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a b s t r a c t

After Fukushima Daiichi accident, the replacement of zirconium-based fuel cladding in Light Water
Reactors (LWR) became one of the main challenges of the nuclear industry. Austenitic steel–clad presents
some safety advantages comparing to zirconium alloys, noticeably, higher activation energy and lower
enthalpy of metal-water reaction. Thus, it produces a slower hydrogen release into the containment fol-
lowing a postulated accident. In this study, a Loss-of-Coolant Accident (LOCA) aggravated by the com-
plete failure of the Emergency Core Cooling System (ECCS) is analyzed for a Small Modular Reactor
(SMR). Post-accident injection of inert gas into the containment is used as one of the hydrogen control
systems, to enhance safety margins during Severe Accidents (SA). The inertization system is successful
in complementing Passive Autocatalytic Recombiners (PAR) to perform combustible gas control.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction to neutrons produced in a reactor core. However, high-
The Fukushima Daiichi Nuclear Plant accident in March 2011
brought great challenge on the development of Accident Tolerant
Fuel (ATF), which is supposed to reduce risks under beyond-
design-basis accident scenarios (Terrani, 2018; Terrani et al.,
2014; Pint et al., 2013; IAEA, 2009). It also reintroduced some ideas
that have been studied or even practiced throughout 70 years of
history of Nuclear Power Plants (NPP), including stainless steel
cladding and post-inerting, as combustible gas control techniques
(Abe et al., 2014; Pino et al., 2015; Massey et al., 2016; Lyu et al.,
2019; Lyu et al., 2017; Peng et al., 2016; Lyu et al., 2020).

Although austenitic steel-clad fuels cannot be considered an
ATF, they operated reliably in first Pressurized Water Reactors
(PWRs) (Terrani et al., 2014). However, their neutron cross section
is a factor of 12–16 times higher than that for Zircaloy. The enrich-
ment penalty due to the use of stainless steel cladding became the
main reason for their replacement by Zircaloy cladding (Terrani
et al., 2014; Massey et al., 2016).

Zirconium fuel cladding currently used in all LWRs provides
adequate material performance while being relatively transparent
temperature interaction of Zr with water producing a large quan-
tity of heat accompanied by hydrogen release is one of the main
contributors to serious loss of integrity scenarios in nuclear reactor
accidents, such as what occurred at the Three Mile Island-II and
more recently at the Fukushima Daiichi-I power plants (Cathcart
et al., 1977; Baker and Just, 1962; Knief, 1992). Despite being
favored over stainless steel from the standpoint of neutron econ-
omy, zirconium-water reaction generates substantially more
energy (1560 kcal/kg) than stainless steel (144 to 253 kcal/kg)
(Knief, 1992). Due to its higher oxidation resistance up to
1100 �C, in design-basis accidents (DBA) (IAEA, 2009) stainless
steel cladding may present safety advantages (Brassfield et al.,
1968; Ishida et al., 1986).

However, during Severe Accidents (SA), core cooling might be
interrupted, then the decay heat in the fuel and metal-water reac-
tion enthalpy in the fuel-cladding drive the core temperature
upward. As the water level decreases and core becomes uncovered,
the heat transfer processes become less efficient and the fuel starts
to experience physical, chemical degradation or even melting.
Physical degradation occurs first ð700 �C � 1000 �CÞ and involves
ballooning and burst of the thin-walled cladding tube. Chemical
degradation occurs at higher temperatures ð1000 �C � 1200 �CÞ,
depending on the cladding material and is dominated by water
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Table 1
Alloys compositions in mass%, determined by Inductively Coupled Plasma Atomic
Emission Spectroscopy and combustion analyses.

Chemical Element AISI 348 Zr-4

Fe 68.63 0.20
Cr 17.45 0.10
Ni 10.94 –
C 0.052 0.01
Si 0.42 –
Mn 1.61 –
P 0.017 –
Cu – –
V – –
Ta <0.005 –
Co 0.023 –
Nb 0.83 –
S 0.003 –
B 0.0007 –
N 0.018 –
O – 0.13
Sn – 1.36
Zr – 98.20
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oxidation, which releases hydrogen and is highly exothermic
(Terrani et al., 2014; Massey et al., 2016). In this case, a significant
quantity of hydrogenmay be released to the containment in a short
period of time (Lyu et al., 2019; Lyu et al., 2017; EPRI, 2012).
Although passive autocatalytic recombiners are employed in most
of NPPs, these systems might not deal with full core degradation
scenario. Inert gases can be employed to enhance hydrogen dilution
and mixing, helping reduce hydrogen combustion risk in the con-
tainment, by keeping its volume fraction less than the flammability
limit giving by Shapiro diagram (Shapiro and Moffette, 1957)
whereas there is availability of oxygen (Peng et al., 2016).

Severe accident computer codes have been extensively tested in
recent years (NEA, 2018; NEA, 2015; Nowack et al., 2018). These
codes offer capability of modeling highly complex phenomena
and various accident progressions so as to evaluate Severe Accident
Management (SAM) actions, and improve its effectiveness. The
principal internationally used codes today are MAAP (developed
by Fauske & Associates Inc., USA), MELCOR (developed by Sandia
National Laboratories, USA, under USNRC sponsorship), and ASTEC
(jointly developed by IRSN, France, and the GRS, Germany) (NEA,
2018; NEA, 2015). These codes are not designed to perform best-
estimate simulations, but to allow the user to bound important
processes or phenomena, often using user-defined parameters.
They are generally used to support Probabilistic Safety Assessment
level 2 (PSA2) analyses, for a good estimate of risks for SA scenar-
ios. Analytical methods and expert opinion on the understanding
of plant systems are equally viewed as important to SAM guideli-
nes (NEA, 2018).

In this study, a SMR scenario of Loss-of-Coolant Accident (LOCA)
aggravated by complete failure of the Emergency Core Cooling Sys-
tem (ECCS) is analyzed. Post-accident injection of inert gas in the
containment is employed to enhance combustible gas control sys-
tem. Stainless steel and Zircaloy-4 performances as cladding mate-
rials are compared.

2. Materials and methods

Oxidation experiments were carried out firstly to determine
metal-water reaction kinetics for Zircaloy-4 and Austenitic Stain-
less Steel. The kinetics equations obtained from the experiments
were then applied in a simplified core model to calculate hydrogen
source term evolution inside the containment. Finally, the hydro-
gen generation data were applied in a SMR containment model
developed specifically to analyze the performance of combustible
gas control systems regarding the established on 10CFR 50.44
(NRC, 2017).

2.1. Oxidation kinetics

Zircaloy-4 and Austenitic Stainless Steel samples were submit-
ted to high temperature oxidation tests with steam. Isothermal
thermo gravimetric tests at 1000, 1100, 1200, 1300 and 1350 �C
were conducted inside of an electric furnace. That is the tempera-
ture range where chemical degradation significantly occurs for zir-
conium based cladding (Terrani et al., 2014). Chemical
compositions in weight % are presented in Table 1.

Oxidation of steel by high temperature steam is highly complex,
and several different oxide types are possible. Magnetite is the
major product. However, other forms involving Fe, Cr, and Ni are
possible. The oxidation reactions of stainless steel are as follows:

2Cr þ Feþ 4H2O ! FeO:Cr2O3 þ 4H2; ð1aÞ
3Feþ 4H2O ! Fe3O4 þ 4H2; ð1bÞ
whereas the chemical formula for the reaction of zirconium with
steam is as follows:
Zr þ 2H2O ! ZrO2 þ 2H2: ð2Þ
Both oxidation behaviors may be represented by a parabolic kinet-
ics as the oxide layer growth is controlled by diffusion through the
oxide layer. The parabolic model is given by:

Dm
A

� �2

¼ A0 exp
�Ea

RT

� �
t; ð3Þ

where m=A is the mass-gain per unit area ½kg:m�2�; t is time [s], A0 is

pre-exponential factor ½kg2
:m�4:s�1�; Ea is the activation energy of

the oxidation reaction ½J:mol�1�;R is the gas constant [8.314

J:mol�1
:K�1], and T is temperature [K]. Regarding their difference

in terms of thermal properties and kinetics parameters, each mate-
rial will give a different profile on cladding temperature evolution.

The mass gain data were used to derive hydrogen generation
rate for these materials, by using stoichiometric relations, as
follows:

mH2

A
¼ 0:1260

Dm
A

ðT; tÞ; ð4Þ

where 0.1260 is the proportional mass of hydrogen produced for
each mass of oxygen reacted and mH2=A is mass of hydrogen pro-
duced per unit area ½kg:m�2�.

2.2. Simplified core model

Let us consider the core of a small modular reactor consisting of
a number Nrod of fuel rods. Hydrogen is generated during a severe
accident as a consequence of a double ended guillotine break LOCA
located in cold leg aggravated by complete failure of the ECCS. The
temperature evolution in the SMR core is determined by a simpli-
fied core model. For a conservative simulation, an adiabatic bound-
ary is imposed on the surface of the fuel rods by neglecting the heat
transfer between the fuel rods and the vapor in the reactor core.

The volumetric heat generation rate qðiÞ
f ðz; tÞ at i-th fuel rod is spec-

ified by a given axial profile and the decay heat power as a function
of time following ANSI/ANS 5.1-2014 (ANS, 2014). The kinetics
parameters are used to determine hydrogen generation rate and
energy release by metal-water reaction. The outer radius of the fuel
pellet, inner and outer radius the cladding are Rfo;Rci and Rco

respectively. The active height of the reactor core is L. The temper-
ature distributions in the fuel and cladding of all fuel rods in the
reactor core are determined by solving the transient heat conduc-



Fig. 1. Containment model considering hydrogen source term, main heat sources
and combustible gas control systems.

Table 2
Simplifications and assumptions of the SMR containment model.

Simplifications and Assumptions Phenomena/ Context

1. Adiabatic fuel rods. Core heat transfer
2. Hydrogen is generated only by

metal-water reaction.
Hydrogen source term

3. Steam is always available to react. Metal-water reaction
4. Fuel rod geometry (oxidation area)

is kept constant until the melting
point.

In-Vessel core degradation

5. Constant overall heat transfer
coefficient.

Containment heat transfer

6. Raoult’s law is used to calculate
vapor pressures of all species (vapor
mixture acts as an ideal gas).

Containment thermodynamics

7. Reactor Pressure Vessel (RPV) high-
point venting releases hydrogen to
containment.

Containment pressure load and
Ex-vessel hydrogen combustion
risk

8. Uniform hydrogen distribution
(single compartment).

Containment mass transfer

9. Nitrogen is used as inert gas. Mitigation of hydrogen
combustion risk

A.M. Avelar et al. / Annals of Nuclear Energy 149 (2020) 107775 3
tion equations in fuel and cladding of each fuel rod, for a total of
Nrod fuel rods, written as follows:

qf Cpf

@TðiÞ
f
ðr;z;tÞ
@t ¼ 1

r
@
@

r kf ðTÞ
@TðiÞ

f
ðr;z;tÞ
@r

� �
þ qðiÞ

f ðz; tÞ;
0 < r < Rfo; �L=2 < z < L=2; i ¼ 1; :::;Nrod;

ð5aÞ

qcCpc
@TðiÞc ðr;z;tÞ

@t ¼ 1
r

@
@

r kcðTÞ @TðiÞc ðr;z;tÞ
@r

� �
þ qðiÞ

c ðz; tÞ;
Rci < r < Rco; �L=2 < z < L=2; i ¼ 1; :::;Nrod;

ð5bÞ

where T ðiÞ
f and TðiÞ

c are temperatures in fuel and cladding of i-th fuel

rod, qf and qc their densities, Cpf and Cpc the specific heats, kf and kc
the thermal conductivities. q000

i;f and q000
i;c the volumetric heat genera-

tion rates in fuel and cladding of i-th fuel rod. hg is the heat transfer
coefficient for the gap, and h the heat transfer coefficient between
the cladding and the coolant.

Eqs. (5) are to be solved with the following boundary and inter-
face conditions:

@TðiÞf ðr; z; tÞ
@r

����
r¼0

; at r ¼ 0; ð6aÞ

�Rfokf
@TðiÞ

f ðr; z; tÞ
@r

�����
r¼Rfo

¼ RghgðTðiÞ
f ðRfo; z; tÞ � TðiÞ

c ðRci; z; tÞÞ; ð6bÞ

�Rcikc
@TðiÞ

c ðr; z; tÞ
@r

�����
r¼rci

¼ RghgðTðiÞ
f ðRfo; z; tÞ � T ðiÞ

c ðRci; z; tÞÞ; ð6cÞ

�kc
@TðiÞ

c ðr; z; tÞ
@r

�����
r¼Rco

¼ hðTðiÞ
c ðRco; tÞ � TðiÞ

m ðz; tÞÞ; ð6dÞ

and the initial conditions specified at the beginning of the
simulation

TðiÞ
f ðr; z;0Þ ¼ TðiÞ

f0ðr; zÞ; ð7aÞ
TðiÞ
c ðr;0Þ ¼ TðiÞ

c0ðrÞ: ð7bÞ
We consider that the convective heat transfer between the cladding
surface and the coolant is negligible and the heat transfer coeffi-
cient h can be taken as zero. The convective boundary condition
(6d) becomes an adiabatic boundary condition at the cladding outer
radius ðRcoÞ of all fuel rods.

�kc
@TðiÞ

c ðr; z; tÞ
@r

����
r¼Rco

¼ 0: ð8Þ

Eqs. (5) together with the boundary, interface and initial conditions
(6) and (7) are solved by using a finite difference method.

2.3. Containment model

Afterwards, a simplified SMR containment model was devel-
oped using SCILAB and Excel Visual Basic for Applications (VBA)
codes to analyze the performance of different combustible gas con-
trol systems. Fig. 1 shows the SMR containment model and also the
main heat sources considered in the analysis.

The simplifications and assumptions of the SMR containment
model are listed in Table 2.

The simplifications 1 to 4 are related to typical core phenomena
whereas the others are related to containment phenomena. They
were used to maximize the hydrogen generation in order to chal-
lenge the combustible gas control systems. The fourth assumption
is considered to be appropriate only for Iron based cladding where
cross-sectional area remains largely unchanged up to the point of
burst, unlike zirconium based alloys (Massey et al., 2016). How-
ever, when melting point is reached, fuel rod integrity is assumed
to be lost and the entire cladding mass is converted to form
hydrogen.
The containment has a small free volume of approximately 650
m3. There is a corridor located at the upper part of containment
that communicates all areas and the ventilation system is consid-
ered to provide uniform distribution of the gases. Thus, a single
control volume was adopted. There is no accumulation of hydrogen
neither in the RPV, nor in the primary system. This is assumed due
to RPV venting and also to increase combustion risk and challenge
combustible gas control systems. The steel containment is sur-
rounded by water that provides a fast condensation. Thus, pressure
and temperature rapidly decrease after LOCA. The SMR model was
verified taking into account code intercomparison against a MEL-
COR SMR model (Humphries et al., 2017; Humphries et al., 2017).

The hydrogen produced is considered to be released from the
core into the containment instantaneously. Such assumptions (adi-
abatic core as boundary condition and instantaneous release)
ensure a faster clad heat up and consequently an earlier hydrogen
production and release to the containment. At the end of the sim-
ulation time, the total mass of hydrogen release to the containment
is equivalent to that generated by a 100% fuel-clad metal water
reaction.

Let us consider a reactor containment with volume V and heat
transfer area Awith the environment. At an initial instant, the pres-
sure in the containment is Pð0Þ, and the temperature is Tð0Þ. We
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are interested in analyzing the time evaluation of the concentra-
tions of several species in the containment, namely the nitrogen
N2, oxygen O2, hydrogen H2 and water H2O. The initial masses of
the components in the containment are MN2 ð0Þ;MO2 ð0Þ;
MH2 ð0Þ;MH2Oð0Þ respectively. It is assumed that thermodynamic
properties as function of temperature are available for all compo-
nents, for example the saturation pressure PsatðTsatÞ, the specific
internal energy uN2 ðTÞ;uO2 ðTÞ;uH2 ðTÞ;ugðTÞ;uf ðTÞ, specific enthalpy
hN2 ðTÞ;hH2 ðTÞ and specific volumes vgðTÞ;v f ðTÞ. Containment con-
ditions were calculated using a simplified thermodynamic model,
which consists of conservation equations for the mass of each spe-
cies and for total energy in the containment:

dMN2

d t
¼ _mN2 ;in; ð9aÞ

dMO2

d t
¼ � _mO2 ;rec; ð9bÞ

dMH2

d t
¼ _mH2 ;in � _mH2 ;rec; ð9cÞ

dMH2O

d t
¼ _mH2O;rec; ð9dÞ

d
d t ðUTotalÞ ¼ _mN2 ;in hN2 þ

v2N2
2

� �
þ _mH2 ;in hH2 þ

v2H2
2

� �
þ _Q � UhtAðT � TeÞ:

ð10Þ
The total energy UTotal is given by

UTotal ¼ MN2uN2 þMO2uO2 þMH2uH2 þMH2OðxH2Oug þ ð1� xH2OÞuf Þ
ð11Þ

where u is the specific internal energy, h specific enthalpy, v is
velocity, _m is the mass flow rate, xH2O is the mass fraction of water
vapor (static quality), Uht is the overall heat transfer coefficient, and
Te is the environment temperature. As the specific energies and
enthalpies are functions of temperature, the temperature TðtÞ in
the containment is readily obtained from the total energy, Eq.
(11). The heating power _Q is comprised of the reactor decay heat
power, the heat generation of metal-water reaction, and the heat
generation of recombination from the catalysts. An analytical solu-
tion of the containment model is obtained with linearized thermo-
dynamic properties, and constant hydrogen generation and
nitrogen injection rates. The analytical solution is given in the
Appendix for a comparison with the numerical solution of the con-
tainment model.

To determine the species partial pressures in the gas phase, the
containment was considered an ideal system, where ideal liquid
and ideal vapor are assumed to be in equilibrium at each time step.
In this case, Raoult’s law is combined with Dalton’s Law. The partial
pressures of the species are determined as

PN2 ¼
nN2 RN2 T

Vc
; PO2 ¼ nO2 RO2 T

Vc
;

PH2 ¼
nH2 RH2 T

Vc
; PH2O ¼ PsatðTÞ;

ð12Þ

where R is the gas constant. The containment pressure is obtained
as the sum of the partial pressures:

P ¼ PN2 þ PO2 þ PH2 þ PH2O: ð13Þ
The mole fractions of the species in the gas phase are determined by
the ratios between the partial pressures and the total pressure in
the containment:

yN2
¼ PN2

P
; yO2

¼ PO2

P
; yH2

¼ PH2

P
; yH2O ¼ PH2O

P
: ð14Þ

Passive Autocatalytic Recombiners (PAR) system is considered to be
functional. The PAR model is described by Eqs. 15 and 16 (Arnould
et al., 2001).
_mH2 ;rec ¼ 0:4CH2P
293
T

� �1:5

tanh CH2 � 0:5
� �

AðCH2 ;CO2 Þ ð15Þ

where _mH2 ;rec is the hydrogen recombination rate ½kg=h�;CH2 is
hydrogen concentration in vol.%, CO2 is oxygen concentration in
vol.% and P is total pressure ½bar�.

A ¼ 1; if ; CH2 6 CO2

A ¼ 0:6; if ; CH2 > CO2

A ¼ 0:33; if; CO2 < 4%

8><
>: ð16Þ

PAR system is used to provide a passive combustible gas control.
However, once post-accident inerting system is activated, the over-
pressure increases hydrogen depletion rate by recombiners, which
according to Eq. 15, is pressure dependent (Lyu et al., 2017).

Nitrogen and carbon dioxide are usually used as inert gas in
post-inerting (Lyu et al., 2019). In this study, N2 is selected as inert
gas due its wide application experience in Boiling Water Reactors
(BWR) plants, which are pre-inerted (Camp et al., 1983). The
inerted atmosphere criterion is an atmosphere with less than 4%
oxygen by volume (NRC, 2017). PAR are considered to be active
in low oxygen concentrations. However, their performance in oxy-
gen poor atmosphere is corrected by Eq. 16, where the depletion
rates are lowered by a factor of 3.

Post-inerting system was modeled by a control valve with con-
stant upstream pressure. Liquefied nitrogen is stored in a tank. For
supply, the liquid is vaporized and injected at 6 bar and 10 �C to
avoid jeopardizing containment integrity. The start of injection
considered a sensitivity analysis on the activation time in order
to discover the maximum possible delay without reaching the
flammability limits. N2 mass flow rate is calculated supposing
incompressible flow. It depends on the containment backpressure,
which is time dependent due to condensation and nitrogen injec-
tion, according to the following equation:

_mN2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6� PðtÞ

K

r
ð17Þ

where _mN2 is nitrogen mass flow rate ½kg=s�;K is a hydraulic param-

eter ½bar:s2:kg�2� and P is the containment back pressure [bar].

3. Results and discussion

Metal-water reaction kinetics for Zircaloy-4 and Austenitic
Stainless Steel are described in SubSection 3.1. The evolution of
hydrogen source term inside containment for both alloys and the
performance of combustible gas control systems were analyzed
using the SMR containment model. The results are described in
SubSection 3.2.

3.1. Oxidation kinetics

Weight gain results for Zircaloy-4 are similar to previous stud-
ies (Cathcart et al., 1977; Baker and Just, 1962; Urbanic and
Heidrick, 1978). Austenitic Stainless Steel also performed similar
to previous studies (Ishida et al., 1986; Brassfield et al., 1968). Con-
ventional austenitic stainless steel claddings with 18-Cr and 8-Ni
are more oxidation resistant than Zircaloy but do not contain suf-
ficient Cr and Ni levels to be protective at 1200 �C and higher tem-
peratures. Furthermore, concerning the metal-water reaction as an
important heat source, stainless steel is favored against Zircaloy.
Focusing on the kinetic parameters, it can be seen in Fig. 2 that
the austenitic stainless steel has a higher activation energy com-
paring to Zircaloy-4. This will lead to a considerably slower oxida-
tion in case of austenitic stainless steel cladding that will affect
significantly the hydrogen production. Kinetic parameters
obtained for each material are presented in Table 3. These results



Table 3
Arrhenius parameters of parabolic kinetic models of Austenitic SS and Zircaloy-4.

Arrhenius Parameters Austenitic SS Zr-4

A0 ðkg2=m4=sÞ 4:8� 107 119

Ea ðkJ=molÞ 344 176

Fig. 3. Containment pressure evolution during post-LOCA scenario with ECCS
failure and post-inerting system actuation on Austenitic Stainless Steel (SS) case.

Fig. 4. Hydrogen volume fraction evolution in containment Zircaloy (Zr) case
comparing to Austenitic Stainless Steel (SS) case and 10CFR 50.44 limit (19).

Fig. 2. Arrhenius plot of the parabolic weight-gain rate constants for materials
oxidized in 100% water environment.
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were applied in the SMR containment model to predict hydrogen
generation for each material.

Oxidation of Fe� Cr � Ni alloys is highly dependent on Cr con-
tent. Chromium levels greater than 20% led to the formation of a
predominantly chromic oxide scale with the associated low diffu-
sion rates through the scale and hence low oxidation rates. Pint
et al. (2013) showed that 25% Cr was needed to form a protective
Cr2O3 scale at 1200 �C (Pint et al., 2013). The oxidation resistance
is an important challenge for finding other cladding materials
(Terrani, 2018).
Fig. 5. Comparison between hydrogen production on Austenitic Stainless Steel (SS)
case divided by Zircaloy (Zr) case.
3.2. Containment analysis

The simulation of the containment transient happens according
to the following time frame: Large Break Loss-of-Coolant-Accident
(LBLOCA) peak pressure in the containment is the initial condition
(0 s). The following 500 s reveals the importance of steam conden-
sation to reduce containment pressure, which is necessary to allow
post-inert agent injection, which according to Fig. 3 starts at 800 s.

Zircaloy cladding temperature evolution was faster than Stain-
less Steel. Thus, the initial hydrogen production is delayed by
approximately 250 s on the Austenitic Stainless Steel case. Accord-
ing to Fig. 4, as hydrogen generation evolution is faster on Zircaloy
case, a higher quantity of hydrogen is released at the very begin-
ning of core oxidation and the flammability limit is reached, even
though the PAR systems is considered to be functional. Whereas,
on Austenitic Stainless Steel case flammability limit is not reached.
The delayed hydrogen generation on Austenitic Stainless Steel case
can be better seen in Fig. 5, where it is compared with Zircaloy case
throughout the entire simulation time.

Considering the activation of post-inerting system, Fig. 6 shows
that in both cases oxygen concentration reduction is accelerated by
the injection of nitrogen (which starts at 800 s). In both cases, it
quickly brings the oxygen concentration to 4% vol., when the atmo-
sphere is considered to be inert (NRC, 2017). On the Austenitic
Stainless Steel case it happens at 1200 s, whereas on Zircaloy case
it happened earlier (at approximately 900 s), mainly due its higher
hydrogen concentration, which helps reducing oxygen partial
pressure.
Even though the same combustible gas control system is con-
sidered in both cases, the results for Zircaloy cladding showed a
higher probability of hydrogen combustion (deflagration, Deflagra-
tion to Detonation Transition (DDT) or even detonation) once,
according to Fig. 4, the flammability limit is reached (NRC, 2017).
However, on the Austenitic Stainless Steel case, hydrogen concen-
tration is kept under 7% vol.

An analytical solution is presented in the Appendix to verify the
SMR containment model. Verification is concerned with identifying
and removing errors in the model by comparing numerical solu-
tions to analytical solution (Schlesinger, 1979; Thacker et al.,



Fig. 6. Oxygen volume fraction evolution in containment Zircaloy (Zr) case
comparing to Austenitic Stainless Steel (SS) case and 10CFR 50.44 inerted
atmosphere limit (NRC, 2017).

Fig. 8. Comparison of hydrogen source term evolution in containment results
obtained with SMR containment model and MELCOR.
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2004). The numerical solution presented significant sensitivity
concerning the time step. Nevertheless, a good qualitative agree-
ment was obtained.

Validation, on the other hand, is concerned with quantifying the
accuracy of the model by comparing numerical solutions to exper-
imental data. As very little experimental data exist for this purpose
presently and they are concerned about Large Dry containments, a
future work should be focused on this area, specifically to SMR
containments (Tiltmann et al., 1993).

The hydrogen combustion is in general inferred from the well-
known Shapiro diagram (Shapiro and Moffette, 1957) which pre-
dicts Flammability and Detonation Limits of hydrogen-air–steam
mixtures. Flammability limits from the original diagram were
changed in order to consider the downward propagation limits
from (Camp et al., 1983) and also to be consistent with 10CFR
50.44 (NRC, 2017) criterion of 10 % vol. as maximum allowable
hydrogen concentration. According to Fig. 7, Zircaloy case also
showed the possibility of hydrogen combustion, which does not
happen on the Austenitic Stainless Steel case.
3.3. Code-to-code comparison

SA codes are often used for hydrogen source term calculations.
However, they require a careful examination of modeling assump-
Fig. 7. Shapiro diagram highlighting the state of the containment with respect to
the flammability limits during simulation performed using SMR containment model
comparing Zircaloy (Zr) case and Austenitic Stainless Steel (SS) case. Flammability
limits consider the downward propagation limits (Camp et al., 1983).
tions. Considering the high uncertainty of simulation results, code-
to-code comparison can provide a deeper understanding of simu-
lated phenomena.

The same accident scenario studied with SMR model was simu-
lated with MELCOR. First, Zircaloy was employed as cladding mate-
rial in order to utilize MELCOR default settings. Then, Stainless
Steel as cladding material was considered by implementing the
related material properties into MELCOR. Fig. 8 shows that the
hydrogen generation evolution considering Austenitic Stainless
Steel (SS) is in good agreement with MELCOR prediction. Similarly,
the hydrogen volume fraction evolution in containment predicted
by SMR model is also in agreement with MELCOR results.

Concerning the oxidation resistance of different cladding mate-
rials, it is clear that the process shall be studied from an experi-
mental point of view. The kinetic data provides crucial support
for validation.

Fuel rod swelling and also cladding burst might lead to an
increase of oxidation area whose consequence is a faster hydrogen
generation evolution. The calculation accuracy could be improved
by using more realistic conditions, for example, by applying ther-
mal–hydraulics parameters for realistic accident situations (in-
stead of an adiabatic boundary condition) and by properly taking
into account cladding embrittlement during loss-of-coolant
accidents.

The containment model was also validated by considering a
scenario in which nitrogen injection started at 300 s. Initial condi-
tions and input data for SMR containment were obtained using
RELAP results for loss-of-coolant accident whereas MELCOR model
could gather the entire simulation without any need of code cou-
pling. Figs. 9–11 show good agreement between the results of
Fig. 9. Comparison of hydrogen volume fraction evolution results obtained with
SMR containment model and MELCOR.



Fig. 10. Comparison of oxygen volume fraction evolution results obtained with
SMR containment model and MELCOR.

Fig. 11. Comparison of steam volume fraction evolution results obtained with SMR
containment model and MELCOR.
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hydrogen, oxygen and steam volume fractions predicted by the
SMR model and MELCOR, respectively.

It is worth mentioning that there are other aspects not covered
by the current study, for example: fission product release and
transport, corium interactions and hydrogen combustion regimes
in SA conditions. The present work was limited to comparing the
performance of different cladding materials considering an acci-
dent scenario. The advantage of stainless steel cladding is shown
by analyzing containment variables, especially hydrogen
concentration.

4. Conclusions

Fukushima accident raised a question of what can be considered
as ’proven technology’ on beyond design basis accidents. This
paper revisits some technologies in order to improve nuclear safety
in SMRs, by considering Austenitic Stainless Steel as cladding
material instead of Zircaloy-4, and adding a post-inerting system
to assist PAR system on combustible gas control. The former would
provide a slower accident progression, while the latter would be
able to enhance combustible gas control performance in a more
severe scenario. The main conclusions of the work are as follows:

(1) Stainless steel cladding shows an improvement of safety by
reducing heat sources due to its less exothermic metal-water
reaction compared to zirconium alloys.
(2) Post-inerting systems assists combustible gas control by:
enhancing the mixing process and reducing hydrogen partial
pressure, and also overcomes eventual difficulties like PAR allo-
cation and lack of oxygen available for recombination.
(3) SMR containment makes post-inertization system feasible
due to its limited free volume, which results in shorter period
of time to achieve an inert atmosphere.
(4) The proposed technologies would improve safety margins
on avoiding the possibility of hydrogen combustion inside con-
tainment. However, more studies are needed to demonstrate
that post-accident atmosphere will not support hydrogen com-
bustion and that inadvertent actuation can be safely accommo-
dated during plant operation.
(5) Despite the gain of hydrogen dilution due to post-inerting,
the SMR must ensure that containment filtration and discharge
system is functioning properly at accident conditions to prevent
containment from overpressure. Also, radiological conse-
quences resulting from the purge of the containment shall be
analyzed.
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Appendix A. Analytical model for containment pressurization

To obtain an analytical solution, linearised thermodynamic
properties are generated from the accurate thermodynamic data,
as follows:

u�
N2
ðTÞ ¼ aN2T þ bN2 ; ð16aÞ

h�
N2
ðTÞ ¼ cN2T þ dN2 ; ð16bÞ

u�
H2
ðTÞ ¼ aH2T þ bH2 ; ð16cÞ

h�
H2
ðTÞ ¼ cN2T þ dH2 ; ð16dÞ

u�
O2
ðTÞ ¼ aO2T þ bO2 ; ð16eÞ

v�
f ðTÞ ¼ eH2OT þ f H2O

ð16fÞ
ugðTÞ
vgðTÞ

� ��
¼ aH2OT þ bH2O; ð16gÞ

uf ðTÞ
vgðTÞ

� ��
¼ cH2OT þ dH2O: ð16hÞ

It is assumed that the gas generation or injection rates is constant
within a given time internal. Typically, we divide the simulation
process in three stages. At stage I ð0 6 t 6 t1Þ, there is no hydrogen
generation or nitrogen injection; at stage II ðt1 6 t 6 t2Þ, there is
only hydrogen generation but no nitrogen injection; the hydrogen
generation rates at stage II is given by:

_mðIIÞ
H2

¼ bðIIÞ
H2
: ð17Þ

At stage III ðt2 6 t 6 t3Þ, there are both hydrogen generation and
nitrogen injection,

_mðIIIÞ
H2

¼ bðIIIÞ
H2

; _mðIIIÞ
N2

¼ betaðIIIÞN2
: ð18a;bÞ

The mass conservation equations for the four components are given
by Eqs. (9). The energy conservation equation for the containment is
described by Eq. (10). The total energy conservation in the contain-
ment is given by:
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UiðtÞ ¼ Mi
Nt
2
uN2 ðTÞ þMi

o2
uo2 þMi

H2
uH2 ðTÞ

þ V
vgf

ugðTÞ þ ðMH2O � V
vgf

Þuf ðTÞ:
ð19Þ

The mass conservation Eqs. (9) are integrated in time to obtain the
masses of the components as a function of time.

Mi
N2
ðtÞ ¼ bi

N2
t þ ciN2

; ð20aÞ
Mi

O2
¼ MO2 ð0Þ ¼ MO2 ; ð20bÞ

Mi
H2
ðtÞ ¼ bi

H2
t þ ciH2

ð20cÞ
Mi

H2O
¼ MH2Oð0Þ ¼ MH2O: ð20dÞ

The solutions given in Eqs. (20) and the linearized thermodynamic
proprieties are used in the energy conservation Eq. (10), which
becomes:

A1 þ A2t0ð Þ d TðtÞ
d t

� �
¼ B1 þ B2TðtÞ; ð21Þ

to be solved with the initial condition:

Tð0Þ ¼ T0: ð22Þ
The analytical solution of Eq. (21) is given by:

TðtÞ ¼ �B1

B2
þ ðA1 þ A2tÞ

B2
A2C1; ð23Þ

where C1 is a constant to be determined by the initial condition on
Eq. (22)

C1 ¼ A
�B2

A2
1 T0 þ B1

B2

� �
: ð24Þ

The analytical solution for the containment temperature TðtÞ is thus
given by:

TðtÞ ¼ �B1

B2
þ A

�B2
A1
1 T0 þ B1

B2
ðA1 þ A2tÞ

� �B2
A2
; ð25Þ

where:

A1 ¼ aN2MN20 þ aO2MN2O þ aO2MO2 ; ð26aÞ
A2 ¼ aN2bN2 þ aO2bN2 ; ð26bÞ
B1 ¼ �b2

N2
þ bH2dH2 þ bN2 ðdH2 � bO2 Þ þ Q � UhtATe; ð26cÞ

B2 ¼ �aN2bN2 � aO2bN2 þ bH2CH2 þ bN2CN2 þ UhtA: ð26dÞ
Once the containment temperature TðtÞ is obtained, the con-

tainment pressure PðtÞ and the mole fractions of the species can
be readily obtained.
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