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Abstract

Nuclear graphite is proposed for use in High-temperature Gas-cooled Reactor (HTGR) designs
as the neutron moderator, reflector, and core structural material. During the normal operation of
an HTGR, a small amount of moisture can exist in the primary helium circuit even with a helium
purification system included to remove any impurities present in the primary coolant. In addition,
a large amount of moisture can quickly enter the primary side during a steam ingress accident for
those HTGRs that feature a steam Rankine cycle as the power conversion unit. The moisture can
react with nuclear graphite in high-temperature environments, which degrades mechanical strength
of graphite. Therefore, it is necessary to investigate the graphite-steam oxidation phenomena in

detail to facilitate future HTGR licensing and deployment.

In this research, the oxidation behavior of nuclear graphite 1G-110 by steam was investigated
under various temperature, moisture concentration, and hydrogen partial pressure conditions. A
graphite-steam oxidation test facility was constructed to obtain high-resolution experimental data.
The reaction environment was jointly controlled by a tube furnace, a peristaltic pump, and gas
mass controllers. The concentrations of production gases CO and CO2 were measured online by a
gas chromatography, which were then used to derive the oxidation rates. A total of 141qualified
data points of the kinetic oxidation rates were collected at temperatures 850 to 1100 °C with steam
partial pressure up to 20 kPa and hydrogen partial pressure varied from 0 to 3 kPa. Boltzmann-

enhanced Langmuir-Hinshelwood (BLH) reaction rate equation was obtained through

XiX



multivariable optimization. The overall mean relative difference between the predicted oxidation

rate and the experimental data is 24%, with the maximum difference being 55%.

In addition, experiments were performed to investigate the effect of mass loss on graphite
oxidation rate. It was believed the graphite-moisture reaction expands the existing micro pores in
graphite and opens those originally isolated pores, both resulting in an increase of active surface
area. In the experiment, the graphite mass loss fraction was found to have a more prominent effect

on increasing the oxidation rate at lower temperatures.

Furthermore, a multiphysics model was developed for graphite-steam oxidation. The
numerical model couples all important physical processes, including the kinetic chemical reaction,
multi-species transport, free and porous flow, heat transfer, and microporous structure evolution.
The multiphysics model was validated against our experimental data. Our comparisons show that
the numerical model can well simulate the apparent oxidation rate and accurately predict the post-

oxidation density distribution.

The validated model was then applied to the prototypic MHTGR design for normal operating
conditions. The chronic graphite-moisture oxidation during a full MHTGR service period of 36-
months was simulated. The simulation indicates that at the end of the 36-month operation, the
maximum local graphite mass loss can reach to about 85%. However, the oxidation is well
confined within a thin layer of about 0.5 mm thickness into the graphite surface. Therefore, chronic
graphite-moisture oxidation will not significantly decrease the mechanical strength of graphite,

nor jeopardize the integrity of graphite fuel blocks in MHTGR during its normal operation.
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Chapter 1 Introduction

1.1 Research Background

High-temperature Gas-cooled Reactors (HTGRS) exhibit advantages in improving the
efficiency of thermal-to-electric energy conversion and providing high-temperature process heat
in addition to their inherent safety features [1], [2]. Therefore, it has been selected by U.S.
Department of Energy (DOE) as one of the candidates in the Next Generation Nuclear Plant
(NGNP) project to demonstrate the technical and licensing viability as a CO»-free source of energy
[3]. Several HTGR concepts have been proposed by different institutions. In general, the HGTR

designs adopt either a pebble bed type [4] or prismatic type active core [5].

To lower the engineering risks of helium turbine fabrication, a conventional steam Rankine
cycle (SRC) is coupled to the primary helium circuit via a steam generator (SG) for power
conversion in the Modular High Temperature Gas-cooled Reactor (MHTGR) design, as shown in
Figure 1-1. Similarly, the SRC is also adopted by the pebble type gas-cooled reactor HTR-PM [6].
A common feature of the current HTGR designs is that graphite is widely used as the neutron
moderators, reflectors, and core structural material. For example, the MHTGR design has three
layers of active graphite fuel columns which are then surrounded by the inner and side graphite
reflectors. The layout of reactor pressure vessel (RPV) system in the MHTGR design is depicted
in Figure 1-2. In addition, the weight of the fuel columns and those replaceable graphite reflectors
are mounted to the graphite cylinder posts in the hot plenum. A similar prismatic HTGR design
was proposed by AREVA that has two SRC power conversion units [7].

1
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Although nuclear graphite exhibits excellent neutron irradiation and high temperature
properties, the graphite oxidation under specific conditions has to be carefully investigated to
support HTGR design, licensing, and deployment activities. For different HTGR designs, a small
amount of moisture, with most practical values grouped around 1.1-1.4 Pa at a total pressures of
7-9 MPa, could exist in the primary helium even with helium purification systems included to
remove the impurities [8]. Although the graphite-moisture oxidation rate is very small, it can
chronically and continuously corrode the graphite materials. In order to ensure the safety of an
HTGR, the graphite in reactor core has to survive through its full service period. For example, the
replaceable graphite fuel blocks and reflectors should maintain their integrity during the 36-months
refueling period, and the permanent reflectors and structural graphite should maintain enough
mechanical strength for a full service time of 40 years. In addition to the small concentration of
moisture during reactor normal operation, a relatively larger amount of moisture could enter the
primary side from the water-lubricated bearings of the helium circulator. For example, the Fort St.
Vrain HTGR power plant recorded moisture level of 4 to 240 ppm (equivalent to moisture partial
pressure of 20 to 1,152 Pa) at a total helium pressure of 4.8 MPa during the first 16 weeks after

reactor start up [9].

Another concern of graphite oxidation comes from the postulated steam ingress accident. In
order to improve the system thermal efficiency, the pressure of the secondary steam/water loop
(~20 MPa) is typically much higher than the primary helium pressure (~7 MPa). As a consequence,
a large amount of moisture will quickly enter the primary side once a generator tube rupture
(SGTR) accident occurs [10]-[12]. The nuclear graphite in the core region will, thereafter, be

oxidized at a higher rate within a short period due to the larger steam concentration.



It has been shown that the mechanical strength of nuclear grade graphite 1G-110 decreased by
about 50% at a mass loss fraction of 8-10% [13], [14]. The experiments using matrix graphite,
which is more vulnerable to oxidation, showed 77.3% and 12.5% of compressive strength have
been lost with 10% mass loss fraction at 550 °C and 900 °C, respectively [15]. The severer strength
degradation at lower temperature is attributed to more uniform reaction over the graphite sample
volume. The chemical reaction between steam and graphite not only weakens the mechanical
strength, but also produces combustible gases, such as H, and CO. Therefore, the graphite-steam

oxidation has to be carefully investigated to facilitate the future HTGR licensing and deployment.

When the MHTGR concept was first introduced, nuclear grade graphite H-451 was chosen as
the candidate material for the fuel matrix, fuel blocks, and replaceable reflectors [16], [17]. Later,
more grades of nuclear graphite were developed while the commercial production of H-451 was
ceased. Some of these latest nuclear grade graphite and their applications are listed in Table 1-1.
The U.S. Nuclear Regulatory Commission (NRC) requires the safety analyses be performed based
on the actual material that will be used in the reactor. Therefore, certain tests must be conducted
to verify that the properties of these new developed graphite meet the HTGR operation
requirements. One of these tests is to study their resistance to steam oxidation during both reactor

normal operation and under accidental conditions.



Table 1-1 Summary of new developed nuclear grade graphite [18]

Graphite | Manufacture/Country | Proposed application

1G-110 Toyo Tanso/Japan Prismatic fuel element, replaceable reflector, support
posts

1G-430 Toyo Tanso/Japan Prismatic fuel element, replaceable reflector, support
posts

PCEA Graftech/USA Fuel and replaceable block, pebble reflector

NBG-17 SGL Carbon/Germany | Fuel and replaceable block, pebble reflector, insulation
block

NBG-18 SGL Carbon/Germany | Fuel and replaceable block, pebble reflector, insulation
block

2114 Mersen/USA Fuel and replaceable block, pebble reflector, insulation
block

1.2 Literature Review of Nuclear Graphite Oxidation

1.2.1 Classical theory of graphite oxidation

Experimental studies on graphite oxidation can be dated back to 1960s when Gulbransen et al.
performed an oxygen-graphite reaction study at vacuum conditions [19], which proposed the
oxidation rate is governed by three factors, (i) the primary chemical reaction, (ii) the diffusion-
controlled reaction, and (iii) the theoretical rate based on collision theory. This theory is also
suitable for graphite-steam/moisture reaction except the kinetic reaction rate is much lower. The
chemical reaction during the graphite oxidation process is a complex phenomenon that has
multiple possible reaction routes, on which no consensus has been reached in the community over
the past decades [20]. Different assumptions have been proposed regarding the elementary reaction

sequences in graphite-moisture/steam reaction [21]-[23]. Fortunately, the exact sequences of the



elementary reaction routes at atomic scale do not affect the format of the kinetic reaction rate
equation [24]. For graphite-oxygen oxidation, an Arrhenius equation (Eq. (1-1)) was used to fit
the experimental data when the inhibition effect of the production gases (CO and CO2) on the

reaction rate could be ignored [25]-[27].

Rate = kexp( )po2 (1-1)

where k, E, R, T and p,, are the reaction frequency, activation energy, ideal gas constant,

temperature, and oxygen partial pressure, respectively.

The graphite-steam oxidation is more complicated because the heterogeneous chemical

reaction (Eq. (1-2)) produces Ha:

C +H,0,,,,=CO,, +H

graphite 2~ vapor gas 20as - (1'2)

The production gas H2 can compete with water molecules to occupy the active graphite sites, which
then slows down the chemical reaction. Therefore, the Langmuir-Hinshelwood (LH) expression

(Eg. 1-3) is used to consider this effect [17], [22]:

Ky e><|0( )szo
Rate = , (1-3)

1—|—k exp( E, )pHZ +k exp( )szo

which contains three reaction frequency coefficients ki and their corresponding activation energy
Ei. The reaction order of hydrogen, n, was usually assumed to be 0.5-1.0 [17], [22]. Take the
elementary reaction schemes proposed by Gadsby and Hinshelwood [23] as an example, the

theoretical basis for the LH equation is that the chemical reaction between graphite and steam
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depends on three distinct processes: (i) sorption of water molecules on active graphite sites, (ii)
chemical reaction of the absorbed water to form Hz and CO, and (iii) inhibition of water sorption
by competitive sorption of H> molecules. These three processes can be described respectively by

Egs. (1-4) to (1-6). It should be noted only Eqg. (1-5) is irreversible.

L

HZOvapor +C ;\C(Hzo) (1_4)
I
I3
C(H,0) —CO+H, (1-5)
i2
H,+C =C(H,) (1-6)
I

The combination of Egs. (1-4) to (1-6) generates Eq. (1-7):

Iy J3 b
- - Ho0
Rate=— it : (1-7)

| |
1+72 n _i_il
i g, P

which forms the basis for the LH Kinetic reaction rate equation.

It was later found the LH model tends to underestimate the kinetic reaction rate, especially in
high temperature and high steam pressures environment. In addition, the reaction order for
steam/moisture has a sigmoid-type variation with temperature [20]. Correspondingly, an integral
Boltzmann distribution function was added as the reaction order for steam/moisture, which forms

the Boltzmann-enhanced Langmuir-Hinshelwood (BLH) model [20]:
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m(T)

E
k eXP(——2) Py
R - RT (@)

spe E E
2\ N 3 m(T)
1+ k2 exp(— 4RT ) sz + k1 exp(— RT ) szo

, (1-8)

M(T) = Mgy -+ min~Mmax (b)

1+exp T_QTO

where mmin and mmax Specify the lower and upper limits of the apparent kinetic order. The constants
To and @ are a characteristic temperature and scaling parameter, respectively. All these constants
along with the reaction frequencies ki and activation energies E; should be determined by

experiment.

1.2.2 Graphite oxidation experiments

Velasquez first obtained the constants in the LH equation by fitting observed oxidation rate of
H-451 to the LH equation [17]. Having difficulty in fitting all experimental data into one LH
equation, the experimental data were divided into two groups that covers steam partial pressure
from 0 to 300 pa, and 300 to 3500 Pa individually, and two sets of constants were therefore
proposed. Since that time, this model has been widely used to estimate the moisture-graphite
oxidation, even for other grades of nuclear graphite [28]-[32]. However, different grades of
nuclear graphite can exhibit very different chemical reaction properties due of the distinct
manufacturing processes, impurity levels, raw materials, grain sizes, and internal pore structures,
etc. As mentioned above, the NRC requires that nuclear reactor safety analysis be based on the

exact materials used in the reactor design.

In recent studies, Contescu et al. conducted graphite-moisture oxidation tests using four

different grades of nuclear graphite, namely 1G-110, 2114, PCEA, and NBG-17, and obtained the



reaction constants in the LH and BLH equations for each graphite [4], [8], [20], [25], [33], [34].
In Contescu’s work, the moisture partial pressure mainly varies between 10 to about 1,000 Pa. Cho
et al. conducted graphite-steam oxidation experiments using nuclear graphite 1G-110 in Ar-steam
mixture at temperature up to 1400 °C [35]. It was found the reaction activation energy decreased
from 318.6 to 148.9 kJ/mol with temperature. Although the steam volume ratio in Cho’s work
reached 20%, the carrier gas Ar might lead to different mass transfer phenomenon as He. In
addition, the Arrhenius expression was used to interpret the measured oxidation rate, which is not

accurate enough.

1.2.3 Numerical modeling techniques for graphite oxidation

The experimental works in existing literature are mainly aimed to investigate the kinetic
reaction phenomena between nuclear graphite and oxidants, e.g., to derive the reaction frequencies
and activation energies. In addition to the kinetic oxidation experiments, numerical modeling is
expected to predict the graphite oxidation depth, mass loss, and post-oxidation under a specified
condition. In order to estimate the graphite oxidation and mass loss during an air ingress accident
of pebble-type reactor HTR-10, the Kinetic reaction rate equation for graphite-oxygen oxidation
[36] is adopted by a computational fluid dynamic (CFD) simulation, in which the pebble core is
regarded as a homogenous porous media [37]. The same approach was also used to study the
graphite-steam oxidation during a steam ingress accident [38]. Since the porous flow approach
does not distinguish the solid and fluid domains separately, it cannot predict the oxidation depth,

which is critical to graphite mechanical strength loss.

A more reasonable modeling technique is to consider the graphite itself as a porous media and

solves the gas diffusion reaction equation for it. Based on this strategy, the water penetration depth



was obtained by solving the one-dimensional (1-D) gas diffusion reaction equation [29]. Similarly,
a quasi-steady state analytical method was proposed for the chronic graphite-moisture oxidation
under HTGR normal operation conditions, which adopts Fick’s law to calculate the gas diffusion
in nuclear graphite and neglects the Knudsen and surface diffusion [39], [40]. In addition, the
density distribution of oxidized graphite samples was measured by image analysis, which was then
used to validate the analytical model. The oxidant diffusion through fluid boundary layer was also
included in later works [41]-[43]. Although these 1-D analyses show promising results, their

applications are limited due to the simplifications, e.g., steady-state assumption.

The latest development of Multiphyisc COMSOL allows the easy coupling of multiple
physical fields [44]. Taking the advantages of COMSOL, the porous gas diffusion reaction
equation can be coupled to other governing equations such as flow and heat transfer in both porous
media and free flow regions. In addition, the accommodation of ordinary differential equations
(ODEs) brings flexibility to model user-defined physical process. For example, the ODESs can be
used to describe the micro pore expansion in graphite oxidation process. Using this methodology,
the graphite-moisture oxidation during reactor normal operations has been simulated [32], [45],
[46]. Nevertheless, this modeling technique has not been validated. In these simulations, it was
assumed the size of the micro pores is uniform. Therefore, the mean pore diameter can be used to
solve the mass transfer and flow equations. This assumption simplifies the problem and reduces
computational load significantly. However, the sizes of the micro pores in nuclear graphite span
four orders of magnitude [47]. For example, the mercury intrusion measurement indicates the pore
size of graphite 1G-110 cover a few nanometers to a few hundred micrometers [48]. To consider
the effect of pore size spectrum on the gas diffusion reaction in nuclear graphite, pore network

modeling methods [47], [49]-[51] are recommended.

10



1.3 Research Objectives

Although numerous research activities have been carried out in literature, the available data is
still far from enough to support HTGR licensing and deployment. For example, the existing
experiments of graphite-steam oxidation were usually performed with moisture partial pressure of
100 to 3000 Pa which is too large to reflect the moisture level during reactor normal operations.
On the other hand, it is too small to cover the steam/water ingress accident. For example, the
highest moisture/steam partial pressure in the primary side can reach up to about 50 kPa depending
on the SGTR size, location, and accident mitigation strategy [52]. Therefore, it is necessary to

extend the graphite-steam reaction experiments cover a wider moisture concentration range.

In addition, there is a lack of validated model to simulate the integral graphite oxidation
phenomena. As so far, the experimental works are mainly focused on kinetic oxidation rate
equation. The total oxidation rate of a graphite component under a specified oxidizing condition
is dependent not only on the kinetic oxidation rate but also on mass transfer. In order to build a
model that can accurately simulate the graphite oxidation behavior regardless graphite sizes,
surface-to-volume ratio, and oxidizing condition, it is desired to couple the chemical reaction with

other related physical processes together.

This research is aimed to address the above challenges. The final objective of this research is
to establish a validated model that can be used to simulate the graphite oxidation phenomenon in
more details. More specifically, the tasks and objectives of this research can be summarized as

follows:

(a) to experimentally investigate the Kkinetic graphite-steam oxidation under different

conditions, e.g., various steam and hydrogen partial pressures, and reaction temperature;
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(b) to provide a kinetic reaction rate equation using the experimental data from task (a);

(c) to measure the reaction rate at different graphite mass loss fractions;

(d) to establish a multiphysics model that include all related physical processes;

(e) to validate the multiphysics model against experimental data; and finally

(F) to conduct numerical simulations using the validated model for prototypic reactor operation

conditions.

1.4 Dissertation Organization

In Chapter 1, a literature review describes the state-of-art of graphite oxidation studies, based
on which the knowledge gap and research objectives are defined. Chapter 2 provides an
introduction to the experiment methodology and the construction of a test facility for graphite
oxidation. The experimental results are presented in Chapter 3 using four sections that focus on
different objectives individually. In Chapter 4, the experimental data is used to derive the Kinetic
oxidation rate equations via multivariable optimization. Chapter 5 describes the development of a
multiphysics model for graphite-steam oxidation, including the mathematics and its validation.
Using this validated model, the graphite-moisture oxidation under prototypic MHTGR operation
conditions is simulated, which is presented in Chapter 6. Finally, the major conclusions are

summarized and a few research topics are suggested in Chapter 7.
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Chapter 2 Design and Construction of Graphite-Steam Oxidation Test Facility

2.1 ASTM Standard Method for Graphite Oxidation Experiments

In order to investigate the nuclear graphite-air oxidation, a standard testing method has been
proposed in literature [53]. In this method, a tube furnace is used to control the reaction
temperature. A mass balance scale is installed onto the top of the tube furnace, which measures
the mass of the graphite sample during the oxidation process. A lot metal elements, especially the
alkaline earths, are known to catalyze the graphite oxidation [54]. Therefore, alumina or quartz
tube are recommended to avoid the catalyzing effects from possible metal particles. In addition,
the graphite sample should be hold by a platinum (Pt) basket. A schematic of the ASTM test facility

is depicted in Figure 2-1.

This ASTM facility was modified to accommodate graphite-moisture reaction experiments by
adding a water bath & bubbler, as shown in Figure 2-2. Using this method, the maximum moisture
partial pressure can reach to about 2 kPa. One of the objectives in this research is to investigate
the graphite-steam oxidation rate at higher steam concentrations that are comparable to a
steam/water ingress accident. Therefore, an alternative method is needed to introduce a larger

steam flows, which will be described in the next section.

In the ASTM-7542 facility, the graphite mass loss is monitored by a thermal gravimetric
analysis (TGA). In this method, the mass loss rate (in unit g/s) directly indicates the oxidation rate.

However, the graphite oxidation has to run long enough to accumulate a mass loss value that

13



overwhelms the uncertainty associated with TGA. In addition, the gas flow fluctuation can also

disturb the measurement. An alternative measuring method is monitor the concentrations of

productions gases [55]. In this research, gas chromatograph (GC) was used to measure the

oxidation rate.
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2.2 Construction of a High-resolution Test Facility for Graphite Oxidation

2.2.1 Measurement of graphite oxidation rate using GC

The GC deployed in this research is customized by Agilent Technologies, which has a
resolution of 0.1 ppm by mole for CO, CO2, and CHjs in scientific grade helium (99.9999%). It has
one thermal conductive detector (TCD) and one flame ionization detector (FID). The FID shows
better linearity and resolution than the TCD in the test. Furthermore, the calibration of FID is much
easier and straightforward. Therefore, only FID signals were adopted for data analysis in this

research.

The mechanism of FID detection is demonstrated by Figure 2-3. In each measurement, the
sampling gas mixture, containing CO, CO2, and CHyg, is introduced into two micro capillary glass
HP-PLOT columns that are arranged in serial. As the gas mixture flows through the two glass
columns, they will be separated into a sequence via interaction with the coating materials. Then,
the gas mixture will flow through a nickel catalyzer, in which CO and CO., are converted into
CHa. Finally, the gas stream flow through the FID, where CH4 are burned in the H> flame. The
pulses of CH4 leads to an increase of flame ions, which generates an electric current signal. Since
the flux of flame ions is linear to the concentration of carbon atoms, the FID detector signal is

always linear to the quantity of CO, CHa, and CO..
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Figure 2-3

The GC was calibrated at installation using a standard gas sample that is made by mixing CO,
CO2, and CHgs in ultra-high purity (UHP) helium (99.999%). The concentration of each
components by mole in this standard gas sample is listed in Table 2-1. The signal peaks are shown
in Figure 2-4 and Table 2-2. Three peaks appear in a time sequence, which represent CO, CHa,
and COz in order, respectively. The sequence of these three peaks are determined by referring to

the user manual of the HP-PLOT column. A validation of this sequence is provided in the

following section.
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Table 2-1 Concentration of different gas species in standard gas sample

Concentration

Analytical uncertainty

Component [ppm] [%] Concentration ratio [--]
CO 9.65 15 0.831
CH4 10.09 15 0.869
CO2 11.61 12 1
He balance N/A

16



A:rea: 28.5805

Area: 27.1188

\ |
i T Ix.l__

6.001 6.501

Area: 32.4387

Time

| .
10 Min

Figure 2-4 Signal peaks of CO, CHa, and CO- obtained using standard gas sample

The accuracy of the measurement can be confirmed by comparing the area ratio of the peaks

in Table 2-2 with the actual concentration ratio in Table 2-1. For example, if CO> is used as the

base reference, the error of this measurement is less than 1.5%, which is well covered by the

uncertainty of the standard gas sample. In the shakedown tests, it was found the sample injection

rate can affect the absolute value of the peak area if it drops below a certain threshold about 0.1

standard liter per minute (SLPM). Therefore, the sampling gas flow rate was always maintained at

0.2 SLPM in the experiments.

Table 2-2 GC measurement using standard gas sample

Component Peak time | Width | Peak area Area Area
b [min] [min] [pA:s] fraction [%] | ratio [--]
CoO 6.001 0.0842 27.1188 30.77 0.836
CHs 6.501 0.0795 28.5805 32.53 0.881
CO; 8.733 0.0873 32.4387 36.80 1
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2.2.2 Design and construction of graphite oxidation test facility

As aforementioned, the highest steam partial pressure that can be generated by water bath &
bubbler method is about 2 kPa. Therefore, an online steam generation method was applied in this
research. In this method, a stream of liquid water at constant flow rate is mixed with helium which
comes from upstream. The mixture then flows through an electric heating tube, where the liquid
water is converted into single phase steam. Given the system pressure, temperature and inlet gas
mixture flow rate, the steam partial pressure can be calculated. The schematic of the graphite
oxidation test facility is depicted in Figure 2-5. The test facility mainly consists of a gas supplying

system, a tube furnace, moisture condenser and trap, and the customized GC.
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Figure 2-5 Schematic of graphite oxidation test facility
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Figure 2-6 BT100-2J peristaltic pump for liquid water injection

In the graphite-steam oxidation test facility, a peristaltic pump as shown in Figure 2-6, is used
to inject liquid water into the heating tube which serves as a steam generator. At the same time, a
stream of helium-hydrogen mixture is injected into the system by two Alicat mass controllers at
upstream, as shown in Figure 2-7. The liquid water, carried by the upstream helium-hydrogen
mixture, and under the function of gravity, flows through the heating tube. Six tape heaters, which
are controlled by three PID controllers, are installed to the heating tube until to the inlet of reaction

tube.
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Figure 2-7 Gas mass controllers used for flow control

In addition, three thermal couples are inserted into the heating tube to ensure the gas mixture
temperature is above 250 °C at the reaction tube inlet, which means all liquid water has been heated
into single phase steam. In this way, a constant gas mixture flow rate was achieved with steam
concentrations already known. In order to ensure the steam is mixed well in the gas mixture, the

heating tube is constructed with multiple V-type and 90° bends, which is shown in Figure 2-8.
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Figure 2-8 Structure of the heating tube

A two heating zone tube furnace is used to control the reaction temperature. To avoid any
catalytic elements, a quartz tube with I.D. 75 mm was used. In addition, a basket made by Pt wire
is used as the graphite sample holder. An example of a cylindrical graphite sample loaded into the
quartz tube is shown in Figure 2-9. Three K-type thermocouples are applied to measure the

temperature around the graphite sample.

In order to prevent steam from condensing, tape heaters with PID controllers are applied to the

top and bottom of the quartz tube, as shown in Figure 2-10. The quartz tube is sealed by three
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silicon rubber O-rings at each end. The temperature limit of these O-rings is 232 °C. Therefore,
these O-rings have to be thermally insulated from the high temperature gas mixture. To prevent
the rubber O-rings from being overheated, a three-quarter inch tube, welded on the flange cap, is
inserted into the quartz tube at the bottom and top end as the inlet and outlet flow channel. The
annular region between the intrusion tube and the quartz tube is then filled with ceramic fibers as
thermal insulation. Figure 2-11 shows the structure of the outlet channel surrounded by ceramic
fiber thermal insulation. The length of the intrusion inlet and outlet tubes is 250, and 500 mm
respectively. In the experiments, the outer surface temperature at the two ends of the quartz tube
is controlled at about 200 °C, which ensures the steam does not condense and the integrities of the

seal O-rings are also maintained.

Figure 2-9 Cylindrical graphite sample loaded into quartz tube
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Figure 2-10 Tape heaters at top and bottom of quart tube (outer thermal insulation is removed
for better view)

Figure 2-11 Outlet intrusion tube and thermal insulation

After the outlet of the quartz tube, a stream of gas mixture is introduced into the purification
system to remove the remaining moisture. Otherwise the accumulation of moisture will damage

the GC capillary glass columns. A three-stage moisture condenser first removes the bulk water
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droplets. Then a moisture trap purifies the sampling gas further. Last, a moisture indicator ensures
the moisture concentration is less than 50 ppb. In this way, the sampling entering the GC will be a
mixture of helium and production gases CO and H,. The gas purification system has a high
pressure drop coefficient due to its small fillers. Therefore, the system pressure is lifted slightly to
provide driving force for the sampling gas. The layout of graphite-steam oxidation test facility is

shown in Figure 2-12.

p Tube
Heating furnace
tube

Figure 2-12 Overall layout of graphite-steam oxidation test facility
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2.2.3 Reaction temperature control and measurement

A computational fluid dynamics (CFD) simulation was performed to determine the best
position for the graphite sample in the quartz tube. Figure 2-13 shows the setup of the CFD
simulation. The highest reaction temperature in this research is 1100 °C, which is mainly limited
by the operation limit of the furnace (1200 °C). Two extreme cases were simulated with 0 and 20%
steam by mole mixed in helium, respectively. The inlet flow rates of the two cases are 15 SLPM.
The pressure outlet is set as 0.124 MPa. Isothermal 1150 and 200 °C are applied to the surface of
the heating section and the two thermal insulation sections, respectively. In the actual experiments,
the gas mixture always consists of helium and steam, and sometimes contains a small fraction of
hydrogen that does not obviously alter the thermal physical properties of gas mixture. Therefore,
the thermal physical properties of the gas mixture can be calculated by regarding the gas mixture

as a binary species mixture.

Outlet ‘
!\

Thermal
insulation

Heating

Symmetry surface

N

787 mm

Thermal
insulation

4 (A) (B)

Figure 2-13 CFD simulation setup for tube furnace heating: (A) simulation domain and

boundary conditions, and (B) mesh generation

25



In this simulation, the thermal physical properties of pure helium and steam are based on KTA

correlations [56] and NIST data base [57], respectively. The dynamic viscosity and thermal

conductivity of helium-steam mixture are calculated using Wilke formulas [58]:

n

Hmix = z a

n )
i 2 XDy ;

1
) 2 - V2(M
(Di,j:i 1+—| 1+ ﬂ [—
\/g i Hij M;
where:
n number of chemical species
Xi, Xj mole fraction of species i, |
His Hj dynamic viscosity of species i, |
K; | kj thermal conductivity of species i, |

i molar mas of species I, j.

The specific heat capacity at constant pressure is calculated by:

n

meX z p|

i1 —1X'VI
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The simulated temperature distribution on the symmetric plane is depicted in Figure 2-14 for
the two scenarios, which shows the temperature is not fully developed until to the upper half region
of the quartz tube. Figure 2-15 depicts the simulated temperature of the gas mixture along the
central axial line, which indicates the graphite specimen should be placed at height between 0.5 to
0.78 m. A radial temperature is then extracted from the two simulations, as shown in Figure 2-16.
As can be seen, the partitioning of steam leads to non-uniform radial temperatures. However, the
temperature difference along the radial direction can be negligible if the specimen is placed higher

than 0.7 m, which is adopted in the experimental practice.

o.787m | || z-0787 m

7.105e+02 +7.105e+02

4.730e+02

4.730e+02 K]

(K]

(A) (B)

Figure 2-14 Simulated temperature distribution in quartz tube for: (A) pure helium, and (B)

helium-steam mixture
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Figure 2-15 Simulated temperature along the central axil of the quartz tube
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Figure 2-16 Simulated radial temperature distribution at different height for: (A) pure helium,

and (B) helium-steam mixture

In the experiment, the reaction temperature is monitored by averaging the values from three
K-type thermocouples surrounding the graphite sample. All three thermocouples were calibrated

against resistive temperature detector (RTD) before they were installed into the system. The
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comparison of TCs’ value with RTD is depicted in Figure 2-17. The calibration equations for the

three thermocouples are:

y=0.9988x-2.1183, R*=1, (2-5)

y=0.9997x-0.9317, R* =1, (2-6)
and

y=1.0014x-2.9058, R* =1, (2-7)

respectively. The calibration indicates negligible difference between the TCs and RTD results. The

largest difference is less than 2.5 °C within a temperature range 100 to 950 °C.

1000

TC_01

TC_02 —e—TC_03

3

3

3

200

Thermocouple measurement [°C]

0 200 400 600 800 1000
RTD measurement [°C]

Figure 2-17 Calibration of thermocouple measurement against RTD

At high temperatures, thermal radiation plays an important role in heat transfer. The emissivity
of graphite and TC sheath material may not be the same. As a consequence, the TC measurement

might not represent the actual graphite temperature. However, it is know that the chemical reaction
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rate behaves exponentially as a function of temperature. Therefore, it is necessary to quantify the

difference between TC values and the actual graphite temperature.

A test was thereafter conducted using a cylindrical graphite sample. A 3/16 inch hole was
drilled into the center of the sample from its bottom surface. This graphite sample is then anchored
to the 1/8 inch thermocouple (TC-02) using the central hole. The setup of this test is shown in
Figure 2-18. In this way, the thermal radiation between TC-02 and furnace heating elements is
eliminated. In addition, the tip of TC-02 directly touches the graphite. Since the graphite-steam
oxidation rate is very small, the endothermic reaction will not form an obvious heat sink, which
means the temperature distribution in the graphite will be fairly uniform. Therefore, the
temperature obtained by TC-02 can be regarded as the actual graphite temperature, which is

compared with the other two TC measurement values.

D=3/16 inch

TC-03 TC-02 TC-01

Figure 2-18 Experiment setup for verification of reaction temperature measurement

The measured temperature of the three TCs is shown in Figure 2-19 at different temperature
levels. As shown in Figure 2-19, TC-03 shows the lowest temperature among the three
measurements, which can be attributed to its lower position. The above CFD simulation indicates
the temperature should be uniform at the sample location. In the numerical simulation, isothermal
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condition was adopted for the tube surface, which is an ideal assumption. In reality, the furnace
heating power is controlled by PID controllers and thereafter is not constant, which can affect the
tube surface temperature slightly and periodically. However, the largest difference between the
three TC measurements is less than 5 °C. Therefore, the temperature measured outside of graphite

sample can be regarded as the actual graphite temperature.
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Figure 2-19 Temperature measurement inside and outside of graphite sample
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2.3 Operation Procedure of Experiments

2.3.1 Experiment preparation

A standard operation procedure was programed to ensure the consistency of the experiments.
The mass and dimension of the pristine graphite sample are first measured and recorded before
loading into the tube furnace. Vinyl gloves are wearied whenever the sample is handled to avoid
any contamination. After loading the graphite sample into the quartz tube, a leakage test is then

performed to ensure no obvious leakage.

Next, the test facility is isolated by closing the valves at the inlet and outlet. A vacuum pump
is started to withdraw the air in the test facility until a vacuum level about 30 Torr is reached. The
vacuum is maintained for about 30 minutes to let the air trapped in the graphite sample to diffuse
out. The test facility is then pressurized to about 1.24 bar (abs) using UHP helium. To minimize

the quantity of remaining air, the vacuum and recharging process is repeated at least three times.
2.3.2 Measurement of graphite-steam oxidation rate

After the above preparation works, a stream of UHP helium is introduced into the test facility
at flow rate of 3.0 SLPM. The needle valve at the disposal line is adjusted at the same time to
stable the pressure in the test facility. Then the power of the furnace is turned on to increase the
temperature at a rate of 8 °C/min, and the tape heaters on the heating tube are also turned on. A
stream of sampling gases is then introduced into GC at flow rate of 0.2 SLPM. When the
temperature in the quartz tube stabilizes at the target temperature, the flow rate of helium-hydrogen
mixture is adjusted according to the test matrix. The needle valve at the outlet is adjusted to prevent
the system from being over pressurized. At least three measurements are taken at the target

temperature as background signal before injecting any deionized water. The background signal is
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then deducted from the following measurements. The background signal mainly comes from the
impurities of the UHP helium. Depending on the different helium batches, the background signal

is slightly different.

Next, the peristaltic pump is turned on to inject liquid water. The rotation speed of the pump
is determined according to its calibration. The sudden water participation will increase the system
pressure. Therefore, the needle value is adjusted again to keep the system pressure at desired value.
During the experiment, the water flow rate is recorded, as well as the system pressure and
temperature. The GC can complete one analysis every about 12.5 minutes. The injection time of

each sampling is automatically recorded, which is assumed to be the reaction time.

2.3.3 Experiment stopping procedure

The water injection was stopped first when the measurement is completed. The power of tube
furnace and heating tube are maintained for about ten minutes to avoid any water accumulation in
the facility, and then they are turned off. At the same time, the helium-hydrogen flow is stopped,
and the flow rate of UHP helium is decreased to 3.0 SLPM. The needle valve on the disposal line
is adjusted to keep a slightly pressurized condition. The UHP helium flow is maintained until the
temperature in the quartz tube drops below 200 °C to avoid any graphite-oxygen reaction. The
graphite sample is taken out after the facility is cooled down to environmental temperature. The

post-oxidation mass and dimension of the sample are measured again.
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Chapter 3 Experiments on Graphite-Steam Oxidation

3.1 Verification of Experimental Strategy

The graphite oxidation rate is measured using GC rather than mass balance scale, which means
the reaction rate is not directly measured. In order to achieve a higher steam concentration, liquid
water is heated into single-phase steam that mixes with helium. The instability of two phase flow
might distort the system pressure if it is not well controlled. All these concerns should be addressed

before starting the formal measurement.
3.1.1 Derivation of oxidation rate using GC signal

The principle of GC analysis has been discussed in Section 2.2.1. A calibration was performed
at installation to ensure the GC works as expected. Before or after each experiment, the GC is
calibrated again using another standard He-CO-CO, mixture to derive the oxidation rate and to

ensure the GC works normally.

The concentrations of CO and COz in this standard He-CO-CO. mixture are labeled as 24.87
(#5%) ppm and 53.57 (x2%) ppm by mole, respectively. One example of the calibration
measurements is depicted in Figure 3-1. In this example the CO and CO; peaks appear at time of
6.089 and 8.856 minutes with areas of 70.66 and 149.91 pA-min, respectively. The ratio of the two
peak area in the measurement is 2.12 while the label value is 2.15. Considering the uncertainty of
the species concentration in the standard gas sample, it is safe to claim the accuracy of GC

measurement is validated.
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Figure 3-1 CO and CO: peaks obtained by GC using 0.2 SLPM standard gas sample

Next, the concentration of the production gases in the sampling mixture can be calculated using

equation:

Ci = al XCist, (3-1)
t

where subscript | represents a production gas species, such as CO or CO,. Symbol Cj and Ci st
indicate concentration of interested gas species by mole in the sampling gas and standard gas,
respectively. A and Ai,st are the corresponding peak areas. Theoretically, the CO> can also be used

to calibrate CO because both molecules have only one carbon atom. Since the uncertainty of CO;

in the standard gas sample is smaller, CO- is used as the reference in all of the following analyses.

Two oxidation rates are defined in this research. The first one is the apparent reaction rate,
which is the observed total oxidation rate regardless the mass and dimension of the graphite
specimen. The other one is named as specific oxidation rate, which is defined as the apparent
oxidation rate divided by the pristine mass of the graphite sample. The specific oxidation rate is
only valid when the graphite sample has a large surface-to-volume ratio. The two oxidation rates

can be derived using the GC signal by:
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and

respectively, where:

'Agum
&Um, st
A, co,

= 4 1 O

=

(Vie +Via, )P
RT

Rate,,, [9/s]=1x10"° Asum Cy

um, st

M,

Ve +Vy ., |P
Ratespe [1/s] —1x107° Aum Cq ( He TVH, ) M
um,st RT Mg

sum of peak areas for sampling gas,
sum of peak areas for standard gas ,

peak area of CO; for standard gas,

mole concentration of CO; in standard gas sample,

volumetric flow rate of helium under SPT condition,
volumetric flow rate of hydrogen under SPT condition,
system pressure in quartz tube,

specific ideal gas constant,

temperature,

mole mass of carbon,

mass of graphite sample before oxidation,

(3-2)

(3-3)

pA-min
pA-min
pA-min
ppm
SLPM
SLPM

Pa

JIK/mol

g/mol

It should be note the underlying assumption behind Egs. (3-2) and (3-3) is the generation rate

of CO and CO: is negligible compared with the inlet gas flow rate. This assumption is later
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confirmed in the experiments, which demonstrate the CO and CO; concentrations at the furnace

outlet are only a few hundred ppm at maximum.

The data collection frequency of the GC is about 5/ hour, which is determined by the length of
the HP-PLOT columns and the allowed maximum flow velocity in it. Therefore, the obtained
graphite oxidation rates are a series of separate points. The total graphite mass loss in the oxidizing

experiment can be calculated by Eq. (3-5):

N (" Rate,,, (j —1)+ Ratey, (j)
pp app
aMge = Z[ 5 i1 j (3-5)
1
where:
AMge mass loss based on GC signal g
N total number of measurements --
At time interval between j-1 and j th measurement S

The mass of graphite sample is measured using a mass balance scale before and after each

experiment, which gives another mass loss value aM,5. ldeally, the value of aMg should be

equal, or close to aMy;s.

3.1.2 Verification of GC measurement

A name convention is defined to present the experimental condition for each test, which is also
adopted in the following chapters. The experiments are named as Ta-PWp-PHy-Hed, in which T,
PW, PH, and He represent reaction temperature in °C, partial pressure of steam in Pa, partial
pressure of hydrogen in Pa, and volumetric flow rate of carrier helium in SLPM, respectively. The
Greek letters represent their associated values.
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Four experiments were first conducted to verify the theory in Section 3.1.1. The experimental
conditions of these four tests are summarized in Table 3-1. It should be noted VH20. | in Table 3-1
indicates flow rate of liquid water. Thin graphite disks, as received from Toyo Tanso, are used in

these experiments. The dimeter and thickness of these specimen are 30 and 2 mm, respectively. A

small hole of 3 mm is left at the specimen center for Pt wire holder. A comparison of these four

oxidized specimen with a pristine graphite sample is shown in Figure 3-9.

Table 3-1. Summary of test conditions

V
Test Test name 'I;emperatu re | Pressure Ve H-0, |
No. [°C] [bar] [SLPM] | [ml/min]
A T1002-PW15796-PHO-Hel5 | 1001.7 1.337+0.055 | 15+0.37 1.36+0.04
B T1002-PW16000-PHO-Hel0 | 1002.2 1.335+0.055 | 10+0.18 0.92+0.02
C T1002-PW16214-PHO-He5 | 1001.5 1.338+0.055 | 5+0.06 0.47+0.13
D T1000-PW17213-PHO-He5 | 999.9 1.348+0.055 | 5+0.06 0.50+0.03

Pristine

Figure 3-2 Comparison of oxidized and pristine graphite specimen
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The system pressure and reaction temperature are depicted in Figure 3-3 to Figure 3-6 for the
four experiments. It can be seen that the reaction temperature (mean value of the three TCs
measurements) in the whole experimental process is controlled fairly stable, which fluctuates
within about 1 °C. However, the system pressure can fluctuates by over 4000 Pa. In test T1002-
PW15796-PH0-Hel5 and T1002-PW16000-PHO-Hel0, low frequency and high frequency
pressure fluctuations are observed. The high frequency fluctuation, which has smaller magnitude,
is believed to be induced by the instability of two phase flow in the heating tube, which can be
challenging to be eliminated totally. The reason for the low frequency fluctuation remains unclear.

A possible reason is the periodic blockage of condensed water at the outlet needle valve.

In test T1000-PW16000-PHO-He5, the frequency of pressure fluctuation is obvious different
from the other three experiments, in which magnitude of high frequency fluctuation is larger. The
sudden pressure drop at about 6.8 hours was caused by adjusting the outlet needle valve manually.
After trouble shooting, it was found a section of heating tube near the quartz tube is not well
insulated. The heat loss there might induce steam condensation. After replacing the thermal
insulation, and increasing heating power of the tape heaters, the system pressure stability was
improved significantly, which can be seen from test T1000-PW17213-PHO-He5. In general, the
system pressure is controlled well, with fluctuations less than 4% although occasional pressure

shock can occur.

40



1.5 1010
1.48— | | | | J—Systerll presstJre
1-46 ——Reaction temperature—{ 1008
) Water injection
1.44 — — 1006
=142 —
©
— 1004
2 14—
[)
51.38— —]1002
n
1.36 —
o —{1000
o 1.34 —
§ 1.32— — 1908
c 13—
5 — 996
L 1.28 —
1.26 — — 994
1.24 —
— 992
1.22 —
P I I O I I A P
1 2 3 4 5 6 7 8 9 10 1 12 13

Time [hour]

Figure 3-3 System pressure and temperature for test T1002-PW15796-PHO0-Hel5
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Figure 3-4 System pressure and temperature for test T1002-PW16000-PHO-Hel0
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Figure 3-5 System pressure and temperature for test T1002-PW16214-PHO0-He5
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Figure 3-6 System pressure and temperature for test T1000-PW17213-PH0-He5

The apparent reaction rate of these four experiments are depicted in Figure 3-7. The oxidation

rate of the first two experiments almost overlaps for the first four hours, which confirms the
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oxidation rate is independent to the carrier gas flow rate within helium flow rate 10 to 15 SLPM.
However, they tends to divert slight after five hours oxidation. The oxidation rate of test C
fluctuates over a wide range, which can be attributed to the instability of the system pressure which
has been shown in Figure 3-5. This phenomenon indicates the future experimental data should be
carefully reviewed if flow instability is observed. Due to the higher steam partial pressure in test

T1000-PW17213-PHO0-Heb5, its oxidation rate is obviously higher than the other three cases.

Applying Eg. (3-5) to Figure 3-7, the graphite mass loss can be calculated, which is listed in
Table 3-2. Among the four tests, Case A shows the largest difference when compared with mass
balance scale measurement. The mass loss obtained by GC is slightly smaller than that of mass
balance scale measurement for test A and D. In these two tests, the GC was stopped once water
injection was ceased. However, the graphite oxidation could continue for a few seconds due to the
remaining moisture in the test facility. These extra oxidation information was lost in these two
tests. In general, the difference is acceptable, which confirms the oxidation rate measured by GC

is reliable.
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Table 3-2. Comparison of mass loss measurement by mass balance and GC signal

Test No. Pristine mass [g] AMy [0] AMGe [g] Difference [--]
A 2.510+0.002 0.424 0.396 -6.6%
B 2.514+0.002 0.543 0.557 +2.6%
C 2.521+0.002 0.568 0.583 +2.6%
D 2.518+0.002 0.970 0.934 -3.7%

One obvious trend observed from Figure 3-7 is the oxidation rate increases as the reaction

proceeds. This phenomenon is induced by the expansion of micro pores and the opening of original

isolated pores. An investigation of oxidation rate evolution is discussed in Section 3.3.

3.1.3 Uncertainty analysis for graphite-steam oxidation rate measurement

According to Egs. (3-2) and (3-3), the systematic uncertainty source of apparent oxidation rate

measurement comes from the integration of GC signal peaks, the uncertainty of CO> in standard
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gas sample, the volumetric flow rate of helium, hydrogen, the measurement of reaction
temperature, and system pressure. The specific reaction rate has another uncertainty source coming

from the measurement of pristine graphite sample mass.

The uncertainty in GC peak integration can be automatically canceled if the same integration
method, e.g., slope sensitivity, signal trial trim, and height rejection, is applied to both calibration
and experimental measurements. As discussed in Section 3.1.1, CO2-is used as a reference due to

its lower uncertainty value (£2%).

The two mass controllers have different uncertainty values. A mass controller with full range
of 50.00 SLPM is primarily used to control the carrier helium flow, while a stream of helium-
hydrogen mixture is controlled by another 10 SLPM controller. The two mass controllers were
calibrated at the factory, which proves their uncertainties are within £0.8% reading plus +0.2%
full scale. The uncertainty of pressure transducer is £0.5% of its full scale 1.1 MPa. The mass of
graphite sample is measured by an Intelligent PM300 milligram balance scale with accuracy of

+0.002 g.

According to the thermocouple calibration results, the uncertainties of the three thermocouples
are 0.33%, 0.12%, and 0.15%, respectively. The reaction temperature is calculated by averaging
the values of these three thermocouples. Therefore, the variance in temperature measurement can

be calculated by Eq. (3-6):

2 2 2
i T T, T, (3-6)

()5 (5 e )
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which is 0.2%. Therefore, the systematic uncertainty associated with apparent and specific reaction

rates measurement are:

( - J:{GJ +(G_Vj2+[ﬁjz+(ﬁj2, (3-7)
Rate,, Ceo, v T P

and

[ - j (GJ (a_][a_j{a_j (G_J , (3-9)
Ratespe Ceo, V T P m,

respectively.

Another uncertainty that is not stated above comes from gas mixture leakage. Depending on
the position of the leakages, its effect on oxidation rate measurement can be different. The leakage
will not affect oxidation rate measurement if the ratio of absolute leakage rate of each gas species
is the same as the ratio of species concentration. But it is believed that helium has a higher leakage
rate due to its smaller molecule size and larger diffusion coefficient. Under this circumstance, the
gas leakage will affect the measured reaction rate differently depending on the leakage positions.
Five most possible leakage scenarios are summarized, and Figure 3-8 is used to distinguish the

different scenarios:

(A) The leakage appears before the graphite sample (before point A): It does not affect the
oxidation rate measurement. But the actual partial pressure of moisture/hydrogen will be

higher than the pre-setting values.
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(B) The leakage occurs after passing the sample and before entering the sampling line (between
B and C): the production gas concentrations entering the GC are higher than actual values,
which leads to overestimated oxidation rate.

(C) The leakage occurs in the sampling line (between C and GC):. the production gas
concentrations entering the GC are higher than actual values, which leads to overestimated
oxidation rate. Compared with case (B), it can induce a higher distortion.

(D) The leakage occurs on disposal line (between C and disposal): the leakage does not affect

the oxidation rate measurement.
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Figure 3-8 Schematic of test facility to show possible helium leakage positions

Before each experiment, a leakage test at cold state is run to ensure that the test facility is well
sealed. An example of cold leakage test is depicted in Figure 3-9(A). The absolute pressure drops
from 19 to 17 psia within about 177.7 min. The total volume of the test facility is about 7.01 L.

Accordingly, the leakage rate is about 0.0027 SLPM. At lifted temperature, the leakage rate is
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increased because the gas diffusion coefficient is proportional to T%2. Figure 3-9(B) shows a
leakage test at furnace temperature of 1000 °C, which has leakage rate about 0.033 SLPM. A
helium detector is used to find the dominant leakage positions, which shows helium mainly leaks
from the rubber O-ring sealings. However, it is very challenging, if not infeasible, to monitor the
leakage rate of each gas species at each position during the experiment. In generaly, the leakage
rate is only about 0.22% to 0.5% of total inlet helium flow. Therefore, the uncertianty caused by

gas leakage is not considered.
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Figure 3-9 Leakage test of graphite oxidation test facility at: (A) environmental temperature, and

(B) furnace temerature of 1000 °C and heating tube surface temperature of about 350°C

3.2 Experiments of Kinetic Graphite-Steam Oxidation

3.2.1 Summary of experimental conditions

The objective of this section is to experimentally investigate the kinetic graphite-steam
oxidation rate under various conditions. In existing literature, the partial pressure of moisture in

the gas mixture flow is about 100 to 2,000 Pa. However, this moisture partial pressure is not large
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enough to cover a steam ingress accident. Therefore, the experimental work here will mainly focus
on higher steam concentrations. In addition, the effect of hydrogen on suppressing the graphite-
steam oxidation will also be studied. The reaction temperature in this section varies from about
850 to 1100 °C with 50 °C intervals. The system pressure is controlled at about 1.24 bar. In order
to achieve different steam and hydrogen partial pressures, the flow rate of UHP helium and
hydrogen, and the rotation speed of the peristaltic pump were set at different values. In actual
practice, the partial pressure of steam varies between 0.5 to 20 kPa, while the hydrogen partial

pressure mainly varies from 0 to 2,000 Pa.

It is desired to eliminate the effects of mass transfer in these kinetic reaction experiments.
Therefore, a large surface-to-volume ratio is preferred for graphite samples. For most experiments
conducted in this section, round shape 1G-110 disks as received from Toyo Tanso were used. These
graphite samples have been shown in Figure 3-2. In addition, a few samples were cut from a larger
IG-110 rod. The small graphite pieces were then polished using grade 1500 sand film and cleaned
in deionized water using an ultrasonic cleaner. Then, they were baked at temperature of 200 °C
for 12 hours to remove the absorbed water. Figure 3-10 shows two of the lab-cut samples. These

samples were only used for experiments with reaction temperature about 850 and 1100 °C.
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Figure 3-10 Lab-cut 1G-110 graphite specimen

These lab-cut specimen are in rectangular shape with different dimensions. The thickness of
these specimen varies from about 1 to 4 mm with mass varying from about 0.5 to 15 g. For reaction
temperature lower than 900 °C, the oxidation rate is so small that a larger graphite sample
(thickness of about 4 mm) is used to generate enough CO and CO; to be detectable. Under low
reaction temperature, the apparent oxidation is limited by kinetic reaction rate. Therefore, the
reaction can be regarded as uniform over the whole sample volume. For reaction temperature of
1100 °C, lab-cut thin specimen (thickness about 1 mm) were used so that the effect of mass transfer
can be minimized. In addition, taking the advantage of small sample mass, the total amount of CO

and COz in the sampling line can be reduced, which helps to mitigate the GC signal tail.
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3.2.2 Data reduction due to local accelerated oxidation sites

In some of the experiments, abnormal high oxidation rates were observed after water injection.
In these experiments, local accelerated oxidation spots were found on the graphite sample surface,
as shown in Figure 3-11 and Figure 3-12. Whenever this phenomenon occurred, the measured
oxidation rate does not reflect the kinetic oxidation rate anymore. Therefore, the data were rejected.
However, it is worth to examine the reason behind this phenomenon as it might also happen to a
nuclear reactor. After reviewing these experiments, it was found these abnormal phenomenon only

happens to tests with low steam concentration, i.e, less than 2 kPa.

Figure 3-11 Graphite sample with Icoal oxidization spots
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Figure 3-12 SEM image of local oxidation spots

Two assumptions are proposed to explain this phenomenon. First, these heavy oxidized sites
are caused by metal particles. Although only Pt wire directly touches the graphite sample during
an experiment, there are stainless steel 316 (SS316) components in the quartz tube, i.e., the upper
and lower thermal insulation holder. As shown in Figure 3-13, the high temperature environment
has turned the holder surface into black color after a few experiments. In addition, the Pt wire is
connected to a SS316 hook that is then connected to the upper thermal insulation holder. The
SS316 hook can also be oxidized in high temperature environment. The oxidized metal particles
might peel off and land on the graphite surface, which then catalyzes the graphite-steam oxidation.
The SS316 component at the lower side of quartz tube was not obviously oxidized due to its lower

temperature. In order to minimize this consequence, the SS316 hook was later replaced by a Pt
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wire. However, the abnormal high oxidation rate still exists for low steam partial pressure

experiments.

Figure 3-13 Thermal insulation holder on the oulet intrusion tube

In order to verify if these spots were induced by stainless steel particles, an experiment was
performed by loading a specimen horizontally into the quartz tube. In this way, the metal particles,
if any, drop on the upper face of the sample, it will stay there and keep catalyzing the reaction. On
the contrary, the lower face of the sample cannot hold those particles. Figure 3-14 shows the upper
and lower faces of the graphite sample after oxidation. The sample shows local oxidized spots on
its both faces. Therefore, it cannot be concluded if these spots are caused by metal catalyzers. An
energy disperse spectroscopy (EDS) analysis is suggested to analyze the chemical elements of

these spots in the future.
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Figure 3-14 Comparision of upper and bottom face of an ununiformly oxidized sample

A second assumption is these accelerated oxidization sites are related to the two-phase flow in
the heating tube. In the experiment, the liquid water is injected through a 1/16 inch tube into the
heating tube horizontally, as shown in Figure 3-15. A small gap between the injection tube and the
main tube inner surface is desired in order to prevent the liquid water forming droplets at the
injection point. On the other hand, the gap cannot be too small. Otherwise, the injection channel
will be blocked when tightening the compression fitting. Therefore, a gap less than 1 mm is left

there.

For experiments with low steam concentrations, e.g., steam partial pressure of 500 Pa at 950 °C,
the liquid water flow rate should be about 0.045 ml/min if the flow rate of carrier helium is set as
15 SLPM. Under this circumstance, the liquid water might still form droplets at the tip of the
injection tube due to its small flow rate. The water droplet grows up gradually until the surface

tension cannot hold up its own gravity and the helium flow shear stress. After that, the water
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droplet will be carried away by helium and break up into smaller droplets. If these small droplets
are not converted into steam thoroughly, they might hit the high temperature graphite sample
directly, and be quickly heated up into steam at the graphite surface. As a result, a local high steam

concentration spot appears, which then leads to higher oxidation rate.

1/2 inch tube

Helium ~
Water
Gravity injection

e

1/16 inch tube

Figure 3-15 Diagram of water injection into the heating tube

In addition, it was found these accelerated oxidation sites can be avoided by introducing a high
steam partial pressure for several seconds before switching back to the targeted low pressure
settings. Nevertheless, the mechanism remains unclear. Although this research has not validated
the above two assumptions, it points out two research topics for nuclear graphite oxidation
behavior in an HTGR. It has been proposed the graphite-moisture oxidation will mainly occur at
the hot plenum and active core outlet during reactor normal operations [46]. Nevertheless, if the
first assumption was true, special attention should be paid to the locations where graphite directly
touches metal components. If a postulated steam/water ingress accident occurs, the secondary

moisture can enter the primary side as super-heated steam, water-steam mixture, or subcooled
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water depending on different locations of the break. If the second assumption is confirmed later,

the future analyses should cover a scenario of graphite oxidation by liquid water droplets.

3.2.3 Effects of reaction temperature on kinetic oxidation rate

It was believed the reaction temperature has a significant effect on graphite-steam oxidation
rate [20], [28], [46]. Figure 3-16 and Figure 3-17 depicts the kinetic oxidation rate under different
temperatures. It can be seen the oxidation rate increases almost exponentially by three orders of
magnitude if the temperature is increased from 850 to 1100 °C. In addition, with a similar steam
partial pressure, the oxidation rate is always slowed down by hydrogen participation. A more

detailed discussion about the effect of hydrogen on the oxidation rate is provided in Section 3.2.5.
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Figure 3-16 Specific oxidation rate under different temperature with steam pressure of 5 kPa
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3.2.4 Effects of steam partial pressure on kinetic oxidation rate

Figure 3-18 to Figure 3-20 shows the effect of steam partial pressure on the specific oxidation
rate. In general, the specific oxidation rate increases with higher steam partial pressure. Although

with limited data points, a clear trend is observed in these comparisons except for the case T=949

°C and F’H2 =503+8 Pa: the slop of the oxidation rate gradually decreases with increasing steam

partial pressure, which means the steam partial pressure has a more prominent effect on increasing

the oxidation rate when its pressure is low but its effect starts to fade away at higher values.

This phenomenon can be easily understood by considering the reaction mechanism at atomic
scale. The measured oxidation is a summation of effective collisions between water molecules and

graphite active sites. The total active sites within a graphite sample is limited by its volume and
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microstructure. If the steam partial pressure is very low, the effective collisions are dominant by
the availability of water molecules. In this regime, the addition of extra steam can significantly
increase the reaction rate. On the contrary, if the quantity of water molecules becomes comparable
with active graphite sites, the effect of steam partial pressure starts to saturate. It should be noted
that each data point in Figure 3-18 to Figure 3-20 originates from separate experiment. Therefore,

the experimental conditions are not exactly the same, and the trend of these lines is not smooth.
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Figure 3-18 Specific oxidation rate under at 900 °C with different steam partial pressures
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3.2.5 Effects of hydrogen partial pressure on kinetic oxidation rate

The partitioning of hydrogen slows down graphite oxidation by competing with water
molecules in occupying active graphite sites. However, it is unknown if this effect still exists in
high steam partial pressure conditions. Figure 3-21 to Figure 3-25 depicts the specific oxidation
rate under different temperature and hydrogen partial pressures. A common feature is that the
oxidation rate decreases with the increase of hydrogen partial pressure, which confirms that
hydrogen still suppresses graphite-steam oxidation even if with a high steam concentration,

although two data points in Figure 3-22 and Figure 3-24 do not follow this trend,.
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Figure 3-21 Specific oxidation rate at 853 °C with different hydrogen and steam partial

pressures
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Figure 3-25 Specific oxidation rate at about 1050 °C with different hydrogen and steam partial

pressures

Similar to the effect of steam partial pressures, the effect of hydrogen on slowing down graphite

oxidation also tends to saturate when its concentration exceeds a certain value. The reason behind
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this phenomenon is related to the ratio of graphite active sites to available hydrogen molecules,

which is similar as the discussion in Section 3.2.4.

3.3 Effects of Graphite Mass Loss on Oxidation Rate

3.3.1 Theory of the effects of mass loss on graphite-steam oxidation

The chemical reaction changes the micro porous structure of graphite, which then alters the
active surface area (ASA). Researchers assumed the graphite-steam reaction happens either on the
grain surfaces or on the pore surfaces [29]. According to the first assumption, the ASA will be
gradually decreased by chemical reaction since the grains shrink, while the second assumption
leads to a contrary trend. The experiment of graphite-air oxidation using 1G-110 by Fuller and
Okoh (1997) supports the second model, in which the graphite oxidation rate reached a peak value
at mass loss fraction of 38% [26]. In addition to the expansion of micro pores, chemical reaction
also opens those isolated pores. According to the latest characterization, the density of open and
isolated pores in pristine nuclear graphite 1G-110 is 0.079 and 0.041 cm®/g, respectively [48]. The
isolated pores are originally inaccessible to oxidant molecules. With chemical reaction proceeds,
these isolated pores will be opened and connected to the porous network, which also contributes
to the increase of ASA. Figure 3-26 and Figure 3-27 show the surface condition of pristine and
oxidized graphite 1G-110, respectively. It can been seen the pore volume has been significantly

increased by oxidation. Furthermore, the pore size is also expanded by oxidation dramatically.
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Figure 3-26 Surface of pristine graphite 1G-110
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Figure 3-27 Surface of graphite 1G-110 sample oxidized under condition T1002-PW16000-PHO-

Hel0 with mass loss fraction 21.6%

When the graphite is oxidized to a certain level, the micro pores start to collapse and joint each
other, which decreases ASA. The literature has related the evolution of oxidation rate with graphite
mass loss fraction X. By assuming the micro pores in porous media consists of a series cylindrical
void channels with randomly distributed radius, a semi-theoretical model was proposed to describe

the reaction rate change of a heterogeneous reaction between gas and porous solids [59], [60]:
F,=0- X)1-w In(l— X) (3-9)
where ¥ is a graphite structural parameter defined as:

v - M (3-10)
(POABET,O)
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with ¢,,4,, and p,to be the graphite porosity, total pore length per unit volume, and graphite

density, at the initial condition (before any oxidation), respectively. A, is the specific surface
area that is a measure of physical adsorption of gas molecules on a solid surface. The value of

A, can be measured by Brunanuer-Emmett-Teller (BET) technique. However, it is still
challenging to directly evaluate the value of by characterizing the complex micro structures of
a nuclear graphite, especially the value of 4 and ABET’U. For example, two clusters of pores are

identified for nuclear graphite 1G-110, which concentrate on a few nanometers and a few
micrometers individually [48]. The pore size spectroscopy of different grades nuclear graphite can
differ significantly. For example, the pore in graphite PCEA either concentrate between 5 to 10
nanometers, or between 10 to 100 micrometers. Since the focus of this research is to investigate
the graphite-steam oxidation behavior, the characterization of graphite micro structure will not be

studied in detail here.

The complex micro structure of nuclear graphite leads to various y values in literature. For
example, a y value of 765 [26], 268[61], and 80 [41]-[43] have been used for nuclear graphite

IG-110. As aresult, the value of Fr, also differs significantly. In experiment, the mass loss fraction
factor Fm describes the ratio of specific reaction rate at a given mass loss fraction to the reaction

rate with zero mass loss. Therefore, the value of w can be estimated by measuring Fm in an

experiment, and fitting it to Eq. (3-9).

3.3.2 Effects of mass loss fraction on kinetic oxidation rate

Three experiments in Section 3.1.2, namely the T1002-PW15796-PHO-Hel5, T1002-

PW16000-PH0-Hel0, and T1000-PW17213-PHO-He5, were used to investigate the relation
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between mass loss fraction X and the specific oxidation rate Ratespe. The history of apparent
reaction rate has been shown in Figure 3-7. Another experiment at the same temperature with a
lower steam concentration, namely T1002-PW10413-PHO-Hel5, was conducted. To derive the
mass loss fraction factor, the apparent reaction rates were converted into specific reaction rate,
which is shown in Figure 3-28. Two additional tests were carried out at lower temperatures, namely
T863-PW8372-PH0-Hel0 and T909-PW14017-PHO-Hel0, respectively. The specific reaction

rates of these two experiments are depicted in Figure 3-29 and Figure 3-30.

-3
x10
1.5 T T T T T 1

—+—-T1002-PW15796-PH0-He15
—_ T1002-PW16000-PH0-He10
£ 125~ 3 71000-PW17213-PH0-He5 7
E —+-T1002-PW10413-PH0-He15
=
g 1K —
©
S
5
= 0.75— —
©
=)
5
5 Water injection ;
(] : ',"."‘
& 0.25 - 2% —

Vs~
0 A | | | | | | | : |

2 1 0 1 2 3 4 5 6 7 8 9 10
Time [hour]

Figure 3-28 History of specific oxidation rate at reaction temperature of 1000 °C
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Section 3.1 has confirmed the accuracy of GC measurement. Therefore, mass loss fraction at

j-th measurement can be calculated by:

j
Z(RateaIDID (j—1)+Ratey J))AtJ oy (3-11)

Accordingly, the specific oxidation rate can be plotted against mass loss fraction, which is depicted
in to for reaction temperature of 863, 909, and 1000 °C, respectively. The solid black lines in to
show the best fitting curve based on Eq. (3-9), with 95% confidence band (black dash lines). It
should be noted the oxidation rate at temperature 863 °C is so slow that the mass loss fraction after

50 hours oxidation is only about 6.3x1073,
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Figure 3-31 Mass loss fraction factor at reaction temperature of 863 °C

69



N w B a
o o o o

-
o

Mass loss fraction factor, Fm

0
0 005 01 015 0.2 025 0.3 035 0.4 045 0.5
Mass loss fraction, X

Figure 3-32 Mass loss fraction factor at reaction temperature of 909 °C

- T1002-PW15796-PH0-He15
’ T1002-PW16000-PH0-He10
+ T1000-PW17213-PH0-He5
++ T1002-PW10413-PH0-He15

10

Mass loss fraction factor, Fm

0E | | | | | | | | |
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32 0.36 0.4
Mass loss fraction, X

Figure 3-33 Mass loss fraction factor at reaction temperature of 1000 °C
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In literature [26], the y value of nuclear graphite 1G-110 was obtained by exposing the

specimen in air at temperature of 750 °C. However, only 12 reaction rates at mass loss from 0 to
1 were used to fit Eq. (3-9). The lack of enough data points inevitably brings large uncertainties,
which can be seen from . As a comparison, this research shows a more smooth history of graphite
oxidation rate with mass loss fraction. On the other hand, this research supports the conclusion of
graphite-air (oxygen) oxidation that the reaction rate reaches to a maximum value at mass loss

about 0.3 to 0.4 [26].
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Figure 3-34 Oxidation rate of graphite-air reaction using 1G-110 cylinder (DxH=8.38%x18.05
mm) at temperature of 750 °C (plotted using data from literature [26])

In addition, it was found the value of ¥ can be much different at different temperatures. In

general, the lower reaction temperature leads to a higher ¥ value. For example, the oxidation rate
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at temperature of 863 °C and 1000 °C increased by 7 times at mass loss fraction of 5.1x10° and

4x107, respectively. In order to fit the experimental data, the ¥ values at temperature of 863,
909, and 1000 C are 33660, 20220 and 1304 respectively. The value of ¥ obtained in this research

is larger than the highest in literature, which raise a flag in nuclear reactor safety analysis: if an

underestimated ¥ value is used for reactor safety analysis, the actual graphite oxidation will be

underestimated.

Furthermore, as shown in Figure 3-33, the specific oxidation rates with different steam
concentrations overlap each other at the same reaction temperature. It is desired to perform more
tests with other steam concentrations to verify this conclusion. It should be noted no hydrogen was
added for experiments in this section. Therefore, the effect of hydrogen on the oxidation rate

evolution is unknown.

3.4 Experiment of Integral Graphite-Steam Oxidation

3.4.1 Experimental conditions

The above experiments focus on the kinetic chemical reaction. Therefore, the graphite sample
features a large surface-to-volume ratio, which is aimed to minimize the effect of gas diffusion.
The objective of the experiments in this section is not only to measure the oxidation rate evolution
but also to form a density distribution. Therefore, the results can be further used to validate
numerical models for graphite oxidation behavior in the future. The experiments were carried out
using cylindrical graphite samples with diameter of 25.4 mm and height of 50.8 mm. Using these
large specimen, the effect of mass transfer can be intentionally included. A total of four

experiments were conducted under different conditions, as shown in Table 3-3.
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Table 3-3 Summary of integral test condition

Test No. Test name T P /
[OC] [bar] VHe pH2 pH20
[SLPM] [Pa] [Pa]
A T971-PW14373-PH502-Hel0 970.6 1.244 10 502 14,373
B T971-PW17306-PH985-He7 970.5 1.246 7 985 17,306
C T1001-PW15886-PH495-Hel0 1000.7 1.236 10 495 15,886
D T1051-PW1896-PH109-Hel0 1050.7 1.243 10 109 1,896

The system pressure and temperature control of these four experiments are shown in Figure
3-35 to Figure 3-38. The pressure fluctuation in these four tests are within about 2000 Pa for most
experimental time, which is only about 1.6% of system pressure. For test B, the pressure fluctuates
heavily between 16 to 18 hours, which was stabilized by increasing the power of the heating tube.
The fluctuation of reaction temperature is negligible, which is within 2 °C during the whole

oxidation process.
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Figure 3-35 System pressure and temperature control for integral test A
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Figure 3-37 System pressure and temperature control for integral test C
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Figure 3-38 System pressure and temperature control for inegral test D

3.4.2 Measurement of apparent oxidation rate and post-oxidation density

System temperature [°C]

The duration of these four experiments lasted from about 13 to 25 hours. No observable dimension

changes were observed for the samples after oxidation. The dimension and mass of these four

samples before and after oxidation are listed in Table 3-4. The graphite mass loss obtained by GC

signal is slightly larger than the mass balance scale measurement for tests A, B, and C. For test D,

the GC signal gave slightly smaller mass loss value. Nevertheless, the difference between the two

measurements is small and acceptable.
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Table 3-4 Mass loss of graphite sample in four integral tests

Test  DxH pre- DxH post- M, Amyg  Amgc  Difference
No. oxidation [mm] oxidation [mm] [+0.002g] [g] [0] [--]

A 25.41x50.82 25.40x50.79 45914 1.889 1.931 +2.2%

B 25.41x50.88 25.41x50.82 46.262 2.486 2.504 +0.72%

C 25.40x50.80 25.38x50.77 46.026 4.279 441 +3.1%

D 25.37x50.77 25.37%50.75 46.122 1.992 1.936 -2.8%

depicts the apparent oxidation rates. The data was shifted so the first measurement after water
injection appears at time O for all four tests. Although the steam concentration of test B is about
20% higher than that of test A, its hydrogen concentration is about 96% higher. As a result, its
apparent reaction rate is always lower. Due to the higher reaction temperature, test D shows the
highest oxidation rate at the beginning. However, it is quickly surpassed by test C. An explanation
is a larger volume of graphite was being oxidized simultaneously in test C. For test B, small
fluctuation is observed at time between 12 to 15 hour. The fluctuation was caused by the flow
instability, as shown in Figure 3-36. The pressure fluctuation can affect the measured oxidation
rate via two mechanisms. First, the steam partial pressure is affected by system pressure
fluctuations. Second, the change of system pressure affects the gas diffusivity, which can thereafter

accelerate or decelerate the mass transfer rate.

It should be noted that local oxidization sites were found on the upper face of graphite sample
in test T1051-PW1896-PH109-Hel0, as shown in Figure 3-40. Therefore, the measured apparent
oxidation rates also include these extra reaction signals. As a consequence, the actual apparent
oxidation rate, if without these local oxidation spots, should be lower than what are shown in

Figure 3-39.
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The density profile of post-oxidation graphite cylinders was obtained by a layer-by-layer
machining method using a lathe. A length section about 20 mm at the upper end of the graphite
sample was reserved for the lathe chunk. A thin layer of graphite about 0.5 mm thickness and 30
mm length was peeled off each time. The dimension and remaining mass of the graphite cylinder
were measured before and after each machining. In this way, both the volume and mass of each
machining layer are known, which can be used to calculate the volume-averaged density. In order
to prevent the sample from being overheated, cooling air was introduced to the sample. A
schematic of the cutting strategy is depicted in Figure 3-41. Figure 3-42 shows an example of the
graphite machining using the lathe. As a comparison, the density profile of a pristine graphite
cylinder was measured first. The densities obtained by this method are a series discrete volume-
averaged values. Therefore, it is important to assign them to a reasonable radial position. An area-

averaged radius, defined by Eq. (3-12), is used to carry the measured density.

~ jrzz r-2zrdr 2(r23 —rf)
r= =
-[YI;Z 2zrdr - 3(17 1)

(3-12)
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Figure 3-41 Schematic of layer-by-layer graphite maching

Figure 3-42 Graphite machining for density measurement

It should be noted although experiment T1051-PW1896-PH109-Hel0 shows some local

oxidation spots on the upper face of graphite sample, the density measurement is still valuable
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since those spots were not included in the machining. Figure 3-43 depicts the profile of normalized
density of each graphite sample along the radial direction. The normalized density is defined as
volume-averaged density at radius r divided by pristine density. The pristine density of each
sample was calculated using its mass and volume at fresh condition by assuming the density

distribution is uniform.
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Figure 3-43 Radial density profile of cylindrical graphite specimen

The measured normalized density of the pristine graphite varies from 0.097 to 1.016.
Therefore, it can be confirmed the layer-by-layer machining can reasonably measure graphite
density profile. It can be seen in Figure 3-43 the central region about a few millimeters of these
four samples remains almost un-oxidized. However, the density distribution near the surface is

significantly different. Table 3-4 shows that test C has the largest mass loss among the four
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experiments. As can be seen in Figure 3-43, its outer layer has been heavily oxidized that about
35% of graphite mass has been lost. The graphite density distribution obtained here will be used

in Chapter 5 to validate the multiphysics model.

A calculation was carried out to estimate the accuracy of the above measurements. While it is
challenging to analyze the reliability of each machining individually, the overall accuracy can be
estimated. Figure 3-43 has shown the measured density distribution along the radial direction. A

volume integration based on these curves then gives the mass of post-oxidation samples.

The density measurements were taken using step size about 0.5 mm. In the calculation, a
uniform radial step size of 0.1 mm was adopted. The density at each radial position was then
obtained by interpolating the values in Figure 3-43. A pristine density value was assumed for the
most central region that was not machined,. Therefore, the mass of each post-oxidation cylinder

can be estimated by:

N oz 2
My ZZ§(pi—1+p|)(ri—1+ri) H (3-13)

The actual mass loss in the oxidation process is obtained by comparing the weight of the sample
before and after the experiment, or by integrating the GC apparent oxidation signals. Another mass

loss can be estimated by deducting the value of Eq. (3-13) from the pre-oxidation mass:
AMype = Mg — My (3-14)

summarizes the information of graphite mass obtained by different methods. It can be seen
the mass loss obtained by Eq. (3-13) is smaller than the actual value. The difference for Case D

can be up to 20.3%. However, the 1.992 g mass loss obtained by mass balance scale includes those
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local oxidized sites, which means the 20.3% difference is exaggerated. There are multiple reasons
for the differences in . First, the random uncertainties are inevitable in the measurement. For
example, the traveling length of lathe bit (“H” in Figure 3-41 ) in each machining should be
maintained the same ideally. However, the measurement shows a maximum difference about
0.1mm in the actual practice. Furthermore, when anchoring the graphite sample to, and taking the
graphite sample off from the lathe chunk, small amount of graphite dust is inevitably lost. In
addition, the bottom surface that exhibits severer oxidation is also included in the machining,

which can slightly distort the measurement.

Table 3-5 Comparison of graphite mass obtained by integration and mass balance scale

Test mo m Mint AmmBs AMint Difference

No. pre-oxidation post-oxidation post-oxidation [g] [--]
[+0.002 g ] [+0.002 g ] [a] [a]

A 45,914 44.025 44.210 1.889 1.741 -7.83%

B 46.262 43.776 43.983 2.486 2.367 -4.79%

C 46.026 41.747 42.261 4.279 3.831 -10.5%

D 46.122 44.130 44,558 1.992 1.587 -20.3%
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Chapter 4 Kinetic Reaction Rate Equation for Graphite-Steam Oxidation

The data obtained from Section 3.2 can be used to derive the Kinetic reaction rate equations for
graphite-steam oxidation. In this chapter, a multivariable optimization code was first developed on
MATLAB. A theoretical analysis was performed to derive the LH reaction model using limited
experimental data points. The reaction constants obtained from the theoretical analysis was then
used as initial values for the multivariable optimization. In addition, a BLH reaction rate equation
was also obtained using the MATLAB code. The kinetic reaction rate equations were then
compared with each other. In general, the BLH equation predicts graphite-steam oxidation rate

better within the experimental conditions of this work.
4.1 Theory of Multivariable Optimization

The multivariable optimization is carried out by the nonlinear least-squares solver using

MATLAB [62]. The nonlinear least-square solver solves curve fitting problem of the form:
. 2 .
mxlnH f(x)[, = mxm[ fL(X)* + f,(X)* +...+ f (x)z] (4-1)

where X, is the vector of the unknown coefficients in a given formula. The solver starts at an

initial value X, , and tries to find a combination of elements in vector X, so the sum of squares of

the given function is minimized [63].
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In the optimization process, the initial guess has a vital effect on the final values of the
coefficients, and therefore on the accuracy of the kinetic model. The effect of the initial values on

the fitting process can be described by a simplified demo graph, as shown in Figure 4-1. Starting
at a specified initial value, the solver iterates until | f (x)|[ reaches the local concave. However,

the returned coefficients, i.e., the local optimization points A, B, and D, are not necessarily the
best one globally. Only when the initial value falls in a certain range, defined by the two dash lines

in Figure 4-1, the returned coefficients will be the global optimization.

This behavior will make the optimization process challenging if there are a large number of
unknown coefficients. In addition, the value of the activation energies and the reaction frequency
can vary over several magnitudes, which leads to an enormous combination of initializations. The
computation time needed to run all these initializations will be unacceptable. Therefore, the
objective of the optimization is to find a local combination the coefficients in LH or BLH models,
which can agree the experimental data well, rather than to find the global optimized coefficients.

A mean relative difference (MRD) is defined to evaluate the accuracy of the kinetic reaction rate

] -

where N is the total number of experimental data. Y and Y indicate predicted value and

equations:

Y-V,

Y.

MRD:%[i(

1

experimental value, respectively.
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Figure 4-1 Schematic of direct absorption spectroscopy measurements

4.2 Langmuir-Hinshelwood (LH) Kinetic Reaction Rate Equation

The LH equation for graphite-steam oxidation is expressed as Eqg. (4-3):

E
k,exp(-—=)p
R - i RT "% (4-3)

Tk E2ypn 4k =
Ky exp(—ﬁ) Ph, +Ks eXp(—ﬁ) PH,0

There are a total of seven unknown constants in the LH equation, including the reaction order for
hydrogen. The values of these constants can be calculated theoretically by carefully choosing
different experimental conditions. When the partial pressure of hydrogen is 0, the LH equation

can be written as:

1 1 E.. Kk ( E, - Esj
— =—exp(—= +—ex . 4-4
R ” p( RT ) Priyo K, P RT (4-4)

spe
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Ideally, the reverse of specific oxidation rate is linear to the reverse of steam partial pressure at a

constant reaction temperature and 0 hydrogen partial pressure. The slope of the linear line will be

equal to lexp(i) , and the intersection with y-axis will be equal to ﬁexp(_Ei 5 j ,
k, RT K, RT

The data points of blue curves in Figure 3-19 and Figure 3-20 are rearranged to derive the LH
equation theoretically, which are depicted in Figure 4-2 and Figure 4-3, respectively for reaction
temperatures of 950 and 1050 °C. The slopes of the two linear fitting equations are 5.502x10%and
7.939x108 respectively. And the intersections with y-axis are 6.668x10°and 2.515x10°. Therefore,
the four unknown constants, ki, ks, E1, and Ez can be rigorously obtained by solving four equations,
which are 4.0989x10'% Pa’ls?, 40.2084 Pa?, 570.17 kJ/mole/K, and 129.26 kJ/mole/K,

respectively.
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Figure 4-2 Specific oxidation rate with different steam partial pressures and zero hydrogen

partial pressure at 950 °C
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Figure 4-3 Specific oxidation rate with different steam partial pressures and zero hydrogen

partial pressure at 1050°C

Next, the reaction frequency factor k, activation energy E, and hydrogen reaction order n

should be determined. Eq. (4-3) can be further manipulated as:

— — —exp(—= —3ex = ex a
Rk PG P~ R = e ER, @
y
k E,—-E
A(T) =—2—exp(———2) p} () (49
K; Prijo RT i
y
k E, —-E
In[A(T)]=In 2 _+—=L—4nlIn(p (©)
[ ] ( 1pH20J RT ( HZ)

Given a specified reaction temperature and steam partial pressure, the specific oxidation rate can

be plotted using Eq. (4-5c). Theoretically, a plot based on In[A(T)] vs.In(p,, ) is also linear.
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The slope will be the reaction order of hydrogen, and the intersection with y-axis will be equal to

In i + E-E . Section 3.2.5 provides multiple plot of specific oxidation rate vs. hydrogen
K Priyo RT

partial pressure under conditions of constant reaction temperature and steam partial pressure.
Tentatively, two cases were used to derive the reaction constants associated with hydrogen, as
shown in Figure 4-4 and Figure 4-5 with best linear fitting included. Due to the limited number of
data points and possible uncertainties, the hydrogen reaction order is not consistent for the two sets
of data points. The two intersections are 11.772 and 6.159, respectively. Correspondingly, the

values of k. and E, can be solved to be 3.3354x10*Pa™, and -277.25 ki/mole/K, respectively.

20 | | | |
o T=949°C, P, =1093030 Pa
2

19—  —Linear fitting —
= 18— -
Z a
£ .

17~ y=0.8099x+11.722 N

[ ]
16— -
15 * | | | |
4 5 6 7 8 9 10

In(p,, )

Figure 4-4 Specific oxidation rate in form of In[A(T)]at temperature 1050°C and steam partial

pressure 10 kPa
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Figure 4-5 Specific oxidation rate in form of In[A(T)] at temperature 950°C and steam partial

pressure 5 kPa

The LH reaction rate equation obtained by the above theoretical analysis is listed in Table 4-1.
The hydrogen reaction order is assumed to be the mean value of the two slopes in Figure 4-4 and
Figure 4-5. The evaluation of this LH equation is depicted in Figure 4-6. It can be seen although
the LH equation predicts comparable kinetic oxidation rates with experimental results, it tends to
underestimate the low oxidation rate regime and overestimate the high oxidation rate regime. In
the theoretically analyses, exponential functions were used twice, which can propagate the
uncertainties of experimental data and linear fitting. Furthermore, although a total of 141 data
points were obtained, only a small fraction of them were used in the derivation. Therefore, it is
desired to derive the constants in LH equation by the MATLAB code using all experimental data

points.
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Table 4-1 Reaction constants in LH equation obtained by theoretical analysis

Reaction frequency Activation energy [kJ/mol/K]
ki [Pals?] 4,0989x10"° E: 570.17
ka2 [Pa™] 3.3354x1014 E> -277.25
ks [Pa!] 40.208 Es 129.26
n[--] 0.92
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Figure 4-6 Comparison of experimental data with theoretical LH model

The values in Table 4-1 are then used as the initial guess for the multivariable optimization.
The returned constants are listed in Table 4-2. In addition, Table 4-2 also provides Contescu’s LH
model that was obtained based on experiment at temperature 800 to 1100 C, moisture partial
pressure 5 to 1000 Pa, and hydrogen partial pressure 0 to 300 Pa. The constants in the Contescu

LH equation are significantly different with the optimized LH model in this work.
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A comparison of the predicted oxidation rates and the experimental data is depicted in Figure
4-7. As can be seen, the optimized LH model gives better prediction than the theoretical LH model
that has been shown in Figure 4-6. In addition, the optimized model has better accuracy when the
oxidation rate is between 10® to 10 s™*. However, large deviation is still found at the low oxidation
rate regime and high oxidation regime. When the Contescu LH model was applied to the
experimental conditions of this work, the predicted oxidation rates are most likely to be
underestimated. The MRDs of the optimized LH model and Contescu model, evaluated using
experimental data of this work, are 39.0% and 63.8%, respectively. The hydrogen reaction order
of the optimized LH model is 1.83, which is higher than both the theoretical analysis and existing
values in literature. Therefore, its reliability should be carefully investigated in the future. The
predicted oxidation rates of the optimized LH model is shown in Figure 4-8 under various
conditions. In general, the optimized LH model predicts oxidation rate qualitatively well. For
example, the predicted oxidation rate increases with lifted steam partial pressure and decreased
hydrogen partial pressure. In addition, it has larger slope at low steam concentration regime, which

has been observed in Section 3.2.

Table 4-2 Comparison of LH models for nuclear graphite 1G-110

Parameter This work Contescu 2018 [20]
ki [Pa’ls7] 3.861x10%3 8.3x10°®
ko [Pa™] 1.2954 4.2x108
ks [Pa] 299.755 6.3x1011
E1 [kd/mol/K] 574.95 86
E2 [kd/mol/K] 134.75 -193
Es [kd/mol/K] 148.97 -211
n[-] 1.83 0.5
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Figure 4-7 Comparison of LH models for nuclear graphite 1G-110
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4.3 Boltzmann-enhanced Langmuir-Hinshelwood (BLH) Reaction Rate Equation

It was found the LH model tends to underestimate the oxidation rate, especially under high
temperature and high steam concentration conditions [20]. This conclusion is confirmed by the
analysis in Section 4.2. Therefore, a BLH reaction rate equation was proposed to consider the
broadening of active graphite sites in high temperature environment [20], in which a temperature-

dependent reaction order is added to the steam term, as shown by Eq. (4-6)

E
g exp(——1) Pri,0" "
ope = Eay o Esyp  mm @
1+k, exp(——= +kq exp(——=
2 exp( RT)pH2 1 exp( RT)pHZO
1 (4'6)
M(T) = Mypay + - min_max (b)
1+exp| —- 0

0

where My and My,i, are the upper and lower limits of the range of kinetic order; To is a

characteristic temperature, and € is a scaling parameter [8], [20].

While the LH reaction rate equation can be obtained by theoretical analysis, the derivation of
BLH equation is more challenging due to the addition of Boltzmann equation to the steam term.
As a consequence, the theoretical analysis method in Section 4.2 is no longer applicable.
Therefore, the BLH equation has to be obtained by multivariable optimization. There are a total of
10 unknown coefficients in Eq. (4-6) to be optimized, excluding the reaction order of hydrogen.
As discussed in Chapter 1, the energies E in BLH model do not reflect the activation energy
because they are a joint effect of multiple elementary reactions. Therefore, the value of these
energies can be either positive or negative. The coefficients k still represent reaction frequency,
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which thereafter should be positive. The reaction order of hydrogen n has been assumed to be
constant 0.75 for nuclear graphite H-451 [17], and was assumed to be 0.5 for graphite 1G-110 in
the BLH equation [8], [20]. In this research, n is assumed to be 0.5, 0.75, and 1.0, respectively in
the optimization computation. Another optimization was run by assuming n is unknown, and

limiting its value in range 0.5 to 2.0.

In order to reduce the computation time, a total only 24 data points (4 from each temperature
interval with different moisture and hydrogen partial pressures) were first selected for
optimization. Computations were carried out using different initializations to ensure the obtained
BLH equation agrees with the 24 data. Then the rest data points were added in a few batches. The
obtained coefficients in the BLH equation are listed in Table 4-3. The coefficients, except k2, do
not vary much with different assumptions for the hydrogen reaction order. If n is included in the
optimization process, the optimization returns n of 0.801. The MRD associated with the four
optimizations does not differ much. Considering the uncertainties in the experimental data, it is
hard to determine which combination is the best since they all have very similar MRD values. On
the other hand, the BLH equation obtained in this work is significantly different from the existing
BLH equation which was derived using experimental data with lower vapor concentrations [8],

[20].
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Table 4-3 Comparison of different BLH equations

Coefficient n=0.5 n=0.75 n=1.0 Unknown n | Contescu (2018)
Ky [Pais™] 76.54 78.40 79.16 79.15 7.6x10%2
E; [ka/mol] 253.67 256.47 260.55 258.22 -71.0

K, [Pa®9] 6.938x10° | 1.200x10° | 1.789x10* |8.232x10* | 1.9x10?
E; [ka/mol] -19.32 -19.19 -20.15 -19.31 -40

K3 [Pa™] 3.496x102 |3.496x102 |2.996x102 |3.496x102 |6.1x10'8
E; [ki/mol] 313.87 313.86 313.86 313.86 -374
Muin [-] 0.313 0.356 0.390 0.364 -0.07
Mppax [-] 0.704 0.736 0.761 0.742 1.55

Ty K] 1249.9 1250.0 1250.5 1250.1 64.2

6 [K] 36.29 34.44 32.82 34.08 1327
n[-] - - - 0.801 0.5
RMSD [%] 24.60 23.92 24.10 23.91 84.22

Figure 4-9 to Figure 4-12 show the comparison of predicted oxidation rates of the optimized
BLH equations with experimental data. The predicted oxidation rates by Contescu BLH equation
is also depicted in Figure 4-12. It can be seen the four optimized BLH equations of this work give
very similar results. If n is considered as an unknown constant in the optimization, the MRD of

BLH equation is 23.9%, which is the smallest. Therefore, it will be used in the following analysis.
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Figure 4-13 shows the predicted oxidation rates of the BLH equation at temperature 850 to
1100 °C, steam partial pressure 0 to 20 kPa, and hydrogen partial pressure 0 to 3 kPa. It can be
seen this BLH model demonstrates two features that have been discussed in Section 3.2.4 and
3.2.5. First, the predicted oxidation rate always increase with steam partial pressure given a
specified reaction temperature and hydrogen partial pressure. In addition, the effect of steam
concentration on lifting the oxidation rate is more prominent at the beginning, and then slows down
when the steam partial pressure reaches higher values. Similarly, the suppression effect of
hydrogen on reaction is more obvious within a low hydrogen concentration regime. The predicted
oxidation rates drop dramatically with hydrogen concentration, then tend to flatten in high
hydrogen concentration regime. In conclusion, the new BLH equation of this research shows very

good accuracy.
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4.4 Comparison of Different Kinetic Reaction Rate Equations

Both LH and BLH kinetic reaction rate equations have been obtained in the above analyses
using the experimental data. In general, the BLH equation agrees with the experimental results
better than the LH equation within the experimental conditions of this work. The LH and BLH
equations for graphite 1G-110 were also proposed in existing literature, although under different
experimental conditions. The comparison of the two equations, and existing models are cross-

compared in this section.

One issue of this work and existing literature is that the steam concentration in the experiments
was not extended to an extremely low level, i.e., ppm level. However, one concern of graphite-
steam/moisture oxidation is the chronic corrosion during the long term reactor normal operations.
If the reaction rate equations are to be used for analyses for reactor normal operations, the reader
should be careful in choosing one from these equations. Figure 4-14 shows the comparison of the
four reaction rate equations for graphite 1G-110 at low steam concentration regime. In this figure,
the hydrogen partial pressure is constant 5 Pa. It can be seen the BLH equation obtained in this
work gives very similar trend as the Contescu LH equation but the absolute value is about one
magnitude higher. The predicted oxidation rate by the LH equation of this work is much lower
than the other three equations under low temperature, low moisture concentration condition, which
means it might underestimate the oxidation rate. The Contescu BLH model, however, predicts the
oxidation rate will decrease with higher temperature, which is physically unlikely. Therefore, it is
suggested to use either the BLH equation obtained in this work, or the Contescu LH equation for

reactor normal operation conditions.
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Figure 4-15 depicts the four reaction equations at a high steam/moisture concentration regime.
In this figure, the hydrogen partial pressure is constant 500 Pa. It can be seen the Contscu LH
equation is significantly different from the Contescu BLH equation although they were derived
using the same experimental data. As a comparison, the LH and BLH equation obtained in this
work agrees each other well within temperature 900 to 1100 °C. The difference of these two
equations out of this temperature range is also smaller than Contescu’s models, which can be
regarded as an advantage. Both of the two BLH equations show an “S” shape, which is the result

of adding Boltzmann reaction order to the term of steam partial pressure.
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Figure 4-15 Predicting oxidation rate by different equations at high steam concentration regime

The variation of the four equations with steam partial pressure is depicted in Figure 4-16 and
Figure 4-17 at constant temperature 950 and 1100 °C, respectively. It can be seen the Contescu

BLH equation is the least sensitive one with increasing steam partial pressure. The predicted
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oxidation rate at 10 kPa is about 6~7 times higher than that at 10 Pa, while the other three equations
give much larger increase rate of oxidation rate with steam partial pressures. In addition, the four
equations differ significantly at low temperature, low steam concentration regime. As shown in
Figure 4-17, the predicted oxidation rate using the two LH equations tend to flatten at steam partial
pressure than 1000 Pa, which is the main reason for the introduction of BLH equation. The BLH
equation derived in this work is obviously different from the Contescu BLH equation. At steam
partial pressure higher than 1 kPa, the Contescu BLH equation also tends to flatten although with
a smaller slope than the LH equations. On the contrary, the trend of the BLH equation of this work
does not change much. It should be noted that the data points in this work mainly cover steam
partial pressure between 1 to 10 kPa. Therefore, the BLH equation of this work should be more

reliable if steam concentration is higher than 1 kPa.
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Figure 4-16 Predicted oxidation rate by different equations at fixed temperature 950 °C
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Figure 4-17 Predicted oxidation rate by different equations at fixed temperature 1100 °C

In conclusion, the four reaction equation exhibits significantly different behaviors at different
conditions. However, it is suggested to use the BLH model from this work, or the Contescu LH
equation for reactor normal operation conditions. For scenarios with extremely high steam
concentration, the BLH model from this work is still recommended because it is derived based on

steam partial pressure up to 20 kPa.
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Chapter 5 Multiphysics Simulation for Graphite-Steam Oxidation
5.1 Objective of Multiphysics Simulation for Graphite-Steam Oxidation

The graphite-steam oxidation in HTGR is a complex phenomenon involving multi physical

processes with the following steps:
1. Transport of water molecules in the free helium flow to the graphite surfaces;
2. Transport of water molecules in the porous graphite to the graphite active sites;

3. Water molecules react with the graphite at the active sites (C-H2O reaction):
C+H,0T>COT+H,T;

4. Release of the reaction products (CO, and H>); and

5. Transport of the production gases through the porous graphite back to the free helium

flow.

In addition to the main heterogeneous reaction, the production gases can trigger a secondary

homogenous reaction: co T +H,0 T<= CO, T +H, T, and a secondary heterogeneous reaction:
C+CO, T=2CO T . At the same time as the above processes, heat transfer and graphite

microstructure evolution can also affect the apparent oxidation rate. Although extensive studies
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have been carried out in literature to investigate the graphite oxidation phenomena, there is a lack

of effect tool to predict the graphite oxidation given a specified condition.

This chapter is aimed to develop a modeling method that can predict graphite mass loss in
detail, such as the spatial distribution of graphite mass loss fraction, and the evolution of apparent
oxidation rate. The multiphysics model should couple all important physical phenomena, i.e., the
free flow out of graphite, porous flow in porous graphite, mass transfer in free helium flow and
porous graphite domain, heat transfer, kinetic chemical reaction, as well as the evolution of micro
porous structure. The numerical model will be validated against the experimental results of Section

3.4 s0 it can be applied to future HTGR safety analyses with better confidence.

5.2 Mathematic Models

5.2.1 Mass transfer in free helium flow channel and porous graphite media

The graphite oxidation phenomenon can be divided into three regimes, namely the kinetics
controlled regime, transitional regime, and diffusion controlled regime. The kinetics controlled
regime refers to oxidation at low temperature environment that the graphite oxidation is limited by
chemical reaction. In this regime, the kinetic chemical reaction rate is so small that the oxidant
molecules can easily diffuse into the whole volume of a graphite component. Therefore, the
graphite will be oxidized more or less uniformly. On the contrary, if the reaction temperature is
high enough, the kinetic chemical reaction rate will be so large that it is no longer the dominant
factor in the observed oxidation rate (apparent oxidation rate). In this regime, the observed
oxidation will be limited by the mass transfer rate through the boundary layer between graphite
sample and free flow. In addition, the oxidant molecules will be quickly consumed once they reach

the graphite sample surface, so they cannot penetrate into the inner region of graphite. As a result,
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only a very thin layer of graphite will be oxidized. The transitional regime refers to the scenario
that mass transfer and kinetic reaction make comparable contribution to the apparent oxidation
rate, in which the graphite mass loss fraction decreases gradually from its surface into the inner

region. A schematic of the three reaction regimes is shown in Figure 5-1.

Kinetic

In (Rate,,,) Diffusion | Transitional
regime : regime

Po

concentration

Post-oxidation

density

Figure 5-1 Schematic of three graphite oxidation regimes

However, it should be noted the critical temperature between two regimes is not constant.
Instead, it depends not only on the kinetic reaction properties but also on the free flow conditions.
For instance, the switch from diffusion regime to transitional regime will migrate to a higher

temperature by increasing the free flow rate , which leads to a large Sherwood number:

hL
Sh=— -
- -
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where:

h convective mass transfer coefficient, m/s
L characteristic length, m
D mass diffusivity m?/s

On the contrary, the transition tends to move to a lower temperature for small flow rate
condition. During a steam ingress accident, the free helium flow in the prismatic HTGR core will
gradually switch from turbulent convection to natural circulation, which will then affect the
apparent oxidation behavior. In addition, the diffusion controlled regime for graphite-oxygen
oxidation will appear at a lower temperature than that of graphite-steam oxidation under the same
flow conditions, since the kinetic chemical reaction rate of graphite-oxygen reaction is much
higher. Furthermore, the micro structure of a certain grade of graphite can also play an important
role the final oxidation depth. For example, a graphite with high tortuosity, low permeability and
porosity, small pores can slow down oxidant penetration. Therefore, it is critical to accurately

simulate the mass transfer mechanism for graphite-steam oxidation.

Theoretically, there are three chemical reactions in graphite-steam oxidation, which are the

main heterogeneous reaction (C-H>O reaction): C+HZOT—>COT+H2T, the secondary
homogeneous reaction: COT+H,0T=CO, T+H, T, and the secondary heterogeneous

reaction: C+CO, T= 2CO T, respectively. To simplify the problem, the numerical model will

only focus on the main heterogeneous C-H>O reaction because the reaction rates of the two

secondary reactions are much lower[64]. Therefore, there are a total of four gas species to be

109



modeled in the system. The transport of gas species j can be solved by the Maxwell-Stephan

multicomponent gas diffusion equations:

for free flow domain, and

0 = _

for porous graphite domain, respectively, where:

<

S|

R

density of gas mixture kg/m?®
mass fraction --
graphite porosity -

time S

mass flux kg/m?/s
flow velocity m/s
reaction mass source kg/m®/s

(5-2)

(5-3)

Since it has been assumed the only chemical reaction is the main heterogeneous C-H-O reaction,

the source term for free flow in Eq. (5-2) is thereafter always zero. The mass flux in Eq. (5-2) is

calculated by:

J =-
J

4
= VT
[ po; Z D]._Z.dj + D]. 7]

1,0%]
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EZ. =Vz, + %[(1’2 — wz.)Vp] and (5-5)

-1
_e iy i
St

where:
® mass fraction --
X mole fraction --
p absolute pressure Pa
M mole mass g/mol
Dj-i binary diffusivity m?/s
DT thermal diffusion coefficient m?/s

The first term at RHS of Eq. (5-4) describes the molecular diffusion. The binary diffusivity is

calculated by Eq. (5-7) [65]:

M: M
Di =D = . : (5-7)
PojifD

1/2
_ 11
1.858x10 °73/2 ( + J
J

with M and p to be the molar mass in mol/g and absolute pressure in atm, respectively. The

collision diameter between two different molecular species o j; in A is the mean value of o; and

;. The collision interval €2, is a function of non-dimensional temperature &7’ / €,., where

AB’?

EAB/K'Z\/(&‘A/K‘)X(EB/K). Figure 5-2 depicts a series of discrete x7" / ¢ values and their
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corresponding collision intervals, which was used as an interpolation database in the numerical

model. Table 5-1 lists the Lennnar-Jones constants that were used in the diffusivity computation.

Table 5-1 Lennnar-Jones constants for diffusivity computation [65]

Gas species He H> CO Steam
o [A] 2.576 2.968 3.590 2.649
¢/ x [K] 10.22 33.3 110 356
3
255 —
E »
S 20 =
-
c b
o
(2] o
=151 .
[}
(&)
....
0.5 | T - s
0 20 40 80 100
kTle [-]

Figure 5-2 Variation of gases collision interval with non-dimensional temperature (plotted using

data in literature [65])

The second term at RHS of Eq. (5-4) considers molecule diffusion that is induced by thermal

diffusion. The thermal diffusion coefficient is a physical parameter having the meaning of a

proportionality coefficient which establishes the dependence of the mass thermal diffusion flow of

a given mixture component on the ratio of the temperature gradient to the absolute temperature. It

112



was believed that dominant mechanisms of mass transfer in the free flow domain is convection for
bulk flow region, and molecular diffusion for laminar boundary layer. Therefore, the thermal

diffusion mass transfer in Eq. (5-4) can be neglected.

The mass transfer equation for the porous graphite domain is similar to that of free flow
domain, except it has to consider the porous structure, i.e., porosity, and tortuosity etc. Therefore,

an effective diffusivity De is adopted for mass flux computation:

4
- VT .
Jj:— pszDe,j—ldl-'-D(],—,j? (58)

Li%]

De,j—i = f (8,‘[) Dj—i (5'9)

where 7 refers to the tortuosity of graphite, defined as the ratio of the length of a curve to the linear

distance between its two ends . The correction function in Eq. (5-9) is usually assumed to be:

ﬂaﬂ:f (5-10)

T
The tortuosity value of a porous media can be obtained by 3-D tomography. However, it is very
challenging to directly measure the tortuosity of a nuclear graphite since a small graphite volume
can contain numerous pores and their diameter can vary from several nanometers to a few hundred
micrometers [48]. Figure 5-3 shows a tomography image of nuclear graphite 1G-110 specimen
with about 0.2 mm diameter and 0.05 mm thickness. Since the resolution of this tomography is
700 nm, all micro pores less than 1.4 um are theoretically invisible from this image. In actual

practice, the tortuosity of a porous media is usually assumed as:

T=¢ (5-11)
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where the value of n can be unity 1 [46], [59], [66], 1/2 as the Bruggeman tortuosity model [67],
or 1/3 as the Millington and Quirk tortuosity model [68]. The value of n has significant effect on

the oxidation depth as it can lead to quite different effective diffusivity values.

Figure 5-3 Micro porous structure of nuclear graphite 1G-110 obtained by 3-D X-ray

tomography with resolution of 700 nm

The mass source term in Eg. (5-3) is adopted by modifying the kinetic BLH reaction rate
equation, which has been obtained in Chapter 4. It should be noted Eq. (4-6) refers to the specific
oxidation rate that is in unit of 1/s. Governing equations (5-3) and (5-4) are derived using control
volume methodology. Therefore, Eq. (4-6) should be multiplied by the graphite density, which

then describes the consumption rate of graphite by the chemical reaction:

E T)
Pok1 eXP(= —2) Pryo™
T RO unitinkg/m¥s  (5-12)

R. =

- = 5
1+k, exp(— é) P, + ke exp(- ﬁ) szom(T)
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According to the mass balance of chemical reaction C+H,0 T—CO T +H, T, the source term for
steam, CO, and H are:

E m(T)
Poks €xp(=—1) Puy,0 M.
R = RT™ 2 L unitinkg/m®s  (5-13)

= E E M
1+k, exp(— é) PR, + ki exp(- ﬁ) szom(T) ¢

where M is the molar mass. The subscript j and C indicate a gas species (steam, Ho, or CO), and
carbon, respectively. Since steam is consumed by the chemical reaction, the source term for steam

is always negative.

As discussed in Section 3.3, the chemical reaction alters the micro structure of graphite, which
then increases the kinetic reaction rate. Therefore, a mass loss factor should be applied to the source
term. In addition, impurities, up to 40 elements, inevitably existing in pristine graphite [69], [70] ,
although purification technique, e.g., thermal purification at temperature up to 2600 to 3000 °C,
has been applied in the manufacturing process [70]. These impurities can catalyze the graphite
oxidation. The oxidation rate observed in Chapter 3 already includes the effect of virgin impurities.
Therefore, it is not considered here. However, the neutron fission in a nuclear reactor will produce
extra impurities, which is beyond the scope of this work. In summary, the source term for Eq. (5-

3) is:

B m(T)
o _ PoFuM,; ky €Xp(= ) Przo

. 3
J. v , unit in kg/m°/s (5-14)
C

E E
1+k, exp(— ﬁ) P, +ky exp(- ﬁ) szom(T)
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The gas diffusion can also be simulated by using the averaged gas mixture diffusion equation.

When using this equation, the bulk diffusivity of component j in the gas mixture is calculated by

[65]:

Dy - , (5-15)

where M, is the molar fraction evaluated on a component i-free system. The effective diffusivity of

component j in a porous graphite is calculated by considering the graphite tortuosity, gas mixture
diffusivity, and Knudsen diffusivity:

D...D

D:fg,TLK’J _
ey = f( )D_ D (5-16)

im T EK
where D, .is the Knudsen diffusivity:

5.2.2 Free and porous flow model

The flow velocity is needed to solve the mass transfer equations Eq. (5-2) and Eq. (5-3), which
is therefore solved separately by the continuity and momentum conservation equations. To further
simplify the problem, it was assumed all gas species have the same convection flow velocity.
Thereafter, the flow field can be solved by single-phase flow equations rather than multi-phase
flow that can be computationally expensive. The continuity and momentum equations for the free

flow domain are:

DL 4v-(pa)=0, and (5-17)
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%(pU)JrV-(pU@U)=—Vp+V-r+pg (5-18)

respectively, where z and { are the stress tensor and gravitational acceleration.

The gas mixture flow in the quartz tube is laminar flow that has a Reynolds number about 50
to 200. Accordingly, the laminar flow is adopted for model validation. However, the Reynolds
number of helium flow in the coolant channels of MHTGR can reach to about 50,000 during
normal operations. Therefore, a turbulent model should be adopted. In this research, the turbulent
flow was simulated by solving the Reynolds Averaged Naiver-Stokes (RANS) equation with k-

epsilon turbulence and Algebraic y* model.

The micro pore structure of the graphite results in such a small velocity that the viscous term
becomes dominant, which can be described by the Darcy law [71]. Therefore, the continuity and

momentum equations for the porous graphite domain are:

2 (ap)+V-(pu) =R, and (5-19)
0= —in, (5-20)

where 1 and « are gas mixture viscosity and permeability, respectively. The permeability « can be

calculated by [72]-[74]:

2
r f
K:g_z 14 P [RT (5-21)
8r h P M
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where R, T, M, and rp are respectively the specific ideal gas constant, temperature in Kelvin, mean
molar mass of the gas mixture, and mean pore radius, where f_is the gas-wall reflection

coefficient that is assumed to be 5 [73]. In addition, the Stokes-Brinkman equation was also applied
to the porous graphite domain to draw a comparison with the Darcy law. The Stokes-Brinkman
equation are:

ou

1 .
£E+£(U-V)U—+Vp:—/m 1U+V-,u*(VU+VUT), (5-22)
& &

™

which degrades to the Stokes equation when the effective viscosity .. *, defined as u/¢, is
infinite. It becomes the Darcy law if 4 * is zero. The mean pore radius rp is needed by Eg. (5-21),

but it varies as the reaction proceeds. Therefore, it should also be modeled, which will be discussed

in Section 5.2.4.
5.2.3 Heat transfer in graphite and free flow

The temperature of the free flow domain is obtained by considering convection and thermal

conduction:
aT —_— 5

where p is volume averaged density of the gas mixture, which can be calculated using ideal gas
law. The symbol ¢, is mass averaged specific heat at constant pressure, and k is the average thermal
conductivity of gas mixture that can be obtained using Wilke formulas [58], as discussed in Section
3.2.2. When calculating the average thermal conductivity, the gas mixture is considered as a

helium-steam mixture since the mole fraction of CO and H2 is only a few hundred ppm at
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maximum, which cannot make observable changes to the thermal physical properties. Since the

chemical reaction is confined within the graphite volume, the source term ¢" in Eq. (5-23) is zero.

The energy equation for the porous graphite domains share the same form as Eq. (5-23). The

thermal physical properties are averaged using graphite and gas mixture. The enthalpy of

endothermic chemical reaction C+H,0 T—CO T +H, T is AE =-131.28 kJ/mol. Accordingly,

the energy source term should be:

F.R -
q"= _131,28%‘36’00, unit in kw/m?3 (5-24)
c
where:
Rspe specific oxidation rate, 1/s
2o graphite density, kg/m?®
\V/ carbon mole mass, kg/mol

5.2.4 Micro porous structure evolution

One objective of developing this numerical model is to predict the graphite density given a
specified oxidation condition. The local graphite mass loss fraction at a given time can be

calculated by solving the differential equation:

E m(T)
X _ Finky €xp(— RT ) PH,0 (5-23)
dt Ez\n Es m(T)
1+k; eXp(—fRT ) P, + Ky eXp(— T ) PH,0

with an initial condition X (t=0)=0.
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As mentioned in Sections 5.2.1 to 2.2.3, the graphite porosity is needed by the mass transfer,
flow and heat transfer equations. With mass loss fraction X already solved, the local porosity at a

given time then can also be obtained by solving equation:

e=X(1-g)+& , (5-27)

with an initial value &, . In addition, the pore diameter is needed by Eq. (5-21) to solve the porous

flow. According to the mercury intrusion test, the pore diameter of graphite 1G-110 can vary from
several nanometers to a few hundred micrometers. A statistical analysis on the changes of pore
diameter spectrum with graphite mass is too complicated to be included into the work scope of
this research. Therefore, the concept of mean pore diameter is adopted in this numerical model.
However, the pore diameter will be enlarged with the proceeding of chemical reaction. To quantity
the gas transport in solid porous medium, the pores were assumed to be cylinders with uniform
size that do not intersect with each other [75]. Later, random pore sizes are allowed with the
assumption that no new pores were created in the graphite oxidation process [66], [76]. Based on

these assumptions, the mean graphite pore radius at a given time can be calculated by:

Mo =Tp0,|— . (5-28)

where subscript 0 indicates initial condition. However, Eqg. (5-28) can underestimate the pore
radius since the chemical reaction not only expands the pores but also opens those originally closed
pores. Once two pores are connected, its diameter will increase significantly, which is not a
continuous process. However, the mean pore diameter expansion can still be regarded as

continuous process at a macro scale when statically large quantity of pores are involved. By the
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time when this research was performed, there is not enough data in terms of the mean pore diameter
as a function of mass loss fraction or graphite porosity. A correlation has been proposed in
literature for nuclear graphite 1G-110, which relates mean pore diameter with graphite mass

fraction [77]:

d=855x10* X% -2.5x107" X +107°, (5-29)

Eqg. (5-29) implies the mean pore diameter of pristine graphite is 10 nm. However, the latest
characterization of 1G-110 shows the mean pore diameter is 3.9 um [48]. Due to the lack of
information, an initial pore mean diameter of 3.9 um is implemented into Eq. (5-29) in this

research.
5.2.5 Thermal physical properties of different materials

A total of five chemistry materials are involved in this numerical model, namely He, Hz, CO,
steam, and graphite. Their thermal physical properties are needed when solving the above
governing equations. The temperature dependent thermal conductivity k, dynamic viscosity u, and
specific heat at constant pressure cp for the four gases were obtained from National Institute of
Standards and Technology (NIST) chemistry webbook database [57]. The density of the gases is
calculated using ideal gas law. To solve the continuity, momentum, and energy equations, the
average thermal conductivity and viscosity of the gas mixture are calculated using Wilke formulas
[58], which has been introduced in Section 2.2.3. The specific heat of the gas mixture is mass-

averaged.

The bulk density of graphite 1G-110 was measured as 1.78 g/cm?in literature [48]. The thermal

conductivity of graphite decreases with lifting temperature and neutron irradiation [78]. In
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addition, it has been shown the thermal conductivity of post-irradiation nuclear graphite 1G-110 is
less sensitive to temperature, which is about 35, 27, and 22 W/m/K at 11.9, 21.8, and 24.8 dpa
irradiation level, comparing with 143 W/m/K for pristine graphite 1G-110 at temperature 400 K
[79]. A constant thermal conductivity 35 W/m/K was assumed for irradiated graphite when
simulating the normal operation of a prototypic reactor. A correlation was fitted to the data in

literature [79] as thermal conductivity of pristine graphite 1G-110:

k =-3.8515x108T% +1.7115x1074T? —0.2851T +233.1, inW/m/K  (5-30)

where the temperature T is in unit Kelvin. Eq. (5-30) is adopted for model validation. A comparison
of this correlation with the original data is depicted in Figure 5-4. In high temperature enviroment,
the specific heat of graphite are similar regardless of the graphite grades. Therefore, the equation

of H-451 specific heat [5] was adopted in this research:

. _[054212-2.42667x10"°T ~90.2725T 1 - 4.34493x10°T *
P {+150300x107 T3 1436887

}4184 JinJkg/K  (5-31)
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Figure 5-4 Thermal conductivity of pristine nuclear graphite 1G-110

5.2.6 Mathematical coupling of governing equations

The above equations are coupled together on software COMSOL Multiphysics V5.6, using modules of
Chemistry(chem), Transport of concentrated species (tcs), Laminar flow or Turbulent flow (spf), Heat

transfer in porous media (ht), and Domain ODEs and DAEs (dode) [80]. The flow path of the numerical
computation is shown in Figure 5-5. When perform two-dimensional (2-D) simulations based on
experimental setup, fully coupled solver was adopted because the quantity of meshes is not too
large. However, when solving the 3-D model and the full length prototypic MHTGR coolant

channel, segregated solver was applied. A relative tolerance of 1e-4 was set as converge criterion.
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Figure 5-5 Schematic of parameter flow path in numerical simulation

5.3 Validation of Multiphysics Simulation against Experimental Data

Section 5.2 describes the mathematical modeling of graphite-steam oxidation. Its reliability
should be validated before being applied to nuclear reactor safety analysis. The experimental data
of Section 3.4 can be used to validate this multiphsycis model. Therefore, numerical simulations

were performed according to the setup of experiment in Section 3.4.

5.3.1 Numerical model for experimental setup

In Section 3.4, cylindrical graphite samples were oxidized in gas mixture that consists of
helium, steam and hydrogen. The 3-D structure of the experimental setup can be simplified into a
2-D axil symmetric domain, as shown in Figure 5-6. The reaction temperature in the experiment
is controlled by two PID modules. The CFD simulation in Section 2.2.3 indicates the temperature
in the upper region of the quartz tube is uniform, which was then confirmed by the measured

temperature using the three thermal couples. Therefore, the inlet gas temperature and the side wall
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temperature were set constant in the simulation, which is the same as the oxidation temperature.
The inlet flow velocity and mole fraction of each species were also specified corresponding to the

experimental setup. A pressure outlet about 1.24 bar (abs) was used as outlet boundary condition.

Table 5-2 summaries the boundary conditions for the simulation.

Gas mixture outlet

e | Graphite sample
E $=25.4mm
S H=50.8 mm
ﬂ A4
|::> Inner wall of
quartz tube
£
g
[=]
% Symmetric axis
-l

3-D experiment !
Gas mixture inlet

Figure 5-6 Simulation domain according to experimental setup
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Table 5-2 Boundary conditions of numerical simulation

Test name -[I;C] ] Fggr (abs)] XHe XEZ X'j_z °
T971-PW14373-PH502-Hel0 9706 0143  1.244 0.880 000404 0116
T971-PW17306-PHO85-He7 9705 0103  1.246 0.853 0.00794 0.139
T1001-PW15886-PH495-Hel0 10007 0149  1.236 0.868 0.00399 0.128
T1051-PW1896-PH109-Hel0  1050.7 0137  1.243 0.984 0000881 0.0153

*: x indicates mole fraction

The mesh generation for the graphite and free flow is depicted in Figure 5-7. It should be noted

the scale in Figure 5-7 is in meters. The meshes were refined near the interface between graphite

and free flow to capture the large gradient of simulated parameters, e.g., the graphite density and

steam concentrations.

It was found in the previous experiment that y in the mass loss fraction factor decreases with

reaction temperature. Three y values have been obtained, which are 33660, 20220, and 1304,

respectively for reaction temperature 863, 909, and 1002 °C, respectively. The y value for the first

three cases in Table 5-2 were obtained by a second order interpolation based on the above three

values. However, the interpolation will leads to a negative y value at temperature 1050 °C, which

is physically incorrect. Therefore, y=1304 was adopted for the fourth simulation.
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Figure 5-7 Mesh generation for graphite specimen and free flow domain

5.3.2 Comparison of simulation results with experimental data

As mentioned in Section 5.2.1, the tortuosity will have significant effect on the oxidation depth,
which then leads to different density profile and apparent oxidation rate. However, there is a lack
of data in literature about the tortuosity of nuclear grade graphite. Therefore, a parametric study
was first performed to compare the different tortuosity models. Different values of n in Eq. (5-11)

were tested and compared with experiment T971-PW14373-PH502-Hel0.

The objective here is to find a reasonable tortuosity model for graphite 1G-110. The comparison
of apparent oxidation rates between experimental data and simulation results is depicted in . It can

be seen the simulation based on Brillington and Quick tortuosity model f(g,7)=¢/7 with
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1/3 1/2

7z =¢& "~ ~, and Bruggeman tortuosity model f(g,7)=¢&/7 with =& —“ can obviously

overestimate the apparent oxidation rate. The reason is these two models underestimate the
tortuosity for graphite 1G-110, which then leads to an overestimated effective diffusivity.
Therefore, the water molecule can penetrate into a deeper region in the simulation than the actual
scenario. In reality, these two models are usually applied to porous media with coarse grains. For
example, the Millington and Quirk model was used for liquid and gases flow in soil [81], and the
Bruggeman model was used for electrolyte flow in battery [82]. In those applications, the porous
media is less compacted and the pores thereafter are relatively more straightforward than that of

nuclear graphite 1G-110.
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Figure 5-8 Comparison of simulated apparent oxidation rate and experimental measurement for

test T971-PW14373-PH502-Hel0
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As shown in Figure 5-8, the n value has to be increased to about 3.1 to 3.6 so the simulation
results can agree with experimental data. However, the simulated apparent oxidation rate within
the first hour is obviously lower than the measured value. There are two possible reasons for the
difference. First, the pristine graphite sample can contain dust that are more active. Once steam is
introduced, these graphite dust will quickly react with steam, which contributes extra apparent
oxidation signal in the measurement. In addition, the BLH reaction equation has an MRD value

about 24% that can affect the simulation accuracy.

It can also be imagined that a smaller tortuosity will lead to a more uniform distribution of
post-oxidation density in the simulation. Figure 5-9 shows the simulated normalized density after
18 hours oxidation based on different tortuosity models. It should be noted the legend scale of the
upper three cases is different from the lower ones. When using the Millington and Quirk tortuosity
model, the normalized density in the central region and the outer surface of the sample is about 0.9

and 0.88 after 18 hours oxidation, respectively. As a comparison, the simulation case with

7 =& >Bindicates a major fraction of the inner volume of the sample still remains un-oxidized

after 18 hours.
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Figure 5-9 Simulated graphite density using different tortuosity models for test T971-PW14373-

PH502-Hel0 at 18 hours

The above analysis implies a tortuosity model z = £~ " with n to be 3.2 to 3.4 might be a

reasonable model to simulate the graphite-steam oxidation for 1G-110. However, the agreement

on apparent oxidation rate alone does not guarantee the whole oxidation process has been correctly

simulated. In order to draw a conclusion, the density of the graphite sample should be used as a

second criterion to evaluate the numerical model. Since the density of the graphite sample in the



experiment is not in-situ measured, only the post-oxidation density was compared, which is
depicted in Figure 5-10. The simulations with n =3.2, 3.3, and 3.4 is demonstrated since they have
the best agreement in terms of apparent oxidation rate history. In addition, another three cases with
n =1/3, 2.5, and 3.6 are also displayed as a comparison. It can be seen the graphite density profile
for case n = 1/3 is fairly uniform. When increase the value of n, the slope near the graphite surface
becomes larger and larger. When n is within 3.2 to 3.4, the simulated density shows excellent

agreement with experimental results.
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Figure 5-10 Comparison of simulated density and experimental measurement for test T971-

PW14373-PH502-Hel0

Figure 5-11 shows the simulated evolution of graphite density (with n=3.3) for test T971-
PW14373-PH502-Hel0. It can be seen the oxidation first occurs within a thin layer near the sample

surface and migrates into the inner region gradually. The development of graphite density at the
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middle height of the graphite sample is depicted in Figure 5-12 with 1 hr interval. Although the
graphite density at the sample surface decreases quickly with time, the inner region within radius

less than 4 mm still remains un-oxidized after 25 hours.
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Figure 5-11 Simulated graphite density evolution for test T971-PW14373-PH502-Hel0
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Figure 5-12 Simulated graphite density evolution at sample middle height for test T971-

PW14373-PH502-Hel0

Figure 5-13 and Figure 5-14 depict the distribution of steam and hydrogen partial pressures.
When n=3.3, the steam partial pressure drops from about 14.3 kPa at the graphite surface to below
1 kPa within 5 mm into the sample. As a comparison, the steam partial pressure at sample central
line can be as high as 10.8 kPa if n=1/3 is adopted. In addition, hydrogen partial pressure also
shows significant difference with different n values. The higher tortuosity (case n=3.3) will lead
to a smaller effective diffusivity for all gas species. Therefore, the production gas hydrogen will
be accumulated in the graphite sample, which forms a partial pressure up to about 7.5 kPa. The

small steam parital pressure and large hydrogen partial pressure together prevents the inner region

133



of graphite from being oxidized. In terms of graphite-moisture oxidation, a high value of graphite

tortuosity thereafter is desired to promote reactor safety.
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Figure 5-13 Simulated steam partial pressure in porous graphite and free flow domain for test
T971-PW14373-PH502-He10: (A) z=¢33, and (B) r=¢'13

134



8000 | . | I l

== Free flow
7000 —

_\\\\\\\Z?OO

6500

H N (=2}
(=4 (=4 (=4
(=3 (=3 (=}
o o o

Graphite
3000 —

Hydrogen partial pressure [Pa]

- N
o =)
=] =)
=) =)

I

0 4 8 12 16 20 24 28 32 36 40
Radial position [mm]

2500 | | HE | | | | |
. 1 —t=5hr
2250 Graphite ! =10 hr
— t=15 hr
2000 i Free flow — =20 hr—
— —— =25 hr

1250

-
~ o
A o
o o

Hydrogen partial pressure [Pa]

500 — (B)

250 I N RN I N N
0 4 8 12 16 20 24 28 32 36 40

Radial position [mm]

Figure 5-14 Simulated hydrogen partial pressure in graphite and free flow for test T971-
PW14373-PH502-He10: (A) z=¢33, and (B) =

135



When looking into the zoom-in region in Figure 5-13(A) and Figure 5-14(B), it can be found
the partial pressure of steam and hydrogen at a given depth can go up and down with time, which
is induced by the increase of kinetic chemical reaction rate and effective diffusivity. Once the
oxidation is initiated, the Kinetic reaction rate starts to increase due to the effect of mass loss
fraction factor Fm, which tends to block steam from penetrating. On the other hand, the micro pores
are simultaneously expanded, which increases porosity and thus the effective diffusivity. These

two contrary effects can overwhelm each other with time.

The concentration of gas species in the free flow region can also differ according to different
circumstances in the graphite sample. For instance, if the tortuosity of graphite is very small, the
chemical reaction will form a considerable mass source. Accordingly, the gradient of gas species
concentration in the free flow boundary layer will be increased. In summary, the comparison with
test T971-PW14373-PH502-Hel0 has shown the multiphysics model can simulate the graphite-

steam oxidation processes well.

The rest of this section compares the simulations with experiments for the other three cases.
The above analysis indicates the value of n in the tortuosity model should be about 3.2 to 3.6.
Therefore, a parametric study was carried out by varying the value of n in range 3.1 to 3.6. Figure
5-15 and Figure 5-16 shows the apparent oxidation rate and radial density profile for test T971-
PW17306-PH985-He7. The simulated apparent oxidation rate is slightly higher than experimental
results, especially for the first several hours, but the difference is still acceptable. In addition, the

predicted density distribution after 24.5 hours oxidation agrees with the experiment well.
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The comparison of simulation with experiment T1001-PW15886-PH495-Hel0 is depicted in
Figure 5-17 and Figure 5-18, respectively in terms of apparent oxidation rate and density. Similarly
to the above two cases, the predicted apparent oxidation rate at the beginning is slightly higher. If
the value of n is set as 3.3, the predicted oxidation rate will be close to the experimental data. This
test has the largest mass loss among the four experiments. According to the density measurement,
most oxidation still occurs within a thin layer from the graphite sample surface into the inner
volume. According to the density measurement, the mass loss fraction at graphite surface reached
to about 0.35 after 16.3 hours. Figure 5-18 indicates the multiphysics model still matches the

experimental data well at such high oxidation level.
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Figure 5-17 Comparison of simulated apparent oxidation rate and experimental measurement for

test T1001-PW15886-PH495-Hel0
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Figure 5-18 Comparison of simulated density and experimental measurement for test T1001-

PW15886-PH495-Hel0

The validation against test T1051-PW1896-PH109-Hel0 is shown in Figure 5-19 and Figure
5-20. It can be seen the simulated apparent oxidation rate is smaller than the experimental
measurement. As discussed in Section 3.4, a few local oxidation spots in this experiment, which
contribute extra reaction signals. Although the apparent oxidation rate of this test cannot be used
to evaluate the numerical simulation, the density distribution still provides valuable insights.
Figure 5-20 depicts the comparison of simulated graphite density and experimental data. It can be
seen the density decreases sharply within a thin layer about 1.5 mm near the surface region. The

numerical model maintains accurate prediction even under this harsh condition.
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Figure 5-20 Comparison of simulated density and experimental measurement for test T1051-
PW1896-PH109-Hel0
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5.4 Summary of Multiphysics Simulation

A multiphysics model has been developed through the above efforts. The model couples flow
and heat transfer for both free flow and porous graphite domain. The BLH reaction rate equation,
which was derived from experimental data, is adopted as the mass source term for the gas diffusion
equations. The effect of micro porous structure evolution on the oxidation behavior is also
considered in the modeling. The multiphysics model has been validated against experimental data.
It was found the tortuosity model has significant effect on the effective diffusivity, and therefore
on the overall accuracy of the simulation results. A tortuosity model was proposed by comparing
the simulation results with experimental data, which shows good suitability for all four test
conditions in this work. The comparison indicate the multiphysics model has reasonably captured
all important physical processes, including chemical reaction, mass transfer, and micro pore

evolution.

At the same time, it should be noted the mass transfer module is not founded on dedicated
experimental data. There are assumptions and models that have not been validated. Experimental
investigation on the effective diffusivity is highly recommended as future works. In addition,
characterization on graphite micro structures is desired to provide more accurate description about

the pore sizes and tortuosity etc., especially their evolution with mass loss.

Another limit of the multiphysics model lies in its capacity to simulate high mass loss
scenarios. depicts the evolution of density for test T1051-PW1896-PH109-Hel0 within 25 hours.
According to the simulation, the normalized density at the sample surface after 25 hours oxidation

will be only about 0.3. The nuclear graphite consists of fillers and binders. Once the binders are
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significantly corroded, they can no longer hold the fillers together. As a result, the graphite will
lose most of its mechanical strength. After that, the fillers and binders will peel off from the sample.
shows an experiment with mass loss about 0.43. The sample easily broke into small pieces.

However, the graphite failure is not considered in the multiphysics modeling.
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Figure 5-21 Simulated graphite density evolution for test T1051-PW1896-PH109-Hel0
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Chapter 6 Numerical Simulation of Graphite-Moisture Oxidation

for Prototypic HTGR

Before the experimental works, the multiphysics simulation had been carried out for HTGR
based on literature review [32], [46], [83]. The multiphysics model was later improved and
validated against experiments, which has been described in Chapter 5. Therefore, the simulations
were performed again based on the latest progress. Some methodologies of the previous simulation
are inherited by the updated simulation. For example, the simplification of prototypic 3-D coolant
channel into a 2-D axially symmetric model, the benchmark of turbulence and porous flow models,
and the boundary conditions are still valid, which will be introduced in Sections 6.1 to 6.3. The
results of previous numerical simulation were then described in Section 6.4. The updated

simulation results based on the validated model is summarized in Section 6.5.

6.1 Geometry Simplification and Mesh Independence Study

The objective of this study is to simulate the graphite-steam/moisture oxidation for a prototypic
HTGR under normal operation conditions. The MHTGR design by General Atomic (GA) was
chosen as the reference reactor design in this Chapter. The active core region of MHTGR consists
of 66 hexagonal fuel columns. Each column has 10 fuel blocks stacked vertically, in which coolant
and fuel channels are drilled [84]. The total height of the active core region is 7.93 m. The cross-
sectional structure of one standard fuel block is shown in Figure 6-1(a) and one coolant unit cell

is shown in Figure 6-1(b).
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Figure 6-1 Cross-sectional view of an MHTGR fuel block: (a) one standard fuel block and (b)

one coolant channel-eccentric unit cell [85]

Simulation of a three-dimensional (3-D) coolant unit cell requires significant calculation
resources. Therefore, it is necessary to simplify the 3-D structure into a two-dimensional (2-D)
geometry without sacrificing significant simulation accuracy. The coolant unit cell was first
simplified into a hollow cylinder, as shown in Figure 6-2(a), by maintaining the coolant channel
diameter and solid-to-fluid volume ratio unchanged from the prototypic MHTGR design. The
geometry was then further simplified into a 2-D axially symmetric simulation domain, as shown
in Figure 6-2(b). The input heat flux in the 2-D model was 15.51% lower than the prototypic 3-D
structure since the heating surface area in the simplified simulation domain was increased. In this
way, the prototypic heating power is maintained. It should be noted the symmetric axil is located

in the center of the coolant channel for all simulations in this chapter.
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Figure 6-2 Structure of the simplified simulation domains: (a) 3-D hollow cylinder; (b) 2-D
calculation domain; and (c) 3-D calculation domain

A mesh independence study was performed as the first step of the simulation. The study was
carried out using the 2-D model with inlet gas mixture velocity of 25 m/s and temperatures of 823,
1,023, and 1,173 K. The height of the simulation domain was 100 mm and the outlet pressure was
set as 6.4 MPa. Three mesh sizes were tested, as shown in Table 6-1. The moisture concentration
distribution was used as a criterion to evaluate the effect of the mesh size. The simulations did not
show observable differences when the gas mixture inlet temperature was 823 or 1,023 K. Only
negligible differences were observed when the gas inlet temperature was 1,173 K. Theoretically,
a finer mesh is needed to capture the steeper moisture concentration gradients caused by high
reaction temperatures. As shown in Figure 6-3, the largest values of the moisture partial pressure
difference between the results using the medium and coarse meshes, and the fine and medium
meshes are no larger than 9x102 and 5x107 Pa, respectively. Therefore, the coarse mesh should
already satisfy the numerical accuracy requirements. However, the fine mesh was adopted to

accommaodate the possible higher temperature conditions in the following analysis.
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Table 6-1. Parameters for three different mesh sizes

Mesh Category Maximum Minimum size Average Minimum  Total mesh
size [mm] [mm] quality quality quantity
Coarse (C) 0.4 0.03 0.994 0.808 16,750
Medium (M) 0.3 0.02 0.993 0.787 26,720
Fine (F) 0.2 0.015 0.996 0.805 52,000
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Figure 6-3 Difference of the moisture partial pressure obtained from simulations with three
mesh sizes at gas mixture inlet temperature of 1,173 K.

This 2-D model was then verified by comparing with a 3-D 1/12 coolant channel unit cell, as
shown in Figure 6-2(a). This 3-D to 2-D simplification does not change the vertical structure
feature so only a 100 mm length section was simulated to accelerate the computation. The inlet
gas mixture velocity is 25 m/s with the moisture and hydrogen partial pressures to be 14.7 and 50

Pa, respectively. A constant pressure of 6.4 MPa was set on the outlet. The top and bottom
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boundaries of the graphite domain are set as no-flux and isothermal. Heat flux values of 81,797
and 95,000 W/m? were added to the right-hand-side boundary of Figure 6-2(b) and the curved
surface in Figure 6-2(c), respectively. Three different inlet temperatures, i.e. 823, 1,023, and 1,173
K, were used in the simulations which are supposed to cover the graphite temperature for MHTGR
normal operations. Structural parameters and kinetic constants derived for nuclear graphite 1G-110

in literature [20] were adopted in this comparison.

Line 4

Figure 6-4 Four lines to extract 3-D simulation results

The simulation results using the 3-D model were analyzed by extracting the simulation data
along the radial directions/lines at the four azimuthal angles as shown in Figure 6-4, at the half
height (50 mm) of the simulation domain. Comparisons of the 3-D and 2-D results are depicted in
Figure 6-5 to Figure 6-7, for the three simulated temperatures, respectively. It can be seen the 2-D
model leads to slightly steeper moisture gradients in the graphite domain near the fluid-to-graphite
interface, and the graphite temperature of the 2-D simulation is always 1 to 2 K lower than that in
the 3-D simulation results. A relatively lower temperature in the 2-D model is expected since the
total heating power was maintained the same in both models but the total heat transfer area was

increased in the 2-D simulation, which means the 2-D model has shorter thermal conduction depth.
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In general, the higher graphite temperature should lead to a steeper moisture distribution in the
graphite domain due to the larger graphite-moisture reaction rate. The 3-D simulation shows higher
graphite temperature than the 2-D simulation. However, the gradient of moisture concentration in
graphite domain is larger for the 3-D simulation than the 2-D simulation. This phenomenon
indicates that the geometry simplification could bring some distortions to the simulation results,
especially to the mass transfer module. The differences might root from the change of associated
boundary conditions. In the 2-D model, the no-flux condition was applied to the right boundary of
Figure 6-2(b), and the curved surface in Figure 6-2(c) has the no-flux condition for the 3-D model.

But the areas of these two no-flux surfaces are different.

In reality, the graphite matrix would show very different chemical reaction properties from the
graphite blocks due to its different microstructures and higher impurity level. Therefore, a no-flux
boundary condition is not exactly true. However, due to the lack of information for the moisture-

graphite matrix reaction, a compromise with the no-flux condition was made for the current study.
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It should be noted, however, that the differences in the moisture distribution between the 2-D
and 3-D models are relatively small for the reaction temperature of 823 and 1173 K. At low
reaction temperature, the reaction rate is far below that corresponding to the maximum mass
transfer capacity, so the moisture can easily penetrate through the whole graphite width. Therefore,
the moisture profiles in the graphite would be fairly uniform for both of the models, as shown in
Figure 6-5(a). On the contrary, if the graphite temperature is sufficiently high, leading to a large
reaction rate (diffusion controlled regime), the moisture profiles will be mainly determined by the
mass transfer rate. In this case, only a thin layer near the fluid-to-graphite interface is affected by
the geometry simplification. Nevertheless, if the reaction temperatures lie in the transitional
regime, the moisture profiles become more sensitive to both the graphite temperature and the mass
transfer rate. As a result, the difference of the moisture profiles between the simplified 2-D model

and the 3-D model becomes more evident.

In general, this 3-D to 2-D model simplification is acceptable considering the significant
reduction of computation time. For example, the computation time for the 3-D model using 16
Xeon CPUs is about 120 hours while the 2-D model only takes about 50 minutes. Therefore, the

analyses in the following were performed based on the 2-D model.

6.2 Comparison of Different Flow Models

In the simulations presented above, the gas mixture flow was simulated by a combination of
the k-e turbulence model and Darcy law for the free flow and porous graphite domains,
respectively. The model was compared with another three flow models in this section, as shown
in Table 6-2. It should be noted that the inlet gas flow velocity for Cases A, B, and C leads to a

turbulent flow in the coolant channel while Case D results in a laminar flow.
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Table 6-2 Combination of free and porous flow models

Case Inlet velocity Reat T = 1,000 Free flow ] ]
] Graphite domain
number [m/s] K domain
A 25 2.62x10* k-¢ Darcy law
B 25 2.62x10% Algebraic y* Darcy law
C 25 2.62x10* Algebraic y* Stokes-Brinkman
D 0.1 105 Laminar Stokes-Brinkman

The simulation results are shown in Figure 6-8 to Figure 6-10 for the moisture partial pressure
distribution along the radial direction at the half height of the simulation domain. The differences
in the moisture concentrations in the graphite domain are generally negligible for the four cases,
especially for Cases A, B, and C. Therefore, it can be concluded that the Darcy law and Stokes-
Brinkman equation result in similar simulation results for the porous graphite domain, and the k-¢

and Algebraic y* turbulent model generate similar results for the free flow region.

The moisture concentration profiles for Case D show obvious gradients near the free flow
boundary. This phenomenon is due to the small gas momentum diffusivity in laminar flow, which
requires a larger moisture gradient to transport the water molecules to the graphite domain for
chemical reaction. This explanation can be verified by comparing the results of Case D in Figure
6-8 to Figure 6-10, which shows the magnitude of the moisture gradients near the graphite-fluid

interface in the free flow region increase as the temperature increases.
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Figure 6-9 Computed moisture profiles from different flow models in the transitional regime at

the gas inlet temperature of 1,023 K
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6.3 Boundary Conditions

The boundary conditions for MHTGR normal operation simulation is described in this section.
The effect of neutron irradiation on graphite oxidation is not included. It was believed the neutron
irradiation closes the micro pores [86], which slows down the oxidation process. On the other
hand, the neutron irradiation can also create new active sites. The actual effects of neutron

irradiation on graphite oxidation behavior remains to be studied in the future.

The multiphysics model was first applied to investigate the chronic graphite-moisture
oxidation for four grades of nuclear graphite, namely 1G-110, 2114, PCEA, and NBG-17, under
MHTGR normal operation conditions. The simulation for graphite-moisture oxidation for H-451

can be found in literature [32], which will not be described in detail since graphite H-451 is no
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longer in commercial production. A summary of the properties of the four grades nuclear graphite
is listed in Table 6-3. Due to the lack of detailed characterization of the graphite micro porous
structure, some information used in this study was estimated based on a literature survey of similar

grades of nuclear graphite.

Table 6-3 Summary of graphite properties

Graphite Grade I1G-110 2114 [87] PCEA [87] NBG-17

[77], [87], [88] [87], [89]
Country of manufacturer Japan USA USA German
Manufacturer Toyo Tanso Merson Graftech SGL Carbon
Coke type Petroleum Pitch Petroleum  Pitch
Manufacturing method Mold Mold Extrude Mold
Average grain size (um) 40 15 800 800
Mean pore radius (um) 1.8 1.8* 2.05* 2.05*
Structural parameter (¥ ) 268 268* 80* 80*
Initial graphite density (g/cm®)  1.75 2.01 1.84 1.89
Initial graphite porosity (%) 21.6 10 18.3 14

* Estimated values based on the literature survey

A schematic of the simulation domain is shown in Figure 6-11. The inlet gas velocity was set
16.7 m/s with a constant outlet pressure of 6.4 MPa. The inlet moisture and hydrogen partial
pressures were set at 1.2 and 10 Pa, respectively. The axial power distribution of the three fuel
rings in MHTGR core has been investigated using the system analysis code RELAP5-3D [90], and
their results are depicted in Figure 6-12. Two methods can be adopted to apply the prototypic
power distribution to the simulation domain. First, the fission power at each vertical location can

be obtained by interpolating the data points in Figure 6-12. Second, polynomial correlations have
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been obtained in literature [91] for the three power distributions, which can be directly used by
COMSOL. To make the simulation results conservative, the maximum power distribution (Ring 1
in Figure 6-12) was applied in this study. The simulations were run for a full service period of 36

months.
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Figure 6-11 Schematic of the 2-D simulation domain for one coolant channel
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Figure 6-12 MHTGR fission power distribution (modified from literature [90])

6.4 Results Analysis and Discussion

The simulation results based on literature review for the four grades of graphite is discussed in
this section. The volume-averaged and maximum graphite mass loss fraction at the end of the 36-
month operation are shown in Table 6-4 for the four nuclear grades of graphite. Figure 6-13 shows
the mass loss distributions in the graphite at the end of the 36-month operation period. It should
be noted the x-axial scale is in millimeter and the y-axil scale is in meter. It can be seen that the
graphite mass loss mainly occurs at the bottom one third or one quarter of the core region due to

the higher graphite temperatures near the core outlet.

The graphite mass losses differ significantly for the four nuclear grades of graphite. For

example, the maximum mass loss fraction for PCEA reaches 0.814 while it is only about 0.07 for
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IG-110. The difference mainly results from the kinetic reaction rate equations of different grades
of graphite. Figure 6-14 shows a comparison of Contescu LH reaction rate equations for the four
nuclear grades of graphite at moisture and hydrogen partial pressure of 1.2 and 10 Pa, respectively.
As can be seen, the predictions for graphite 1G-110 is orders of magnitude smaller than those of
the other three grades of graphite, leading to the smallest mass loss values in Table 6-4 and Figure
6-13. In this simulation, the maximum graphite temperature reaches about 1,277 K at the active

core outlet. Correspondingly, PCEA is the most active one and therefore has the maximum mass

loss fraction value 0.814.

Table 6-4 Average and maximum graphite mass loss values after 36-months operation

Blok 1G-110 2114 PCEA NBG-17

No. Avg. Max. Avg. Max. Avg. Max. Avg. Max.
1 3.2x10%  2.9x101 | 2.3x101° 1.7x10° | 7.6x10"! 5.5x1071° | 6.6x10"* 5.5x1071?
2 2.4x10%?  1.9x101 | 5.0x10® 3.1x107 | 1.4x10® 7.9x10® | 2.6x10"%* 1.8x107%?
3 6.2x101%  3.9x10° | 4.5x10° 2.2x10° | 9.1x107 4.1x10° | 3.7x10® 2.0x107
4 5.3x10% 25x107 | 1.5x10* 4.8x10* | 2.4x10° 8.0x10%° | 2.0x10® 8.0x10°
5 1.7x10%  7.9x10° | 9.1x10* 6.6x10° | 2.5x10* 6.9x10* | 4.0x10° 1.2x10*
6 2.4x10° 6.9x10° | 2.8x10° 5.6x10? | 1.1x10° 4.6x10° | 3.3x10* 1.0x10°
7 2.0x10* 4.6x10* | 7.4x10°3 0.22 2.8x10° 2.6x102? | 1.2x10° 7.1x10°
8 9.7x10* 2.9x10% | 1.5x10? 0.46 6.8x10°3 0.13 3.1x10°  4.3x107
9 2.8x10° 1.6x102 | 2.4x10? 0.64 1.8x10? 0.47 8.3x103 0.21
10 6.4x10°  7.1x102 | 3.1x10? 0.75 3.7x107 0.81 2.1x107 0.58
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As shown Figure 6-13, graphite 2114 shows more uniform oxidation along the vertical
direction than the other three graphite. This is also attributed to the activities of the four grades of
graphite. It can be seen from Figure 6-14 that 2114 graphite shows high and more uniform

activities at temperatures higher than 1,100 K.

1G-110 2114

7.93

.A
~
a
©

Height [m]
» w
- ©
~ (2]
N o

2.379 0.02 0.2

1.586
0.01 0.1

0.793

0 0
8 9 10 1 12 13 14 8 9 10 1" 12 13 14
Radial position [mm] Radial position [mm]
PCEA NBG-17

8 9 10 1 12 13 14 8 9 10 11 12 13 14
Radial position [mm] Radial position [mm]

Figure 6-13 Graphite mass loss distributions in the four nuclear grades of graphite at the end of

the 36-month operation period (height zero stands for the bottom of the active core)
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Figure 6-14 Predicted kinetic reaction rate by the Contescu LH model at py,o =1.2 and

Pr, =10 Pa of various temperatures

The mass loss distributions were then extracted from the analysis at five depths, measured from
the fluid-graphite interface into the graphite, 0.01, 0.5, 1.0, 1.5, and 2.0 mm to compare the
performance of the four grades of graphite. The graphite mass losses at the five depths are shown

in Figure 6-15 to Figure 6-19.

As it goes into a deeper region of the graphite, the maximum mass loss values along the vertical
direction no longer appear at the core bottom. Instead, the peak of mass loss along the vertical
direction gradually migrate to an upper region but their values decrease, as shown in Figure 6-15
to Figure 6-19. This phenomenon is due to the combined effect of the chemical reaction and mass
transfer: if the reaction temperature is sufficiently high, the reaction becomes diffusion controlled
that most water molecules would have been consumed before they penetrate into a deeper region

in the graphite. Therefore, the chemical reaction can only happen within a thin layer of the graphite.
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Figure 6-15 Graphite mass loss values at the depth of 0.01 mm into the graphite at the end of the
36-month operation period with Py, =1.2 and Ph, =10 Pa
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Figure 6-16 Graphite mass loss values at the depth of 0.5 mm into the graphite at the end of the

36-month operation period with Py, =1.2 and Ph, =10 Pa
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Figure 6-17 Graphite mass loss values at the depth of 1 mm into the graphite at the end of the

36-month operation period with py,o =1.2 and p,, =10 Pa
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Figure 6-18 Graphite mass loss values at the depth of 1.5 mm into the graphite at the end of the
36-month operation period with py,o =1.2 and p,,, =10 Pa
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Figure 6-19 Graphite mass loss values at the depth of 2.0 mm into the graphite at the end of the
36-month operation period with py.o =1.2 and p,,, =10 Pa

6.5 Simulation based on Validated Multiphysics Model

The above simulation was performed using parameters in existing literature. However, the
experimental works in this research proposed more accurate models for nuclear graphite 1G-110,
such as tortuosity, and kinetic oxidation rate equation. Therefore, the numerical simulation was
updated correspondingly. In addition, it was found the computation speed of this multiphysics
model is not fast enough mainly due to the large number of governing equations, thermal property
correlations, and diffusivity calculations etc., which can impede its application. Therefore, a
simplification is proposed to accelerate the computation, which is verified by comparing its results

with the full validated model.
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6.5.1 Boundary conditions

The above simulation indicates the chronic graphite-moisture oxidation during reactor normal
operation mainly occurs at the bottom two fuel blocks for 1G-110 due to the higher graphite
temperature, as shown in Figure 6-13. Therefore, the simulation in this section will only focus on
the bottom two fuel blocks (fuel block 9 and 10 in Figure 6-11). Accordingly, the inlet temperature
of gas mixture should be adjusted. Figure 6-20 depicts the helium temperature in the coolant
channel. At the inlet of fuel block 9, the gas temperature is 875.1 °C. The inlet velocity should be
increased to 30.0 m/s accordingly so the nominal mass flow rate is maintained. The heat flux into
the graphite domain is still based on the values in Figure 6-12. The simulations were run for a full

service period of 36-months.
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Figure 6-20 Gas mixture temperature in coolant channel under

MHTGR normal operation condition

A total of four cases were simulated in this chapter, namely Cases B to E. The previous

simulation for graphite 1G-110 is referred as Case A in this section for comparison. The differences
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of these five simulations are summarized in Table 6-5. Case E is the fully validated model as
described in Chapter 5. Case B assumes tortuosity to be t=¢*. Case C uses the averaged mixture
equation to solve the gas species transport. Case D is a simplified version of the validated model.
In this simulation, the steady-state flow and heat transfer were first solved, which provides a
constant flow and temperature field for mass transfer, kinetic chemical reaction, and micro
structure evolution. In another word, the flow and temperature field will not be updated with time.

Therefore, the computation time can be reduced.

Table 6-5 Models and parameters for reactor normal operation simulation

Model/Parameter Case A Case B Case C Case D Case E
Gas diffusion equation A-M? M-S? A-M M-S

Kinetic oxidation model Contescu LH BLH from this work
Tortuosity model =t 1=¢33

Time dependent physical all tcs, chem, all
field dode, dI®

w in factor Fn 265 Temperature dependent

Mean pore diameter [um] 3.6 3.9

Ph,0 [Pa] 1.2

Pn, [Pa] 10

1: Averaged mixture
2: Maxwell-Stephan diffusion equation
3: tsc: transport of concentrated species; chem: chemical reaction engineering; dode: domain

ODEs and DAEs; dl: Darcy flow in porous media
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6.5.2 Discussion on simulation results

The main simulation results are listed in . The distribution of graphite mass loss and moisture
partial pressure are depicted in Figure 6-21 for height of 1.586, 0.793, and 0 m, which refers to the

outlet of fuel block 10, outlet of fuel block 9, and inlet of fuel block 9, respectively.

Table 6-6 Simulation results of graphite-moisture oxidation for MHTGR after 36-months
operation using validated model

Model/Parameter Case A | CaseB | CaseC | Case D | Case E
Moisture penetration depth at z=1.586 m [mm] | -- 1.65 1.34 1.34 1.34
Moisture penetration depth at z=0.786 m [mm] | -- 1.27 0.41 0.41 0.41
Moisture penetration depth at z=0 m [mm] - 1.12 0.38 0.38 0.41
Maximum mass loss fraction [--] 0.071 0.78 0.83 0.85 0.85
Computation time [hr] - 31 32 17 31

It can be seen the difference between Cases, C, D, and E are negligible, which indicates the
averaged gas mixture diffusion equations give similar results as the Maxwell-Stephan gas diffusion
equations. However, Case D uses obviously smaller computation time than Cases C and E.
Therefore, it is reasonable to solve steady-state free flow and heat transfer equations first and use
them as input for the other physical processes for normal operation analysis. The simplification is
valid because the oxidation rate is small. As a result, the gas production rate of Hz and CO is not
large enough to affect the gas mixture properties. The oxidation consumes carbon, which increases
graphite porosity and therefore decreases the effective thermal conductivity of porous graphite
domain. However, this is also a slow process. Furthermore, it can be seen the graphite mass loss
mainly appears within a layer less than 0.5 mm thickness. Therefore, the thermal conductivity of

the graphite domain cannot be changed obviously. However, this simplification is not suitable for
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a fast transient scenario in which the flow velocity or temperature can change quickly, for example

the steam ingress accident.

The simulation results of Case B are obviously different with Cases C, D, and E due to the
smaller tortuosity value adopted. In this simulation, the moisture can penetrate the graphite into a
deeper region. On the other hand, the maximum mass loss fraction at the graphite surface after 36-
months operation is relatively smaller because the moisture partial pressure is lower at the graphite

surface.

A terminology “moisture penetration depth” is listed in , which is defined in this research as
the distance from sample surface into its inner region where the moisture partial pressure drops by
99%. Under this definition, the moisture can penetrate the whole graphite volume for Case A.
However, it does not mean the graphite will be heavily oxidized. The maximum graphite mass loss
in Case A is only about 7.01% at the end 36-months service time. As a comparison, the moisture
penetration depth is only about 1.3 and 0.4 mm at height 1.586 and 0 m based on the validated
model. Based on the validated model, the maximum graphite mass loss is predicted to be about
85% after 36-months operation. The big difference mainly results from the different reaction rate
equations. The kinetic oxidation rate predicted by the BLH equation proposed in this work is about
one magnitude higher than the Contescu LH equation. The higher kinetic oxidation rate tends to
decrease the oxidation depth. In addition, the updated tortuosity model also decreases moisture

penetration depth.
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Figure 6-21 Simulated graphite mass loss and moisture concentration at end of 36-month

operation
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6.6 Conclusion of Graphite-Moisture Oxidation for Prototypic HTGR

The multiphysics model has been successfully applied to the graphite-moisture oxidation under
MHTGR normal operation conditions. To reduce the simulation time, the 3-D coolant unit cell
was simplified into a 2-D simulation domain, which maintains good accuracy. The long-term
performance of four nuclear grades of graphite (1G-110, 2114, PCEA, and NBG-17) under
MHTGR normal operation conditions was investigated based on literature review. A tortuosity
model = was first adopted, and the Contescu LH reaction rate equations were used as the source
term for mass transfer equations. Based on the above assumptions, the simulation indicates
graphite PCEA will exhibit the largest mass loss up to 81.4% on the surface due to its largest
activity at temperature higher 1200 K. Graphite 1G-110 has the minimum mass loss among the
four grades of graphite. At the end of the 36-month operation, the oxidation mainly occurs at the
bottom two or three blocks (Blocks 8 to 10 counting from the top of the core) due to their higher
temperatures. In addition, the graphite mass loss quickly drops to below 1% within about1.5 to 2

mm into the graphite volume, leaving most graphite materials almost un-oxidized.

The simulation was then updated using the fully validated model. In this simulation, the BLH
equation proposed by this work was used at the source term. In addition, the tortuosity model was
updated. The validated model shows that during reactor normal operation, the moisture cannot
trigger significant graphite corrosion. At the bottom of active core, the moisture penetration is less
than 0.5 mm. Although the maximum mass loss at graphite surface can reach to about 85% at the
end of 36-months operation, the oxidation is well confined within a thin layer of 0.5 mm. The

majority of graphite will not be oxidized, as shown in Figure 6-22.
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Figure 6-22 Simulated graphite density at end of 36-month operation for case B and E

The graphite mass loss distributions are critical to nuclear reactor safety analysis. A volume-
uniform but smaller mass loss could jeopardize the graphite integrity much severer than a much
larger but surface-concentrated oxidation. In general, the local graphite mechanical strength, such
as the Yong’s module, and compressive and bending strength, reduces exponentially as a function
of mass loss. Through this simulation exercise, the spatial distributions of the graphite mass loss
at the end of 36-monts operation can be predicted. Depending on different assumptions, the
maximum mass loss can differ significantly. However, the oxidation can only occur within a thin
layer of graphite into its surface. In the prototypic MHTGR design, the minimum distance from
fuel compacts to the coolant channel is 4.65 mm, which means that 3.15 mm graphite still remains
almost un-oxidized at the bottom region of the core based on the previous simulation. If the

validated model is used, 4.15 mm graphite remains un-oxidized.
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Considering the impurity control during reaction operations, the oxidation caused by moisture-
graphite reaction should be less severe than the simulation results in this study. Therefore, it can
be concluded that the chronic moisture-graphite oxidation alone cannot obviously reduce the
graphite mechanical strength and jeopardize its integrity provided that the impurity level in the

primary side be rigorously monitored and controlled.

The simulations also provide two important insights for the future investigations. First, the
kinetic models of the moisture-graphite oxidation should be validated at low moisture partial
pressures that are comparable to those during HTGR normal operations. Neither the Contescu LH
equation nor the BLH equation proposed in this work is rigidly validated against experimental data
at extreme low moisture concentrations. When the two equations are extended into moisture

concentration at ppm level, they show significant difference.

In addition, the graphite mechanical strength degradation as a function of the mass loss should
be included in future simulations. One assumption used in the model is that the graphite
binders/fillers do not peel off, which does not hold at high graphite mass loss values. If the graphite
binders/fillers peel-off occurs, the previous conclusion that only 0.5 mm of graphite will be
oxidized will not be valid any more. Therefore, dedicated investigation is desired in the future to

study the graphite failure at different mass loss fractions.
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Chapter 7 Conclusions and Future Works

7.1 Summary of Major Conclusions

Both experimental and numerical investigation have been successfully carried out through this

research. The major conclusion and breakthrough can be summarized as following:

(). Verification of new experimental methodology: The graphite-steam oxidation was
carefully investigated in this research using nuclear grade graphite 1G-110. To fulfill the
knowledge gap of graphite-steam oxidation within high steam concentration regimes, a test facility
was designed and constructed. A high-resolution GC was applied to monitor the graphite oxidation
rate online. The experimental methodology is verified by comparing the mass loss obtained from

GC signals with the measurement of mass balance scale.

(b). Kinetic graphite-steam oxidation experiments: Using the test facility, the graphite-steam
oxidation was experimentally investigated at temperature 850-1100 °C, steam partial pressure 0.5
to 20 kPa, and hydrogen partial pressure 0 to 3 kPa. The kinetic oxidation rate of graphite-steam
oxidation was measured using thin graphite samples that favor a large surface-to-volume ratio. A
total of 141 qualified data points were collected, while 37 data points were rejected due to

accelerated oxidation sites.

In addition, the effect of hydrogen on inhibiting graphite-steam oxidation was clearly observed.
The inhibiting effect of hydrogen is more prominent when its concentration is low, e.g., less than

500 Pa. Its effect tends to saturate after about 1500 Pa. The similar trend was also found for steam
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concentrations. Under low steam concentration condition, the oxidation rate can be increased
significantly if extra steam is introduced. The phenomena can be explained by the ratio of available
active sites to the quantity of hydrogen or water molecules. When the quantity of hydrogen or
water molecules is similar to or overwhelming over the number of active graphite sites, their effects

on inhibiting/increasing oxidation rate will start to fade away.

(c). Kinetic oxidation rate equation: The oxidation rates were used to derive the LH and BLH
reaction equations. A multivariable optimization code is programmed on MATLAB to narrow
down the reaction constants. It was found the optimized BLH equation is more accurate in
predicting the kinetic oxidation rate under the experiment conditions of this work. The MRD of
the BLH equation is about 24% although the maximum difference between predicted oxidation
rate with certain measurement can be as high as 55%. The different LH and BLH equations are
compared. It is suggested to use either Contescu LH or the BLH equation of this work for low
steam concentration regime. For conditions with steam concentration higher than 1 kPa, the BLH

equation of this work is recommended.

(d). Effect of mass loss on kinetic oxidation rate: the effect of mass loss fraction on kinetic
oxidation rate was investigated at three reaction temperatures. It was found the oxidation rate
increases much faster with mass loss fraction under relatively lower temperatures. More
experiments covering a wider temperature range with a smaller temperature interval are needed in

the future to establish a solid model for this phenomenon in the future.

(e). Development of multiphyics model for graphite-steam oxidation: A multiphysics model is
developed which couples flow and heat transfer in free flow and porous media. The transport of

gas species, chemical reaction, and micro structure evolution of graphite were also included. To
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validate the multiphysics model, four integral graphite-steam oxidation tests were carried out. In
these tests, cylindrical graphite samples were used to intentionally include the effects of mass
transfer. The apparent oxidation rates and post-oxidation density distribution were chosen as
criterion to validate the multiphysics model. The comparison shows the numerical model satisfies
both criterions well, which means the numerical model has correctly simulatedly all important

physical processes.

(F). Numerical simulation of graphite-moisture oxidation for prototypic HTGR: The
multiphysics model was applied to MHTGR normal operation conditions. Parameters and models
in existing literature were first adopted. The performance of another three grades of nuclear
graphite, namely NBG-17, 2114, and PCEA, were also investigated. Then, the simulation was

updated for graphite 1G-110 using the validated multiphysics model.

According to the simulation results, the graphite-moisture oxidation mainly occurs at the
bottom two to three fuel blocks due to their higher temperatures. Although the maximum graphite
mass loss can reach to a fairly high value, e.g., 85% for graphite 1G-110, the oxidation is well
confined within a layer of thickness 0.5 mm. Therefore, it can be concluded that the chronic
moisture-graphite oxidation alone cannot obviously reduce the graphite mechanical strength and
threaten its integrity providing the impurity level in the primary side will be rigorously monitored

and controlled.

7.2 Future Works

While this research made significant progress and breakthrough in understanding the graphite-
steam oxidation, it simultaneously points out some phenomena that should be investigated in the

future, which are summarized as follows:
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(a). Recommendations for HTGR design and safety analyses: the graphite oxidation rate can
jump dramatically under some specific conditions that either involves metal catalyzers, or water
droplet reaction with graphite. Therefore, it is desired to avoid direct contact between nuclear
graphite and metal components in HTGR design. In addition, when performing steam ingress
accident analysis for an HTGR, one scenario that should be considered is the impinging of liquid

water droplet onto graphite surface.

(b). Effects of system pressure on graphite-steam oxidation: Although the steam partial
pressure in the experiments of this work is comparable to a prototypic steam ingress accident
scenario, the system pressure is much lower than the nominal pressure (~7 MPa) of an HTGR.
Therefore, the possible effects of system pressure on graphite oxidation remain unknown.
According to the theory of gas diffusion, the higher pressure leads to a smaller diffusivity, which
slows down the mass transfer rate, which can prevent water molecules from penetrating into a

deeper region. A detailed investigation is desired in the future.

(c). Experiments of graphite-moisture oxidation at ppm level: The kinetic oxidation model
developed in this research is valid for temperature 850 to 1100 °C, steam partial pressure 0.5 t020
kPa, and hydrogen partial pressure 0 to 2 kPa. However, the steam partial pressures are too high
for reactor normal operations. Therefore, it is desired to extend the experiments into a lower steam
concentration regime, e.g., at ppm level, so the LH or BLH equations can be used with better

confidence.

(d). Experimental works to strengthen the modeling foundation: It has to be noted some
assumptions behind the multiphysics model have not been fully validated. As mentioned earlier,

the tortuosity has significant influence on the effective diffusivity. To improve the accuracy of the
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multiphysics mode, micro structure characterizations are needed. One of the key aspects is to
investigate how the mean pore diameter and tortuosity will change with graphite mass loss. At the
same time, the effective diffusivity should be directly measured using graphite at different mass

loss fractions. In this way, the mass transfer in porous graphite can be validated separately.

(e) Numerical simulation of graphite oxidation in a steam ingress accident: The short term
graphite-steam oxidation phenomena during a water/steam ingress accident has not been simulated
due to the limited computational resources available to the author. The simulation of a fast transient
steam/water ingress accident can be expensive because the time step has to be reduced to sub-
seconds. Therefore, it is suggested to obtain the flow and temperature history using a system-level
code first, which can be used as boundary conditions (such as the history of graphite temperature,
flow velocity and steam concentration in the coolant channels, etc.) for the multiphysics model. In
this way, the unknown parameters as well as mathematical equations can be reduced, so as the

computation time.
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Appendix

Appendix A: MATLAB Code of Multi Variable Optimization

%$%for graphite system;BLH for oxidation rate

%% Multi variable optimization
clear

function fffit
format long;
lobal OQutFile

o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\

99000000000000000000000000000
©C 0000000000000 00000000000000

Graphite IG-110");

OutFile = fopen('outfile','w");
©0000000000000000000000000000000
OO0OOOOOOOOOODOOOODOOOODODODOODODODODODODODODO™©

'"\\engin-storage.m.storage.umich.edu\engin-

storage\nukewang\windat.V2\Desktop\Chenggi Wang
(OutFile, 'outfiles for BLH fitting,

99000000
00000000

Dissertation\Graphite Moisture Experiment\BLH Analysis';

folder
fprintf
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initial guess
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xTO];

xmmax, xtheta,

823.213283101513;
~258.224591196391;
19.305248840939;
0.363660432339;
0.741634281116;
34.079149643011;
1250.107426412911;
1.239106595529;

= 79147202.233398541808;
Xn =
[xAl,xA2,xA3,xEl,xE2,xE3, xmmin,

fitting variable

xA3 = 34960.126835460927;

xE1l
xE2
xE3 = -313.863087558206;

xmmin
xtheta

xAl
xA2
xmmax
xTO
p:40]
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%Method of lsgnonlin
diffmaxchange = 10000;

diffminchange = 0.001;

findifftype = 'central'; %'central'or'forward'
maxfunevals = 100000;

maxiter = 50000;

tolfun = 1e-100;

tolx = 1e-100;

1b = [ 0 0 0 -Inf -Inf -Inf -10 -10 =500 800 1; %
lower boundary
ub = [ Inf Inf Inf Inf Inf Inf 10 10 500 2500 1:; %
uppder boundary
display = 'iter-detailed';
fprintf (OutFile, 'diffmaxchange=%5i\n',diffmaxchange) ;
fprintf (OutFile, 'diffminchange=%5i\n',diffminchange) ;
fprintf (OutFile,'findifftype=%20s\n',findifftype);
fprintf (OutFile, 'maxfunevals=%71i\n',maxfunevals);
fprintf (OutFile, 'maxiter=%7i\n',maxiter);
fprintf (OutFile, 'tolfun=%14.12E\n',tolfun);
(

fprintf (OutFile, 'tolx=%14.12E\n',tolx); $trust-region-reflective
options = optimoptions (@lsgnonlin, 'Algorithm', 'levenberg-marquardt', ...
'TolX'",tolx, 'TolFun',tolfun, ...
'DiffMinChange',diffminchange, 'DiffMaxChange',diffmaxchange, ...
'FinDiffType', 'forward', '"MaxIter',maxiter, ...
'Display',display, '"MaxFunEvals',maxfunevals); % define method

[xfinal, yfinal, residual, exitflag] = lsgnonlin(@BLHfitting, x0, 1lb, ub,
options);

% x0: initial wvalue

1b: lower boundary

ub: upper boundary

o° oo

oe

9999000000000 0000000000000000000000000000000000000
OO0OOOOOOOOOOOOOODOOODOOOOOOOODOOODOOOOOOOODOOODOOODOOOOO™©

Q

% output

fprintf (OutFile, "xfinal\n'");

fprintf (OutFile, '$15.12f $15.12f %15.12f %15.12f \n',xfinal(l),xfinal(2),....

xfinal (3),xfinal (4),xfinal (5));
fprintf (OQutFile, '$15.12f $15.12f %15.12f %15.12f %15.12f %$15.12f
\n',xfinal (6), ...
xfinal (7),xfinal (8) ,xfinal (9),xfinal (10));
fprintf (OutFile, 'yfinal=%20.18f\n',yfinal);
fprintf (OQutFile, 'exitflag=%2i\n',exitflaqg);

end



%$calculation function
function F = BLHfitting(x)
$%%%%%%%%%%% function y=calculation (x)

global OutFile %$iPotentialFile
my data = xlsread('IG110 Data IV.xlsx');

my data sub = my data(l:142,:);

[M, N] = size (my data sub);

Temp = my data(l1:142,8);

my data(l:142,22);

PHZ = my data(1:142,23);

g
T
N
o
Il

fprintf (OutFile, "xAl = $15.12f; \n ', x(1) );

fprintf (OutFile, "xA2 = $15.12f; \n ', x(2) );

fprintf (OutFile, "xA3 = $15.12f; \n ', x(3) );

fprintf (OutFile, "xE1 = $15.12f; \n ', x(4) );

fprintf (OutFile, 'xE2 = $15.12f; \n ', x(5) );

fprintf (OutFile, "xE3 = $15.12f; \n ', x(6) );

fprintf (OutFile, "xmmin = %$15.12f; \n ', x(7) );

fprintf (OutFile, "xmmax = %$15.12f; \n ', x(8) );

fprintf (OutFile, "xtheta = %15.12f; \n ', x(9) );

fprintf (OutFile, 'xT0 = %15.12f; \n ', x(10) );

% fprintf (OutFile, 'xn = %$15.12f; \n ', x(11) );

xAl = x(1);

xXA2 = x(2);

xA3 = x(3);

xE1 = x(4);

xE2 = x(5);

xE3 = x(6);

xmmin = x(7);

xmmax = x(8);

xtheta = x(9);

xTO0 = x(10);

% xn = x(11);

for i=1:1:M
mT (i) = xmmax + (xmmin-xmmax)/ (l+exp ((Temp (i)-xT0)/xtheta));
All1(1) = (107-6) *xAl*exp(xE1*1000/(8.314*Temp (i)));
A22 (1) = (107-6)*xA2*exp (xE2*1000/ (8. 314*Temp(1)))
A33 (i) = (10"-6)*xA3*exp (xE3*1000/ (8. 314*Temp(1)
%DATAF(') =Al*exp (-E1/ (R*Temp (1)) *PH20 (1) * (mmax/ (1+exp () (TO-

Temp (1)) /theta))))
DATAF( ) =

A1l (1) *PH20 (1) ™mT (i) / (1+A22 (i) *PH2 (i) "1.04+A33 (1) *PH20 (1) "mT (1)) ;
end

REF = my data(1:142,3)"'; % experimental value
DATA = DATAF; % predicted wvalue
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WEIGHT = ones (1,M);
WEIGHT = 100*WEIGHT;

DIFF =((DATA-REF) ./REF) .*WEIGHT;
F = DIFE;

for i = 1:1:M

fprintf (OutFile, "########## ref=%15.12fF
F=215.12f\n',REF (i), DATA (i),F(i));
end

y=sum (DIFF."2) ;
fprintf (OutFile, "######### yv=%15.12f\n",y);
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DATA=%15.12f



