involved a stepwise excess reactivity insertion
was considered, while short to relatively long periods and no forced to forced cooling
(hydraulic conditions) influences had been investigated. It was concluded that the
forced convection impact causes higher peak power and power bursts, which was more

observable in a long period interval by having a more random oscillatory behavior.

These two sets benchmark data became a reference for many works to come since then
related to codes validation. One of these works is presented by Margulis and Gilad [3],
in which the SPERT-1V tests had been highlighted and used for benchmark analysis
of a new two phase model introduced in this work for THERMO code, through a
coupled system (neutronic and thermal-hydraulic) of Serpent and THERMO codes.

The results showed that the model is unable to predict the temperature distribution in



the reactivity insertion rates (0.88-1.14%$). The power was predicted fairly good at
0.88% but not with high mass flow rate, although the power and temperature trends
were correctly extracted. Therefore, it was concluded from the research that the first
form of the two-phase model cannot be recommended and more advanced work need
to be done to improve the two phase model. Dokhane et al. [4] performed validation
of CASMO/SIMULATE-3K models against the benchmark data extracted in [1] for
cold startup case. In addition, the work conducted uncertainty analysis in which it
showed that most of the analysis concerned the power, reactivity, fuel temperature and
enthalpy were in good agreement with the experimental result. However, slight
deviations occurred but due to the small time zone they take place in, that doesn’t
eliminate the validity of the presented models. However, the models should simulate
further scenarios to justify their reliability, since only the cold startup case was

concerned.

The issue with benchmark analysis is that not all data falls for all reactors. For
example; the data introduced in [1] and [2] are specific to the properties of the reactors
that are similar to the PWR that has been tested, when it comes to geometry of the
core, fuel material composition, flow mass, etc. They are not valid for BWR or some
type of research reactors. Hence, not all codes meant to have the same level of
reliability to simulate or model any reactor. There are many parameters play role in
defining modelling code scheme; approach in defining the system, i.e. sub-channel as
the case in COBRA [5], closed channel as in EUREKA [6] and PARET [7], the spatial
dimensions, for steady-state (i.e., COOLOD-N2 [8]) or transient analyses (EUREKA),
fuel and cladding geometry and materials type, which equations are considered to be
solved and the numerical methodologies adapted in solving the equations, heat transfer
correlations package, etc. That being said, all experiments no matter what type of
reactor it concerns can help in building a common sense on understanding the behavior
in nuclear reactor. Because of that, many works considered benchmarking or verifying
their numerical codes using code to code comparison approach, while some depended

on creating models through the well-known used codes.

PARET/ANL and RELAP5/MOD3 were benchmarked with the SPERT-IV
benchmark data, and the performance of the codes compared against each other by
Woodruff et al. [9], the results had shown fairly good agreement. However,

RELAP5/MOD3 was modified than its original version when it comes to heat transfer



correlations by utilizing a more reliable correlation for single phase flow in research
reactors (Petukhov correlation, where the original version considered Seider-Tate

correlation).

Heat transfer correlations (CHF or heat transfer coefficient) play huge role in the
thermal hydraulic behavior of a flow in reactor, which correspondingly cause
deviations in the safety parameters such as DNBR, surface temperature and other
related parameters. The reason behind that is all heat transfer coefficients are
empirically defined. Thelera and Freisb [10] adapted the theory proposed by
Schroeder-Richter and Bartsch [11] and compared it with Chen’s correlation, the
developed function produced some promising results, but still the CHF was

overestimated.

Furthermore, Guo et al., established RELAP5/MOD3 model for JRR-3MW research
reactor was developed to simulate the consequences of LOFA occurrence [12]. It was
concluded that departure from nucleate boiling occurred at flow blockage fraction of
50%, but the RELAP model wasn’t able to predict the complicated two-phase flow
behavior. A further study was presented in [13], it showed how the 3D-detailed model
developed by CFD code FLUENT was able to resemble the physical phenomena better
than the RELAP model. But both models couldn’t accurately predict the behavior of
the reactor and when DNB takes place. The last three highlighted studies reflected how
RELAP5/MOD3 lacks the correct set of heat transfer correlations that are suitable for

research reactors.

On the other hand, PARET/ANL is more commonly used in modelling research
reactors, since basically it is designed to simulate the thermal-hydraulic behavior in a
nuclear research reactor. Boulaich et al. [14] and Babitz [15] had utilized PARET code
in safety analysis; the first study ensured the safety of the TRIGA Mark Il during RIA
events while scram considered, while the latter simulated the operating condition and
ensured the safety of the UUTR.

EUREKA-2/RR is another common and proved to be a reliable code in predicting the

behavior of research accidents for safety analysis. The code was used by Badrun et al.,

to model TRIGA Mark Il 3MW research reactor during operational state [16]. It

produced close results to the PARET and COOLOD-N2 models developed and

benchmarked in previous works for the same reactor. The model then used for

simulating the transient behavior of the reactor during LOFA and RIA accidents; in
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which the profiles of DNBR, fuel, cladding temperature, power, flow rate, reactivity
and reactivity feedbacks were all extracted and proved the safety of the reactor during
those events. The safety of the reactor was also justified by the agreement of the results
with the safety report addressed in the work. This strengthened the confidence in
adapting the EUREKA model in further studies presented in [17] and [18], where
unprotected analysis for RIA and LOFA were conducted (unprotected analysis means
no scram action was considered), respectively. In the first study the results showed
how Doppler effect in TRIGA Mark 11 helps in sustaining the reactor operates safely,
even though the cladding temperature was exceeded but for very short time, hence, the
reactor considered safe through the concerned event (till 2.0% dk/k). On the contrary,
the second study found departure from nucleate boiling occurrence, hence, the reactor
wasn’t considered safe at that stage (for 85% loss of flow). The previously mentioned
reactor was a cylindrical fuel type reactor, and similar studies on the fuel plate type
JRR-3MW and KUR low-enriched Uranium silicide fuel core research reactors were
conducted by Kaminaga [19] and Shen et al. [20]. That shows how the code performs

well in a wider range of reactor types and scenarios.

It was highlighted in [21] some of safety analysis works that had taken place prior to
the studies date related to research reactors, also proposed various research topics to

be further considered regarding research reactors multi-physics analyses.

The current study doesn’t only concern the utilization and modelling of a reactor
transient behavior using a common code. Since as mentioned before codes may not be
always suitable for the study case, and usually they need a lot of time and skills to
master. Thus, the current study goes even further in the development of a specific
multi-physics model for TRIGA Mark Il research reactor using different numerical
methodologies, correlations and algorithms. Therefore, it is worthy to highlight some
similar works and discuss the scheme that was adapted. The model introduced by
Housiadas [22] is a very simplified model, where the whole nuclear reactor was
lumped into one control volume coupled with point kinetics equations, whereas only
fuel and coolant temperatures embody the temperature distribution. The model is very
simple to implement, however, the model was only testified for a slow insertion rate
and for less than (1.5%/0.5 second). Besides, the results showed a significant deviation
in comparison with more detailed models. Similar approach was taken in the model

proposed by Kazeminejad [23], however, the code was developed for LOFA analysis,



where a flow inversion model was introduced. The model was applicable only for long
period LOFA, since only single-phase flow was modelled. While in the model
introduced by Margulis and Gilad [24], the point kinetics and the heat transfer
equations were solved using explicit forward finite difference method for a fully
lumped, single channel, two channel, and full core. Also 4 different heat transfer
coefficient correlations were considered, the correlations caused a difference of almost
80°C in the peak cladding temperature, which supports what was previously
mentioned. The correlation Sleicher-Rouse was found to be with the best estimate, so
it was adapted for the code. In general, the code results showed fair agreement with
RELAPS and PARET, however, the results didn’t show long time transient behavior,
the full presented analyses time was 1.5 second. This brings a question on how much
computational time the simulation consumes and whether the code fails in the longer
stages. The RETRAC-PC code presented and benchmarked for MTR research reactor
by Bousbia-Salah and Hamidouche [25], solves the point kinetics using the modified
Rung-Kutta method. Besides, it is based on one-dimensional thermal-hydraulic system
and the governing equations are solved using first order finite difference method. The
code benchmarked good with the PARET/ANL code, however, with other codes like
EUREKA and COBRA it showed a lot of inconsistency in accuracy. The model in [23]
was further enhanced by converting the system into 2 channel and introducing a two-
phase flow model, where the governing equations are solved using implicit finite
difference method [26]. Besides, the heat conductivity equations solved in a two-
dimension system using orthogonal collocation method for horizontal direction,
central finite difference for axial direction, and the temporal steps solved by forward
finite difference. This model was tested for RIA events in a wide range for MTR, the
results showed good agreement in general and promising performance. Similar steps
were taken by Mazumdar et al. [27], but Crank Nicolson method was adapted in this
model scheme. No governing equations considered (the coolant temperature was
included in the heat conductivity equation), and point kinetics was solved using
piecewise constant function. Some obvious shifting in locating the peaks power,
despite that, good agreement was shown throughout the analyses, but the model was
valid only for fuel plate type and sub-cooled boiling regime. El-Morshedy [28]
developed a model for cylindrical type of fuel elements, the model solved the steady-
state heat conductivity equation, then the transient state using implicit finite difference

method. However, the model doesn’t solve the neutronic equations and consider
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reactivity changes, besides, the model wasn’t benchmarked with different

experimental data or numerical models.

Other works considered developing a coupling scheme between two well-known
codes, such as the work presented by Henry et al. [29], in which coupling was
performed between the Monte-Carlo TRIPOLI code and the CFD code CFX. The code
used for analyzing the TRIGA Mark Il in Jozef Stefan Institute, the results was
compared to experimental data obtained during operational state. Good agreement was
found in general in extracting the bulk temperature at the sensor positions (axially and
radially), moreover, the calculations gave promising reliability in predicting the
velocity profile in the core. Besides, the study showed the difference between coupled
and non-coupled computational results can be considered negligible. That being said,
the coupling scheme needs to overcome many challenges to make a transient solution

possible, due to the adaptation of Monte-Carlo code.

Moreover, this type of works is not exclusive for research reactors or the current
reactors. In fact, there are many works that consider G-IV reactors which are more
challenging, due to the lack of benchmark data and the complexity of the flow behavior
in some cases. Some of these works were proposed by; Chen et al. [30] for the Chinese
Super-Critical Water Cooled Reactor, Sun et al. [31] and Hellesen et al. [32] for Fast
Sodium Cooled Reactor types. Which indicate the importance of computational
modelling for innovative purposes, and introducing new design concepts that are not
applicable at the current time. Furthermore, an attempt in extending SCANAIR code
to cover analysis of RIA for BWR was proposed by Arkoma [33], where coupling
between two thermal hydraulic codes SCANAIR and GENFLO was proposed. That
was done in order to cover a wider range of boiling conditions in bulk region. The
attempt showed promising performance, however, there are works need to be done to

improve the accuracy of the predictions.

The aim in the current work is to analyze the safety of ITU TRIGA Mark Il research
reactor prior and post to RIA event, for forced convective cooling. The study involves
two stages, first; a multi-physics model is developed using EUREKA-2/RR code,
several protected and unprotected (with or without scram system) RIA scenarios are
analyzed, the effect of time, reactivity insertion rate and scram system on the transient
behavior of ITU TRIGA Mark Il are investigated. Second stage; introduces the

development of an original unique code for building a multi-physics model of ITU
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TRIGA Mark 11, which is used to conduct analysis of operational state and RIA
scenarios. Finally, investigation of the implemented neutronic parameters’ impact and

comparison between the two codes’ models have been conducted.

1.11TU TRIGA Mark 11

The reactor ITU TRIGA Mark Il was established in 1979. The same year in which
operation for the first criticality experiment was performed. The reactor facility is part
of the Energy Institute site located in Istanbul Technical University campus. The aim
of the reactor is for research, training, and education purposes to demonstrate both
steady state and pulsing operations. The reactor has been used for more than 30 years

in the following missions:

%+ To perform experiments related to neutron scattering, radiography, and neutron
activation analysis.

% To perform training and education in reactor physics, and mastering the basic

principles in operating the reactor.

The reactor core is arranged in a circular array consists of five rings around the central
thimble, which provides 90 positions in total for the placement of different elements.
Table 1.1 and Figure 1.1 provide the information related to the number and type of
elements that allocate those 90 locations. Besides, the reflector material is Graphite, in

addition, the reactor consists of three beam ports; radial, tangential and piercing.

Table 1.1 : Number of elements corresponding to its type.

Element Type Number

Fuel Elements 69

Graphite Dummies 16

Control Rods 3
Neutron Source 1
Pneumatic Hole 1

Each fuel rod (active region) consists of a central Zirconium rod surrounded by a fuel
meat which is a homogenized mixture of Uranium (U) and Zirconium Hydride
(ZrH1.6) containing 8.45 wt % enriched U having no more than 20% U-235, top and

bottom graphite reflectors, the end-fittings and the cladding surrounding the fuel



elements are made of Stainless-Steel (type 304). For better understanding, a relative
representation of the fuel element design can be found in [34]. On the other hand,

graphite dummies don’t contain any fuel and Zirconium compositions, however, they

have similar geometry but with Aluminum cladding.

Figure 1.1 : Allocations of elements in core shown in a radial cross-sectional view of
ITU TRIGA Mark I1.

The three control rods in the core are: transient, safety (shim), and regulating. The
functions of these control rods can be defined as following; transient rod is used for
power pulses and safety measures, while safety rod is used for coarse reactivity
adjustment, finally the regulating rod is used for multiplication factor tuning.

The water flow passes through the holes distributed in the upper and the lower grids,
each grid contains 90 holes. Table 1.2 presents important design and thermal-hydraulic

parameters and other properties.



Table 1.2 : Characteristics of ITU TRIGA Mark 11, [35].

Parameters Value
Power:
Steady-State 250 (kW)
Peak power at pulse mode 1200 (MW)
Dimensions:
Zirconium Rod Radius 0.3175 (cm)
Fuel Rod Radius 1.8161 (cm)
Fuel + Cladding Rod Radius 1.8669 (cm)
Active Height 38.1 (cm)
Hole Radius (in grid) 0.9525 (cm)
Thermal-Hydraulic Parameters:
Flow Area (per element) 0.000539 (m?)
Wetted Perimeter (per element) 0.11768 (m)
Hydraulic Diameter 0.018318 (m)
Inlet Coolant Temperature 35(°C)
Heat Surface 3.08216 (m?)
Materials Properties:
Density (g/cm?®)
Fuel 5.828
Cladding 7.94
Specific Heat Capacity W/(kg.°C)
Fuel 497.47
Cladding 250.236
Thermal conductivity W/(m.°C)
Fuel Temperature (0-300) (°C) = 17.5799
Temperature (300-600) (°C) = 19.8303
Temperature (600-1000) (°C) = 21.3294
Temperature (>1000) (°C) = 23.0794
Cladding 16.15407

Velocity (ref. [16])
For forced convection
For natural convection

2.875 m/s
0.3048 m/s
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2. THEORY

2.1 Multi-Physics Model for Nuclear Reactor Analyses

Scheme to simulate and predict the thermal-hydraulic behavior in nuclear reactors;
depends on solving and linking the point kinetics solution with the thermal-hydraulic
equations, represented by the thermal heat conductivity equation and the governing

equations.

The point kinetics equations are described as;

dn(t) P) = But J (2.1)
= () + ; 4,C, (1) +S(t)

aGO _ B (2.2)
~ P\ n(t) - 4G (t)

It is worth mentioning that one of the main feature of the above equations is stiffness,
which means that these equations are slow to be solved numerically (the temporal step
size must very small). That’s why a lot of attempts can be found in literature presenting
different numerical methodologies to solve the point kinetics equations. Therefore, it
is expected that the finite difference method is quite unsuitable approach for solving
these equations. This was proven by Szeligowski [36], by showing how time step size
must be very small in order to get the necessary results, which also leads to excessive
computing time. The same work compared different methods; a simplified version of
Cohen (non-simplified version is adapted in RELAP and PARET codes), Adler, and
Collocation methods. It was found that in relatively big time steps, Collocation method
was more stable and faster to converge in comparison to the other methods. However,
it wasn’t consistent in its performance for different reactivity periods, whereas Adler’s

showed better performance.

Sanchez [37] proposed a Generalized Rung-Kutta (GRK) method to solve the stiffness
issue, it was shown to be relatively simple and fast, it was even mentioned the

promising capability of this method in solving a space-dependent system. The issue
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with this approach is that the proposed solution is A(a)-Stable Rung-Kutta method,
and the allowed tolerance in error plays a role in changing the associated constants to
the solution [38]. Hence, new set of constants might be required to be generated, which
makes the approach only simply applicable for specific time steps and tolerance values
that are tested in different works. Taylor series method proposed by Nahla [39],
showed better performance than (GRK) for negative step, ramp and reactivity feedback
due to temperature. However, further modification and testing are required, to
understand the range of its applicability. Chen et al. [40] adapted the singularly
perturbed method to solve the kinetics equations, where the neutronic flux solution
consisted of two solution parts; inner and outer. The solution was compared against
the solution using temperature prompt jump, precursors prompt jump, power prompt
jump, and small parameter methods. it agreed very well with the first method and
showed much better accuracy in comparison to the others. However, the study
considered reactivity insertion rate less than dk/k/step = 0.0065/step, thus, it
should be tested for a higher magnitude of insertion rate, to evaluate its reliability.
Piecewise constant function method proposed by Kinard [41], showed much more

efficient solution, when combining the simplicity of implementation, time step size

and accuracy, it even produces error of order (At?).

The generic forms of the transient governing equations of a multi-dimensional two

phase flow system can be described as introduced by Singh et al. [42];

Mass conservation (continuity) equation:

a(a;Trpg)+V(afrpgvg)=Fl +T, (2.3)
%%H)'OI)_FV((]__QH )plvl ): —rl —FW (24)
Momentum Equation:
O(afrpgvg)

ot + afrpgvgvvg = _afrvp _afrpg g- Fl - ng (25)
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Energy Equation:

p J+V(afrpgvghg)=Q+El+Ew 2.7)

ot
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As it can be understood these equations can be reduced to one dimensional system and
usually it is the case in many of the reliable software codes; such as EUREKA and
PARET. Besides, they may be reduced from six into three equations, if the flow is
considered to be a single phase flow. The reduced form of the governing equations
will be presented in Section 3.3.2.

The generic forms of the transient heat conductivity equations of a multi-dimensional

system can be described as following;
T
kaT +qm — pCp % (29)

It is worth to mention that when it comes to reactor core, the thermal-hydraulic
behavior depends on the assemblies and its fuel elements geometry, which can differ
from rectangular, cylindrical, spherical or may even have more complicated shape
such as the wire-wrapped assemblies. Therefore, it is really important to understand
the geometrical range in which the proposed scheme and thermal-hydraulic
correlations are valid. Finally, what drives the reactor to behave in a transient manner
is represented by reactivity; which is a summation of external reactivity and reactivity
feedbacks. Whereas the latter consists of reactivity feedbacks due to fuel temperature
changes, moderator or coolant temperature changes and void presence. Hence, the

reactivity p(t) shown in Eq. 2.1 can be defined as following;

t) = A A A A A .
P, pext * pFueI * pModerator - pCooIant * preflector * pV0|d (2-10)
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2.2 Severe Accidents

The severity of the accidents categories is scaled by the amount and the degree of fuel

damage. In better words, the severe accident occurs when the cladding barrier of the

fuel rod is degraded and penetrated, causing a release of radioactive fission products

to the surrounding environment. Thus, the integrity of the fuel element must be

resilient and intact through any possible scenario, besides the operational one.

The most common analyzed severe accident scenarios are the following:

A

Loss of Coolant Accident (LOCA): It can be understood from its name that LOCA
IS an event where reactor coolant is lost, due to very small breaks of the reactor
coolant system boundary to a double ended failure (rupture) in the largest pipe of
primary circuit coolant. Hence, the primary coolant flow rate may rapidly degrade
and depressurize. Therefore, the classification of LOCA can be related to the size
of leak (i.e. Small, Medium, Large Break LOCA).

Loss of Flow Accident (LOFA): Unlike LOCA there is no break or leak, however,

loss of coolant flow occurs due to pumping power being lost (i.e. due to electrical

power loss).

Reactivity Initiated Accident (RIA): This type of accident can be classified into

three categories as addressed by Miraz et al. [43];

I.  Quasi-static transients; the reactivity insertion rates are slow, in a way the
feedback reactivity and control system reactivity (if existed) has enough
time to compensate the reactivity insertion rate.

Il.  Super-delayed critical transients; the reactivity insertion rate is rapid
enough to cause the total reactivity to significantly rise, however, not
enough to reach prompt critical.

I1l.  Super-prompt critical transients; the magnitude of reactivity insertion rate
is large enough (whether due the reactivity insertion is high, it is very rapid,
or both), causing the total reactivity to overcome the prompt critical, in
which the delayed terms became negligible and the reactor transient

responses become dependent mainly on prompt terms.
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3. METHODOLOGY

3.1 Neutronic Analysis

Previously, a neutronic model was developed by Tirkmen et al., using MCNP and
neutronic analysis for ITU TRIGA Mark 11 was conducted [44], which also was used
in further studies, such as; burnup effect analysis presented in [45]. Since this model
included many simplifications, more accurate new model was developed and
introduced prior to this work. The study introduced two models for simulating the
neutronic behavior of ITU TRIGA Mark Il research reactor, these models were
developed using Monte-Carlo codes; Serpent 2 [46] and MCNP-V [47]. Furthermore,
the models were benchmarked against the experimental data for excess reactivity
determination at first criticality state presented in [35]. The 3D-models had thoroughly
considered and included; the concrete building, the water pool, the reflector including
the cavity region, all beam ports, the 91 positions in the core related to fuel elements,
graphite dummies, control rods and irradiation tubes (central thimble and pneumatic
system). Figure 3.1 represents a cross sectional view of the given described neutronic

models.

Both models showed good agreements with the experimental data (with MCNP
slightly better performance), and proved to be reliable for further studies. Because of
that, confidence was built in implementing the described neutronic models in the
current research. The Monte-Carlo models have been utilized in calculating the
required neutronic parameters in solving the point kinetics equations and the reactivity
feedback terms, which are presented in Table 3.1 and Table 3.2, respectively. In Table
3.1 two sets of data are presented when it comes to decay constant and delayed neutron
fractions, the reason behind that is to check if the point kinetics solution (proposed in
Section 3.3.1) fails. Besides, in order to investigate their influence on the concerned
model. The neutronic flux distributions were extracted in a separate study, based on
the mentioned Monte-Carlo models, and utilized to extract the power fraction

distributions given in Appendix A.
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Figure 3.1 : Cross-sectional views radial (left) and axial (right) of the neutronic
model for fresh fuel configuration.

Table 3.1 : Neutronic parameters of ITU TRIGA Mark 1l extracted using Serpent-2

model.
(I) ﬂi ﬂ’i lBi j’i A (S) :Beff
1 000025474 00124667 0-000262168 0.0133379
2 000109069 0.0282917 0.00138021  0.032731
3 000068041  0.0425244 000130354 0.1208
4 0.0014448 0.133042 0.0029134 0.302934 5.3032E-5 0.00748
7 0.00060435 1.63478
8 0.00016972 3.5546
Table 3.2 : Fuel, coolant temperatures, and void presence effects on criticality.
Fuel Temperature Effect Water Temperature Effect Void Presence Effect
Temperature dk/k Temperature dk/k Temperature dk/k
§®) O (°C)
27 0 27 0 0 0
51 -0.00069897 51 -0.00199 -0.15 -0.006126
70 -0.00349484 77 -0.00483 -0.25 -0.013407
90 -0.00563058 101 -0.00742 -0.5 -0.042337
127 -0.00916425 127 -0.00987
161 -0.01510548
327 -0.02989059
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3.2 EUREKA

EUREKA is a computer code for analyzing neutronic and thermal-hydraulic transient
behaviors prior, during and post to reactivity accident scenarios, which means the
analyses take place in a transient response of the reactor due to changes in fuel,
moderator temperatures and coolant thermal-hydraulic behavior. EUREKA-2/RR is a
revised version of the original EUREKA-2 code, developed in order to perform the
mentioned analyses on research reactors. In this version, special CHF and heat transfer
correlations have been implemented, which are applicable for research reactors.
Moreover, the code can deal with both rectangular plate and cylindrical fuel elements.
Besides, power level control system is added for transient simulation of a continuous
automatic control system. The thermal-hydraulic system to be modelled is defined by
interconnecting volumes (defined by the user), where only the fuel (heat generation)
regions, bottom and upper plenums to be considered in the lumping scheme. Which
means the system must be divided into number of regions (channels) with the

corresponding coolant nodes and heat slabs (heat conductors).

EUREKA-2/RR considers the operating fluid in each control volume to be a one-
dimensional homogenous fluid. The code solves both energy and continuity equations
with respect to each node, while the momentum equation is solved at the lower and
upper junctions of the concerned node. The correlations related to heat transfer differs
in accordance to the direction and Reynolds number of the flow, therefore, the ones
which concern the current research are mentioned here. The Sudo-Kaminage
correlation is applied to calculate CHF, whereas the heat transfer coefficient for single
phase calculated by Dittus-Boelter correlation. For two-phases fluid by Chen and
Rosenow correlations, whereas the ONB state is determined by comparing the heat
fluxes evaluated by applying the Dittus-Boelter and modified Chen correlations. One
of the main limitations in EUREKA is that the point kinetics solution can only be
solved by one set of decay constants and delayed neutron fractions, which are proposed
by Chao and Attard [48]. The influence of not having the accurate set of neutronic
parameters that is unique to each reactor is investigated and discussed more in Section
4. The code utilizes feedback reactivity weights at each control volume in order to
calculate the summation of reactivity feedbacks emerged by all control volumes. One

of the critical drawbacks in this code is the initialization for the transient solution, and
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it is recommended to analyze the initial fields with caution before advancing in the

analyses.

It can be referred to the manual [6] for better understanding on the methodology
adapted in solving the necessary equations and linking them, which correlations, how
to develop the input and reading the data from the output, and for any further
information that might be needed concerning EUREKA-2/RR code.

In the current analysis, the thermal hydraulic system consists of 5 channels including
10 nodes and 10 heat slabs (which are the maximum possible numbers), while the
number of junctions in one channel is 11. In addition, two plenums’ volumes which
make them in total 52 nodes and 56 junctions. The system as described is shown in

Figure 3.2.

6.41186
Upper Plenum
52
0.6261
0.5195
10 20 30 40 50
10 20 i 40 50
0.456
919 19 19 29 29 39 39 L9 LY
0.4137 + |
0.3713
0.3502
0.3298
0.3078
0.2867
0.2443
0.202
1 1 71
1 1 21 31 Ll 41 i
0.1385
0
Bottom Plenum
51
-1.0

Figure 3.2 : Representation model of the EUREKA-2/RR analysis model, the axial
coordinates on the left of the model represents the values in meter.

18



There are three associate codes with EUREKA code, which are; DISSUE calculates
the power fraction distribution and the reactivity feedback weight of each heat slab
segment, depending on the neutronic fluxes extracted by the neutronic code (in this
case MCNP-V or Serpent 2). ICETEA calculates the initial temperature data for each
node depending on the output of DISSUE. PREDISCO calculates the pressure
distribution in each node based on the output of ICETEA. The effective delayed
neutron fraction and prompt neutron generation lifetime presented in Table 3.1 and
Table 3.2 have been utilized in the EURKEA-2/RR. Figure 3.3 gives a better insight
on the relationships series of the codes in building the input data required for
EUREKA-2/RR.

Neutronic
Code

PREDISCO

Figure 3.3 : Schematic representation in EUREKA-2/RR model input.

The power fraction distribution is provided in Appendix A (Table A.1), and Table 3.3
shows the difference in defining some of the hydraulic parameters, channel 1 is the hot
channel which represents fuel element B-2 and the surrounding coolant channel. This
channel is the critical channel in which fuel, cladding temperatures and DNBR (or

CHF) may reach its critical values.
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Table 3.3 : Hydraulic characteristic of each channel.

Channel # Elementsin  Area (m?) Mass Rate

channel (Ton/hour)
1 1 0.000539 5.5372
2 15 0.008085 83.058
3 17 0.009163 94.133
4 20 0.01078 110.745
5 16 0.008624 88.596

It is worth to mention that since the neutronic analysis had been performed by Monte-
Carlo codes using continuous energy cross-section libraries, it wasn’t possible to
determine accurate feedback reactivity weight at each volume (segment). That’s due
to the complexity in determining the adjoint fluxes using non-deterministic codes,
giving away the continuous energy libraries that are used, which imposes another
challenge in determining these fluxes. This issue had been addressed in different
studies in the literature, such as; [49] and [50], where in both they have introduced
iterated fission probability as a solution method for the addressed issue. Because of
that two different sets of available data for different research reactors (TRR-1 [51] and
JRR-3M [19]) have been tested and no significant difference have been resulted.
Hence, the TRR-1 set of reactivity feedback weights data have been used for the
current analysis, since TRR-1 has more in common with ITU TRIGA Mark I1. Initially

ten study cases of reactivity initiated accident scenarios were analyzed as following;

I.  Reactivity insertion of (dk/k)/step=0.014/step (1.872 $/step), step size =
0.01 second, unprotected.

Il.  Ramp reactivity, reactivity insertion of (dk/k)/time = 0.014/time
(1.872 $/time), step size = 0.5 second, unprotected.

I1l.  Reactivity insertion of (dk/k)/step = 0.014/step (1.872 $/step), step size
=0.01 second, scram at power level 2 MW with delay time = 0.1 second (slow
scram).

IV.  Reactivity insertion of (dk/k)/step = 0.014/step (1.872 $/step), step size
= 0.01 second, scram at power level 2 MW with delay time = 0.01 second (fast
scram).

V. Reactivity insertion of (dk/k)/step = 0.007/step (0.935 $/step), step size

= 0.01 second, unprotected.
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VI.  Reactivity insertion of (dk/k)/step = 0.007 /step (0.935 $/step), step size
= 0.001 second, unprotected.
VII.  Reactivity insertion of (dk/k)/step = 0.007 /step (0.935 $/step), step size
= 0.01 second, scram at power level 2 MW with delay time = 0.1 second.
VIIl.  Reactivity insertion of (dk/k)/step = 0.0035/step (0.468%/step), step size
= 0.01 second, unprotected.
IX.  Reactivity insertion of (dk/k)/step = 0.0035/step (0.468$/step), step size
= 0.001 second, unprotected.
X.  Reactivity insertion of (dk/k)/step = 0.0035/step (0.468%/step), step size

= 0.01 second, scram at power level 2 MW with delay time = 0.1 second.

However, there was no significant observations between case VIII, IX and X,
therefore, only case VIII is introduced in this research. Similarly, cases VI and V
showed no obvious differences, hence, case V is only introduced. Which means total
number of highlighted cases in this study is 7.

3.3 TM2-RIA Code Development

The code TM2-RIA (TRIGA MARK Il Reactivity Initiated Accident code) is
structured around a scriptable object-oriented framework using the programming
language MATLAB. The code analyzes both steady-state and transient behavior of
TRIGA Mark Il reactor for a 2-dimensional (axial and radial) thermal hydraulic
system, also simulates RIA scenarios for safety analysis. In this code the lumping
thermal-hydraulic parameters technique [22] is adapted for the thermal hydraulic part,
by dividing the system into two channels; hot and average channels with each channel
including 18 even control volumes (segments). The code can be modified to consider
different number of channels and control volumes. The power fraction distribution for
operational power is shown in Table A.2 provided in Appendix A. The neutronic
behavior is solved by considering the reactor as one point which allow the code to
adapt a simple solution for the point kinetics when it comes to the power behavior with
response to reactivity transient changes. Unlike EUREKA-2/RR, the point Kinetics
solution meant to give the chance to implement any neutronic precursors group data,
corresponding to the analyzed reactor. The algorithm diagram of how this code

operates is introduced in Figure 3.4.
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Figure 3.4 : Algorithm diagram of TM2-RIA.
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3.3.1 Point kinetics equations

By recalling the point kinetics equations Eq. 2.1 and Eq. 2.2;

dn(t p(t)_ﬂeff d .
z(t) -2 n(t)+iZ:1:/1iCi(t)+S(t) (3.1)
dC®) _ By (3.2)
m An(t) A4Ci (1)

Where i = 1, 2, ..., g represents precursors group number.

The Piecewise Constant function mentioned previously and presented in [41] has been
adapted for the solution of point kinetics equations for TMII-RIA code, the solution

starts by rewriting the equations in the following form:
% = AX(t) + BX(t) + S(t) 3.3)

Where %(t) = (n(t) C,(t) ... C, ()

Aand Bare a (g +1)x(g +1) matrices described as following;

_ ﬂeff il ig
A o)
B 0 - 0 3.4
A-| B2 -4 0 0 A (34)
=l A | 5./ 0 0 00
: 0 0 . .
B, .0 .0
a0 A) 0 00 0
While S(t) isa (g +1) vector, defined as following;
S(t)=(S() 0...0) (3.5)
After multiplying both sides of Eq. 3.3 with the integral factor e ***"  then by

processing and evaluating the integration, the equation can be represented as

following;
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—(A+B.)At —(A+B.)At 1=
X(t+ At) = X(t)e " 4 (e D (A+ Bi) Si (3.6)
Where At=t_, -t
Eqg. 3.6 can finally be represented as;
x(t+At):Xie Xi xi+(Xie Xi —I)XiDi Xi Si (3.7)

X represents the eigenvectors of (A+B;), while the eigenvalues @ - and

D, = diagle - |

Since n(t) can be replaced by power P(t), therefore, initial conditions at time=0;

; (3.8)
%(0) = (P(O) f—lAP(O) f " P(O)j

3.3.2 Heat conductivity equation
The transient heat conductivity equation for a radial one-dimension system can be

described as following;

10 oT oT
= krE |+ qn=pC, & (3.9)
r ar( 8rj 9" =rCy ot

To solve Eq. 3.9 numerically, fully implicit finite difference method explained by
Anderson et al. [52], is implemented in this model. This method gives more flexibility
in defining the temporal and spatial steps, since the method is stable. Considering the
temporal step number represented by n =1,2,....N and the time step size is At,
whereas the radial step number represented by i = 1,2, ... m + 1 and the step size is
Ar . Keeping in mind that solution is also applied in the vertical (z) axis as well, where
the axial step number is represented by j. That being said, the only change takes place
in the z direction is due to source in a radial direction, which will be presented in the
next equation. Therefore, only radial discretization is presented here, the solution can

be written as;
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aT BT T =d T +s, (3.10)

i i+l

Where a,,b;,c; and d, are coefficients dependent on the radial dimension except on the
clad surface, where they become influenced by z dimension, however, s;; (source)

depends always on both axial (z) and radial (r) dimensions.
For R =0, since the system is considered symmetric at the centerline, at R=0 the

system is adiabatic, which means Z—I =0. Therefore;

2 2 2 (3.12)
a, =0, b =1+ AR , ¢, =-1d = AR; T +q7™ AR{
4o At 4o At 4k,

For 0 <R, <R, (fuel interior region);

R AR?
a =R —AR, /2, b, =(2Ri +'—f} ¢, =R +AR, /2,
o At
2 2
di — RiARf T|n +q,-”n+1 RiARf (312)
a At k.

At fuel-clad interface surface R, =R, , here both clad and fuel play role in the heat

conductivity equation;

a, =—(R, —AR, /2),

b, = k—C'(Ri—ARC,/2)+(Ri—ARf/2)+% i+k—°' :
K, 2At (o Koy
(3.13)
¢ = X4 (R _aR,/2), d, = FAR[ L, Ka ipe gna) RAR
k, 2At | o, ko 2k

For R; <R; <R, (clad interior region), where there is no heat generation term

anymore;
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RAR2|
a =R AR, /2, b, =|2R, + '

I i i a At
cl

. (3.14)

c. =R +AR, /2, d. = Clgh
i i cl I g IAt ij
C

At clad outer surface R, =R,, here both clad and coolant play role in the heat

conductivity equation;

a =—(R, —AR,), b :[:—C(Ri +AR,)AR, +1+ F\;'ZA—zf'j c, =0,
) c c (3.15)
d, = RaAth' T i ::—:I(Ri +AR,)AR,
By rewriting the solution in Eg. 3.10 as;
AT (t + At) = B(t) (3.16)

Where the coefficient matrix is a tridiagonal matrix as presented below;

A= 3 M3 b3 M (3.17)

a.b. c.
0------ 0 a,,b

m-+1~m+1

m+1

And the vectors: T (t+At) = (Tln+1 .. T"+1) and B(t) = (Bl”j By, .- By j)
For more details on how the coefficient matrix been derived, it can be referred to [28].

3.3.3 Governing equations
Continuity, momentum and energy equations for one dimensional transient flow in

vertical direction are represented respectively as described in [26];

Continuity Equation:
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9,9 _, (3.18)

ot oz
Momentum Equation:
2 2
o6, afeet)__ap (fY6r)_ (319)
ot oz\ op oz \p)\2D,
Energy Equation:
oh oh
“—|+G| = |=2q"/d (3:20)
g (at) (azj |

Note: both p+G are for homogenous flow, but since the current model doesn’t deal

with two-phase fluid flows, they are both considered to be only for liquid phase.

These equations are solved in this model by applying a fully implicit finite difference
scheme, considering the temporal step number represented by n = 1, 2, .... N and the

axial step number is represented by j = 1,2, ...,k + 1.

The numerical solutions of Eq. 3.18, Eqg. 3.19 and Eq. 3.20 are shown respectively

below:
Continuity Equation:

There is a negligible change in density with time change, therefore, the first term in
the left side of Eq. 3.18 is taken as zero and the solution becomes;

vt n+1( pi“Ilj (3.21)

Vi =V n+l

i Vi
i

Momentum Equation:

on +1(V_n +1 _V_n)

n+l_ n+1 | ' ) (3.22)
T At
2
p_n+1(v_n+1j 1 1 _gazpn Lo n+l
I I n+1 n+1 I I
Pj Pi_1
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Azf n+1

. 2
Where; pL"+tt- 1N +1[v.” +1)
i 20, i [

Energy Equation:

(l-l— Gin+l réltA )hin+l — hin + (Giml
P Az

At w1 20"At 3.23
n+1 Jhi—l1 + CJHl ( )
P Az d

3.3.4 Reactivity
As mentioned before, the linking between the reactor kinetics and thermal-hydraulics

is defined by the variable reactivity p(t), there have been different approaches in
determining the reactivity feedbacks. A simple and a common approach is applied in
TM2-RIA to perform the calculations of Eq. 2.10, one average value is taken for fuel
temperature, coolant density, and temperature of the whole core at each time step.
Whereas the initial temperatures and density are considered to be the reference values,

hence, the reactivity feedback terms can be described as;

AP fuel =OCDoppIerkTav(t)_Tav(o))fue| (3.24)

- $
“Doppler Doppler feedback coefficient ()

APeoolant = acooIant(Tav(t)_Tav(O))cooIant (3.25)

P $
2coolant Coolant feedback coefficient (%)

A,0id = Noid (Densityav(t)— Densityav(o)) (3.26)

$
3

kg/m )

A 1oid Void feedback coefficient (

3.3.5 Heat transfer and CHF correlations

Heat transfer correlations:

Subcooled liquid convection condition;

Re <2200
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h, =4k, /D, (3.27)

Re > 2500

Dittus-Boelter's correlation;

3.28
h, = %(O.OZSReO'8 Pr®) (3:29)

h
q” = hc (Tcl _Tbulk) (3.29)

Where Re = pD,v/ u and Pr=C_ ulk,

Subcooled boiling region, then the onset nucleate boiling temperature is calculated in
order to calculate the nucleate boiling heat transfer coefficient, that is achieved in this

model according to Bergles-Rohsenow correlation [53];

q” 0.463 p0,0234 ( )
3.30

TONB _TSAT 5 0556[@%)
" — — — 3.31
g hNB (rcl Tsat)+hc (rcl Tbulk) (3.31)

k 0.79C 0.45p 0.49
_ c C I 0.24 0.75 3.32
hNB - 0'001{0'35;13-25“%24,0324 jl(Tcl _Tsat) (psat(T:cl) = Pear- sat)) S ( )

1
1+2.53x10°° Re!Y’

The thermodynamic parameters for the heat transfer package is estimated by using the

Whereas; S =

set of formulas presented in [27].
For CHF Sudo-Kaminage correlation [6], is applied;

%NB =qs(hlg\/ngg(pl —pgn (3.33)
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Whereas;

o G

A= G =0.0056%", G, =
pl _pg /1 ( _ )
J P9 A~ Py

Aflow \/m q _ max(q q )
Aslab <1+(pg /pl )0'25)2 L s11Hs2

(3.34)

qu = 07

Besides, all thermodynamic parameters needed in solving previous and the upcoming

equations are determined using Table B.1 provided in Appendix B.

3.3.6 Initial fields and steady-state case
In order to initiate the solutions for transient mode, thermal heat conductivity from fuel
centerline till coolant, enthalpy and pressure fields must be determined. Besides, these

values correspond to the steady-state condition of the concerned system.

Heat conductivity equation, independent of time in fuel region;

10(,,.0T m (3.39)
Fa—(kr ] q"=0

The analytical solution for heat conductivity equation is derived similar to what was
presented Bergman et al. [54], by integrating twice with respect to (r), the temperature

distribution in fuel region is described as;

(2 (3.36)
T(r)=Tm-——q"
(r) w

Where Tm represents the centerline temperature of the fuel element.

For cladding region:

10(,.0T)_ (3.37)
m(krﬁj—o
oT y
Considering that at the fuel surface —k | 5 =
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Hence;

R% RC| (3.38)
T(r)=T_,+q"—In —
(N =Tgy +9 2k r
cl
Clad-Coolant interface:
B q_” (3.39)
T(r) _Tb + -
Fuel Centerline Temperature:
— 3.40
m TbJrATfueIJFATcIadJFATcooIant (3.40)

Similar to the previous proposed model for transient mode, the heat generation differs
with respect to z direction, hence, the heat conductivity solution for steady-state is

applied for the spatial steps on z direction (k+1).

Coolant temperature profile in z direction can be found by taking energy equation and

removing the transient term, in which it becomes as following;
Ah=P/m (3.41)

Where Ah is the enthalpy difference between two junctions in z direction of a volume

segment. Hence, the temperature difference between two junctions

AT =Ah/C, (3.42)

Keeping in mind that the inlet temperature is supposed to be constant throughout the

analysis (for both Transient and Steady-state modes).

Pressure profile through z direction is found by solving reducing the momentum

equation into Bernoulli equation, which described as following;

Y jz P, V 12+1 (3.43)
—+—+Z;=—+—_-—+2;,~HL-HF
Vi 24 V2 29
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HL and HF are major and minor losses, respectively. Which are described by

Munson et al. [55] as following;

2 3.44
HE =K, Y HL =220 () (349
29 2Dh

Assuming that the wall is smooth, then the friction factor is dependent on Reynolds

number.
Re=pD.v/u (3.45)
if Re <2200 then;
f =64/Re (3.46)

if 2200< Re <3000 then according to [23];

8250 (3.47)
f= [3'75‘ Re J( "re =3000 ™ TRe = 22000 * TRe = 2200
While if Re>3000 then Blasius formula shown in [55];
f =0.316Re® (3.48)

Also friction factor values can be calculated by Moody-Chart given in Appendix C.
The formulas of loss coefficient due to sudden formation change in reactor are

described by Todreas and Kazimi [56] as:

Sudden Expansion:

3.49
KL :[1_(Asmall)2J ( )
Alarge
Sudden Contraction:
3.50
K. = 0.45(1— (M)} ( )
Alarge
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4. RESULTS AND DISCUSSION

4.1 Safety Analysis Using EUREKA-2/RR

As mentioned in previously in Section 3.2, out of 10 different cases that have been
studied, only seven cases are presented in this section. Keeping in mind that for all
cases, reactivity insertion and the point kinetics calculations starts at time=1 seconds.
All the cases initiated at operational power 0.25 MW, and the results presented in this

section are for the hot channel.

Figure 4.1 till Figure 4.5 show the reactor transient behavior due to its response caused
by the reactivity insertions influence (the study cases are V, VIl and VIII as addressed

in section 3.2)

Figure 4.1 shows how power levels increase rapidly to almost the same peak level)
around 3 MW) in both cases for reactivity insertion=0.007/step (protected and
unprotected), where it happened to take place almost at the same time location.
However, the behavior afterwards changes significantly due to the total reactivity
responses at each time step as shown in Figure 4.2. In the unprotected case; the
reactor’s power drops gradually till almost 1 MW, while the drop in power is much
faster in the protected case. The reason behind that is the influence of the automatic
control system that takes place when the reactor’s power reaches 2 MW, which drops
the total reactivity rapidly to negative values. It means that reactivity insertion is
overwhelmed by the total negative reactivity feedbacks, causing the reactor’s power
to drop even lower than its operational power. On the other hand, in case of reactivity
insertion=0.0035/step; there is no rapid and strong peak in power level, the power
reaches its peak much slower, then the reactor’s power takes a much steadier shape in
a shorter time than the other two cases. Therefore, the RIA incident of 0.0035/step
(step=0.01 sec) in case of ITU TRIGA Mark 11, can be considered as Quasti-Static
transient after reaching its peak power.
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Figure 4.2 : Total reactivity change vs time.
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The behavior of fuel temperature gives a better picture how reactivity feedbacks is
changing. As it was concluded by the analysis in [1], for a cold startup the reactor
reactivity feedbacks are mainly dominant by the Doppler broadening effect due to the
change in fuel temperature. Indeed, the behaviors of average fuel temperature changes
shown in Figure 4.3 reflects the behavior of total reactivity changes. In fact, the time
steps at which fuel temperature peak, turning point and the almost steady behavior take

place exactly at the same time intervals with respect to the trends of the total reactivity
changes.
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Figure 4.3 : Fuel average temperature vs time at the hottest segment.

The exact behavior is observed in cladding temperature transient behaviors shown in
Figure 4.4 compare to the trends shown in Figure 4.3. But as expected the temperatures
drop to lower magnitudes, since fuel region is a heat source, whereas, the heat reaches
the cladding surface through conductivity of the fuel and cladding materials. Besides,
the influence of the reactivity insertion rate’s magnitude and the presence of automatic

scram is very obvious in Figure 4.3 and Figure 4.4. Therefore, extracting such results
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is very crucial to understand the non-linear transient behavior of a reactor during RIA

events.
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Figure 4.4 : Cladding surface temperature vs time at the hottest segment.

In addition, the cladding surface temperature transient change is related to the DNBR
change trend shown in Figure 4.5. It can be concluded from this figure that DNBR
drops not significantly and takes a steady shape in case of 0.0035/step rapidly. This
corresponds to the trend shown in Figure 4.4.

On the contrary, DNBR drops for a much lower magnitude in case of 0.007/step, then
starts increasing linearly but slowly in the unprotected case. On the other hand, for the
protected case drops to its minimum value, which is almost two times bigger than what
is predicted in the protected case. After that the DNBR increases much faster but also
in almost linear behavior, reaching values higher than the operational case in a very

short time, which reflects the strong negative reactivity feedbacks influence.
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Figure 4.5 : DNBR change vs time at the hottest segment.

Figure 4.6 till Figure 4.11 represent the results of the addressed study cases (I-1V) in
section 3.2, many aspects related to the relationships of power, total reactivity,
presence of automatic scram, Doppler broadening, fuel temperature, cladding
temperature, and DNBR transient behaviors. They are similar to what have been
presented and discussed in the previous set of results. However, the currently
investigated results gives insight on the influence of reactor’s time response at a high
level reactivity insertion rate of 1.872$/time. It can be seen from Figure 4.6, that when
external reactivity is inserted at every time step (0.01 sec), the power reaches a very
high level (above 450 MW), and the behaviors almost matched for both protected and
unprotected cases, also no significant difference can be seen when the scramming
control system reacts faster (~15 Megawatts below). On the other hand, there is a shift
in time (clearly shown in Figure 4.7) around 0.35 seconds, when the external reactivity
is inserted once every 0.5 seconds. The peak power in case of slow RIA event, reaches
a magnitude of (~120 MW), which is much lower than the fast RIA event. The reason
behind that, can be seen in Figure 4.8, the maximum total reactivity reaches a lower
level than that in the other 3 cases, because the reactivity is being fed back at every

step while the external feedback is playing role only once every 0.5 seconds, unlike
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the other cases where the external reactivity is inserted every time step. Despite that,
both the unprotected cases match after almost 15 seconds, because the reactor transient

reached a Quasi-static state, where both external and reactivity feedback reach almost

equilibrium.
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Figure 4.6 : Power vs time.
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Figure 4.7 : Power vs time.
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Figure 4.8 : Total reactivity change vs time.

That being said, the influence of automatic control is more pronounced in Figure 4.9
till Figure 4.11, the protection element has a strong impact in dropping the fuel and
cladding surface temperatures, leading to an increase in the DNBR values. On the other
hand, in case of ramp reactivity insertion the reactor responses in a similar trend to the
step reactivity insertion, however, in a slower and in a less significance. But it doesn’t
cause a strong decline in total reactivity. In fact, more interestingly the total reactivity
in case of unprotected step reactivity insertion, it reaches lower magnitude than ramp
reactivity insertion as shown in Figure 4.8. It can be related to the impact of the strong
negative Doppler reactivity coefficient feature in ITU TRIGA Mark Il, caused by the
temperatures reaching higher magnitudes in comparison to the other event, which

induces a stronger reactivity feedback, as shown in Figure 4.9.
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Figure 4.9 : Fuel average temperature vs time at the hottest segment.
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Figure 4.10 : Cladding surface temperature vs time at the hottest segment.
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Figure 4.11 : DNBR change vs time at the hottest segment.

For a better insight on the safety performance during the above presented study cases
of RIA events, Table 4.1 gives a numerical picture for the safety parameters with
respect to each case. Considering that the design limits for TRIGA reactor as
mentioned in [15], [16], and [35] for maximum fuel temperature, cladding temperature
and minimum DNBR are 1150°C, 500°C and 1.0, respectively. Therefore, it can be
concluded that for all scenarios fuel average temperature and cladding temperature
didn’t reach the safety limits. However, if the reactor design limits have been pushed
for more conservative limits (i.e. to minimum DNBR 1.2), in order to reduce the
impact of possible uncertainties. The reactor in case of step reactivity insertion of
0.014/step will still be considered as safe, because the temperature and the minimum
DNBR exceeds those limits for a very short time. That wouldn’t compromise the safety
of the reactor, since no severe consequences has been observed. In addition, it can be
seen from Table 4.1 that there is a drastic difference in safety parameters between
unprotected and protected cases for reactivity insertion of 0.007/step, However, in case
of reactivity insertion of 0.014/step, there is a relatively smaller difference, but it
becomes more obvious considering the existence of scram system with small delay.

Besides, the average fuel temperature doesn’t change much, that can be understood by
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observing the fuel temperature behaviors in Figure 4.9. This indicates that the net
reactivity is mainly dominant in the beginning of the transient stage by the magnitude
of the reactivity insertion. However, that only occurs if the magnitude of the external
reactivity is relatively big in comparison to the impact imposed by reactivity
feedbacks.

Table 4.1 : Safety analysis results for different RIA scenarios using EUREKA-2/RR.

RIA Scenario Maximum  Maximum Maximum  Minimum
Power Average Fuel Cladding DNBR
(MW) Temperature  Temperature

°C °C
0.0035/step Unprotected 0.6439 106.182 63.0524 11.5551
0.007/step
Unprotected 3.0977 161.616 85.107 4.5592
Protected 2.9997 80.622 55.0183 8.2158
0.014/step
Unprotected 453.982 273.047 151.882 1.1969
Protected with 453.982 253.328 151.88 1.197
0.1 sec delay
Protected with 438513 248,057 150435  1.2428
0.01 sec delay
Unprotected ramp 117.115 259.509 129.475 2.0942
reactivity 0.014/(0.5 sec)

4.2 Safety Analysis Using TM2-RIA

The code TM2-RIA has been used for investigating the steady state behavior and three
transient cases of TRIGA Mark Il, for different RIA scenarios corresponding to the
reactivity insertion rates 0.014/step, 0.007/step, and 0.0035/step. Besides, three
different neutronic parameters groups (described as neutronic cases later on for

simplicity) have been implemented;
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A. Neutronic parameters are taken from [48] for six precursors groups.
B. Neutronic parameters of six groups presented in Table 3.1
C. Neutronic parameters of eight groups presented in Table 3.1

This section presents the results and discuss the capabilities and reliability of TM2-
RIA, furthermore, compare it with EUREKA-2/RR code. The kinetics calculations
took place at time=1 second till 20 seconds, and all calculations have been
demonstrated, considering axial and radial regions are divided into n, =
18 (axial), n; = 5 (radial in the fuel region),n.,, = 3 (radial in the cladding region).

All the results presented in this section are for the hottest slab in the hot channel.

In case of steady-state (operational) analyses, the reactor has been considered
operating at operational power 0.25 MW. Besides, the impact of number and size of
thermal-hydraulic control volumes (segments) is also studied, by considering 10 and
18 segments. The results which are shown in Figure 4.12, represent the temperature
behaviors in the hot channel. The figure shows that in all cases, the coolant temperature
profiles have very small deviation, which reaches almost 1°C at its max as can be seen
from Figure 4.12.C. However, more deviations start taking place in hotter regions,
where significant gap between centerline temperature profiles as shown in Figure
4.12.A.

It can be concluded that the size and number of segments play role in the temperature
profiles, which is expected since the power fraction at each segment differs
significantly. Keeping in mind that also number of channels influences that, which
may explain why there is still a significant gap between the TM2-RIA (10 segments)
and EUREKA-2/RR (10-segments).

However, it is not investigated in this study. Moreover, the TM2-RIA code predicts
the initial fields using analytical solutions, which is advantage over the explicit
numerical method adapted in EUREKA-2/RR code. That being said, comparing its
performance to another code that applies the same concept in extracting the initial
fields (such as; COOLOD-N2), would be helpful in justifying TM2-RIA reliability in

computing the initial state.
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A)

B)

C)

Figure 4.12 : Axial temperature profiles; A) fuel centerline, B) cladding surface, and
C) coolant in hot channel. At steady-state (0.25 MW) based on the code, size and
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For the first RIA scenario; in general, Figure 4.13 shows how both ITU TRIGA Mark
Il model developed by EUREKA-2/RR and TM2-RIA are in good agreement.
However, there is a very small shift in time of peak power occurrence, and both
neutronic cases (B) and (C) reached much lower peak power levels, less than 440 MW
and 410 MW, respectively.

EUREKA-2/RR Model
500 TM2-RIA (A)
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450 TM2-RIA (C)
400 | \
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; 300 300 f
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Figure 4.13 : Power vs time, using the results extracted from EUREKA-2/RR code
and TM2-RIA for 3 different neutronic cases.

The deviation between TM2-RIA models and EURKEA-2/RR model are relatively
minor at early stage of reactor kinetics. Besides, it is hard to observe the neutronic
cases influence in this scenario, in changing the behavior of the reactor transient
response. That being said, the TM2-RIA model drop rates behaviors shown in Figure
4.14, are quite different from what is produced by EUREKA-2/RR model. The TM2-
RIA models reach less than 100°C while EUREKA-2/RR model reaches more than
120°C at 12 second. The source behind this difference can be understood by
investigating the coolant temperature, which can be observed in Figure 4.15. Even
though both codes showed similar trends, the gap between two parallel points are
enough to cause significant change in the heat transfer behavior, since the heat
coefficient values will be different.
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That can be attributed to the difference between the codes in solving the energy
equation numerically. Furthermore, it can be attributed to the methodology adapted in
calculating the reactivity feedbacks, where the latter is related to number and size of

control volumes (segments), heat coefficient calculations.

This difference in behavior is reflected in the prediction of DNBR values as shown in
Figure 4.16, where it can be seen that the TM2-RIA models produced a sloppier
increment than what is produced by EUREKA-2/RR model. In addition, DNBR results
from TM2-RIA start around 13.5, whereas in the latter it starts around 17. This is a
result of the initial fields evaluation difference between the two codes as discussed
previously. That being said, all trends of the discussed results are in good agreement,
and the safety limits are satisfied at almost the same magnitudes, which will be

discussed more later on.
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Figure 4.14 : Cladding surface temperature vs time at the hottest segment, using the
results extracted from EUREKA-2/RR code and TM2-RIA for 3 different neutronic
cases.
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Figure 4.15 : Coolant Temperature at exit of hot channel vs time, using the results
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Figure 4.16 : DNBR change vs time at the hottest segment, using the results
extracted from EUREKA-2/RR code and TM2-RIA for 3 different neutronic cases.
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In the second RIA scenario (0.007/step), the impact of implementing different
neutronic cases is more pronounced as shown in Figure 4.17. Thus, it can be said that
the magnitude of reactivity insertion has role in eclipsing or enhancing the effect of
the adapted neutronic case. That being said, it seems easy to say that the neutronic case
(B) shows closest performance to the EUREKA-2/RR model, but it is not the case from
the results shown in Figure 4.18, in which case (A) seems to perform better. This
makes it not easy to judge which group performed the closest to the EUREKA-2/RR

model.
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Figure 4.17 : Power vs time, using the results extracted from EUREKA-2/RR code
and TM2-RIA for 3 different neutronic cases.

The rapid raise in power and fast drop afterword in case of TM2-RIA models, explain
the behaviors shown in Figure 4.18 till Figure 4.20. Where it can be seen that peak
temperatures and minimum DNBR are reached faster, then a slow decrease in
temperature starts taking place. Meanwhile, in case of EUREKA-2/RR temperatures
and DNBR values are increasing and decreasing, respectively. The reason behind that
is similar to what has been discussed in the previous section in case of slow and fast
RIA events.
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Figure 4.18 : Cladding surface temperature vs time at the hottest segment, using the
results extracted from EUREKA-2/RR code and TM2-RIA for 3 different neutronic
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Figure 4.19 : Coolant Temperature at exit of hot channel vs time, using the results
extracted from EUREKA-2/RR code and TM2-RIA for 3 different neutronic cases.
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Figure 4.20 : DNBR change vs time at the hottest segment, using the results
extracted from EUREKA-2/RR code and TM2-RIA for 3 different neutronic cases.

When it comes to the third RIA scenario, the implemented neutronic case influences
more significantly, the trends of the power shape introduced in Figure 4.21 are clearly
different than what is produced by EUREKA-2/RR model. TM2-RIA model produces
obvious peaks and strong power drops afterwards, which EUREKA-2/RR doesn’t
show that behavior. In addition, the neutronic cases influence can be also seen in terms
of the time location at which peak powers are reached. The unexpected and strong
slope in power trend has affected the reactor thermal behavior in a similar manner, as
shown in Figure 4.22 and Figure 4.23, which is surely reflected in DNBR change as
shown in Figure 4.24. The disagreement related to the performance of TM2-RIA and
EUREKA-2/RR in this concerned scenario, imposes the need of improvements in
order for TM2-RIA to cover RIA events with low reactivity insertion rates.

This can be done by considering adapting different point kinetic solution method,
which was proved to be reliable in such events. For example; singularly perturbed

method highlighted in Section 2, can be a good candidate as a start.
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Figure 4.21 : Power vs time, using the results extracted from EUREKA-2/RR code
and TM2-RIA for 3 different neutronic cases.
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Figure 4.22 : Cladding surface temperature vs time at the hottest segment, using the
results extracted from EUREKA-2/RR code and TM2-RIA for 3 different neutronic
cases.
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Figure 4.23 : Coolant Temperature at exit of hot channel vs time, using the results
extracted from EUREKA-2/RR code and TM2-RIA for 3 different neutronic cases.
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Figure 4.24 : DNBR change vs time at the hottest segment, using the results
extracted from EUREKA-2/RR code and TM2-RIA for 3 different neutronic cases.

Table 4.2 gives insight on the numerical performance of the discussed models

regarding some of the safety parameters. Initially it was expected that TM2-RIA (A)
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would have performed the closest to the EUREKA-2/RR model, since the neutronic
case is the same. That haven’t been the case in all RIA scenarios, which indicates that
the point Kkinetics solution adapted influences the associated neutronic parameters
attributes. Besides, each neutronic case implemented in TM2-RIA hasn’t shown a
consistent performance corresponding to the three RIA scenarios. However, the results
show the importance of implementing the accurate set of neutronic parameters. That
can be observed by taking case (A) as the reference, and evaluating the maximum
relative differences of the calculated power corresponding to RIA (i.e., in case of
0.0035/step: (0.9096-0.8536)/0.9096)). The relative differences from the lowest to the
highest reactivity insertion are found to be; (6%, 42% and 13%). RIA analyses of all
cases using both codes ensure the safety of the reactor as can be concluded from Table
4.2. Although, TM2-RIA models have reached a minimum DNBR less than 1.0,
however, the reactor reaches this state for a very short time leading into no critical

consequences.

Table 4.2 : Comparison of safety design limits for different models.

Study Case Maximum Maximum Minimum
Power Cladding DNBR
(MW) Temperature °C
0.0035/step
EUREKA-2/RR 0.6439 63.0524 11.5551
TM2-RIA (A) 0.9096 57.086 8.1168
TM2-RIA (B) 0.8944 57.332 8.027
TM2-RIA (C) 0.8536 56.8125 8.2185
0.007/step
EUREKA-2/RR 3.0977 85.107 4.5592
TM2-RIA (A) 9.671 70.8994 4.9933
TM2-RIA (B) 5.5932 70.455 5.0558
TM2-RIA (C) 6.2837 69.567 5.1856
0.014/step
EUREKA-2/RR 453.982 151.882 1.1969
TM2-RIA (A) 471.916 154.26 0.9083
TM2-RIA (B) 409.56 151.189 1.063
TM2-RIA (C) 423.964 153.9418 0.9885
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5. CONCLUSIONS AND RECOMMENDATIONS

A multi-physics model of ITU TRIGA Mark Il has been developed using EUREKA-
2/RR code and introduced in this study. The model has been used for safety analysis
of seven different RIA events. Furthermore, a completely original code (TM2-RIA)
has been developed for TRIGA Mark Il with cylindrical fuel type for simulating the
reactor at steady-state and transient behaviors, also able to analyze the RIA scenarios

consequences. The adapted methodologies and algorithm all have been addressed.

The safety analyses performed by EUREKA-2/RR model have shown how significant
can be the impact of the reactivity insertion rate, in case of 0.0035/step the peak power
has reached 0.6439 MW, whereas, in case of 0.014/step it has reached 453.982 MW.
The influence of scram hasn’t been significant in the early stages of reactor kinetics,
especially when delay is long (0.1 sec), in which the same power in unprotected case
has been observed. While in case of fast delay (0.01 s) peak power has been 438.213
MW. On the other hand, in case of 0.007/step, the reactor’s power drops to almost 1.5
MW in less than one second. Also there have been more than 80°C and 30°C
differences in maximum fuel and cladding surface temperatures, respectively. The
protected cases have produced strong negative total reactivity, resulting into a sloppy
and a fast increment in the DNBR change trend after it reaches its minimum values,

which ensures the safety of the reactor to overcome possible consequences.

Moreover, the investigation of slow reactivity insertion of 0.014 per 0.5 sec has
produced shifting in peak power occurrence (0.35 seconds after the step reactivity
insertion case) and a low magnitude of power (~117 MW). However, there is no much
difference in the temperatures transient behavior, but the peak fuel temperatures are at

very different time locations.

It has been concluded that the EUREKA-2/RR ensures ITU TRIGA Mark Il safe
responses for all the presented cases, since all values are inside the safety margins. It
is found that the highest and lowest evaluated cladding surface temperature and DNBR
(151.882°C, and 1.1969), respectively. Moreover, the reactor resides at this critical

state for a very short time, leading into no aggravated consequences as the results have
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indicated. That ensures the safety of the reactor, even for more conservative design

limits.

By the comparison of TM2-RIA and EUREKA-2/RR models results, it is observed
that TM2-RIA has the advantage in calculating the steady-state parameters analytically
and implementing them to initiate the transient analysis. Besides, it has another
advantage for giving the freedom in applying the neutronic parameters, which leads to
more possibilities in utilizing it. Moreover, the possibility of modifying it to include
different thermal-hydraulic structure, when it comes to number of channels, control
volumes and their sizes. It has been proved in this study, how the thermal-hydraulic
adapted scheme (channels and segments) is a factor in predicting the operational state

parameters.

It has been observed through the steady-state thermal-hydraulic analysis, that there is
no issue at all with the presented results when it comes to safe operation. The transient
analyses also show the significance of implementing the accurate set of neutronic
parameters, especially on the critical values of safety parameters. That has been
investigated by considering the neutronic parameters presented in [48] to be the
reference for 0.0035/step, 0.007/step and 0.014/step, and evaluating the relative
difference in peak power, which are found to be (6%, 42% and 13%), respectively. In
addition, the influence left prints in terms of the temporal location (in some cases time
difference is more than 0.5 seconds). That being said, EUREKA-2/RR has been much

superior in covering a wider range of RIA events.

The promising performance of TM2-RIA and the conducted safety analyses with both
codes open many doors for future works. However, since differences have been
observed, modeling using a third common code for research reactors (such as PARET)
would be quite helpful in understanding the positions of the developed models used in
this study. Certainly, there are room for improvements of TM2-RIA to cover RIA
scenarios with relatively low reactivity insertion rates, that can be initiated by
developing different point kinetics solution method (such as; singularly perturbed
method).

In order to improve the TM2-RIA code to be more generic and robust, including
different heat transfer packages to give and extending the code to cover regions beyond

subcooled nucleate boiling. Development of a flow inversion model based on some of
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the highlighted literature in Section 1 is required for LOFA scenarios. However, to
remove the restrictions faced by previous studies regarding the flow loss percentage

that can be analyzed, developing two phase flow model is recommended.

Finally, further works can be done in extending the capabilities of TM2-RIA in
modelling the commercial reactors of ATMEA and VVER-1200 type, which are

expected to be the next future reactors for the nuclear energy in Turkey.
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APPENDIX A: Power Fractions Distribution for 5 and 2 channels

Table A.1: Power fractions for each control volume of each channel, the axial nodes
starts from the lowest to the highest location in z direction, used in EUREKA-2/RR

model.

Axial node Channel-1 Channel-2 Channel-3 Channel-4 Channel-5
1 2.58E-03  3.40E-02 3.20E-02  3.10E-02 2.45E-02
2 2.34E-03  3.07E-02 2.84E-02  2.66E-02 2.20E-02
3 2.74E-03  3.56E-02  3.29E-02  3.04E-02 2.64E-02
4 1.45E-03 1.89E-02 1.74E-02 1.61E-02 1.43E-02
5 1.47E-03 1.92E-02 1.76E-02 1.63E-02 1.47E-02
6 1.46E-03 1.91E-02 1.76E-02 1.63E-02 1.49E-02
7 1.43E-03 1.87E-02 1.72E-02 1.60E-02 1.49E-02
8 2.70E-03  3.51E-02  3.23E-02  3.03E-02 2.86E-02
9 2.30E-03  2.99E-02 2.76E-02  2.62E-02 2.56E-02
10 2.43E-03  3.18E-02 2.97E-02  2.93E-02 2.92E-02

Table A.2 : Power fractions for each control volume of each channel, the axial nodes
starts from the lowest to the highest location in z direction, used in TM2-RIA model.

Axial node Hot Average
channel Channel
1 8.897E-04 3.803E-02
2 9.761E-04  4.085E-02
3 1.146E-03  4.663E-02
4 1.298E-03 5.125E-02
5 1.435E-03 5.624E-02
6 1.552E-03  6.087E-02
7 1.640E-03 6.394E-02
8 1.685E-03 6.656E-02
9 1.708E-03 6.763E-02
10 1.704E-03  6.754E-02
11 1.668E-03  6.630E-02
12 1.629E-03  6.408E-02
13 1.523E-03 6.078E-02
14 1.406E-03 5.639E-02
15 1.268E-03 5.112E-02
16 1.093E-03  4.520E-02
17 9.228E-04 3.809E-02
18 8.127E-04  3.404E-02
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APPENDIX B: Thermodynamic parameters for water at pressure=0.1 kPa.

Table B.1 : Thermodynamics variables for water at pressure 0.1 kPa, utilized in

TM2-RIA.

Temperature Enthalpy Density Dynamic
(°C) (kJ /kg) (kg / m3) Viscosity
(N /mzs)

10 42 999.7 1.31E-6

20 84 998.2 1.00E-6
30 125.8 995.7 0.801E-06
40 167.5 992.3 0.658E-06
50 209.3 988.1 0.553E-06
60 251.2 983.2 0.475E-06

70 293.0 977.8 4.17E-7

80 335.0 971.8 3.68E-7

90 377.0 965.3 3.28E-7

100 419.0 959.1 2.94E-7
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APPENDIX C: The Moody Chart.

01

1
k!

Wholly turbulent flow
x\\{#ﬁf‘"
%

I

009
008

0.o7

.06

.05

004

Q.03

0.025

Laminar
flow

0.015

Smuath

Transition range

0.0l
0.009
0.0psLLL |

M

L

%

LY

L1
HIY 4 & 8 MY 4 6B 210

lig lig

B = BV
I’y

[
oY 4 BB

i

Figure C.1 : Friction factor as a function of Reynolds number and relative
roughness for round pipes [55].
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