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Jan. 2019 developed worldwide. Unique to this reactor type is the use of light-water coolant above its critical point.

The number of SCWR components is reduced since steam separators and dryers are not required. This
advantage drives down capital and maintenance costs. Safety is also increased, because a dry out
phenomenon does not occur in SCW conditions; SCW remains in a single phase. A computer program
by Engineering Equation Solver, (EES) has been produced for inquiry of the fuel, clad and coolant
temperatures under supercritical conditions for supercritical water reactor powered by ThO, — UO,
mixture as a fuel. In the calculation, uniform axial heat flux and average channel were considered. The
bulk fluid, clad and fuel temperatures along fuel length were obtained for supercritical pressures 26, 30
and 40 MPa. Also, the UO, percentage added to ThO, was varied as, 4% and 10%o. It was found that the
maximum fuel temperature reached 1917 °C for a pressure of 26 MPa and 1896 °C for a pressure of 30
MPa in case of 4% UO,. However, the maximum temperature of the fuel was 1915 °C for a pressure of
26 MPa and 1894 °C for a pressure of 30 MPa in case of 10% UO,, which is surpasses the industry limit
of 1850 °C.
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Introduction

Thorium oxide (ThO,) has recently attracted much
attention as a nuclear fuel since it is proliferation
resistant and the amount of uranium oxide is
limited.

Thorium is not fissile, but can be converted into U-
233 which is a fissionable isotope [1]. The
behavior of nuclear fuel through irradiation is
mainly dependent on its physicochemical
properties and their change in temperature and
burn-up.  Other important  thermo-physical

properties to be considered are the melting point
and density of the fuel. Thorium and uranium
oxide fuels utilized in nuclear reactors have very
high melting point, but they are of low density and
they suffer from poor thermal conductivity [2].

Thermal conductivity of ThO, - UO, fuel

It is well known that the thermal conductivity of
ThO, is 50% higher than that of UO, over a
considerable temperature range [2]. Berman et al.
[3] suggested a systematic attempt to correlate
thermal conductivity, temperature, and
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composition for ThO, - UO,system in the early
1970s. Belle and Berman [4] modernized the
thermal conductivity correlation to 3126.85 o° by
making use of the enthalpy data.

Melting point

A very important thermo-physical property to be
considered for an engineering material, such as
nuclear fuel, is the melting point. The onset of
melting at the centerline of the fuel rod has been
extensively accepted as an upper limit to the
allowable thermal rating of nuclear fuel elements
[4]. The melting point must be taken into account
when considering a new fuel, as it limits the power
that can be extracted from the fuel element. The
knowledge of the melting point is also important in
the fabrication of chemically homogeneous pellets
like thoria-urania. ThO,, and UO,, have high
melting points 3386.85, 2826.85 o° relatively and
they have a low diffusion coefficient at normal
sintering temperatures [5].

Figure (1) shows the fuel bundle design with the
large diameter center rod, so-called Variant-20
bundle [7], which is used in the current analysis.
The central rod has an outside diameter of 20 mm
and is assumed to be unheated and the heated
length is 5.772 (m). The remaining 42 elements
have the outside diameter of 11.5 mm, the
hydraulic equivalent diameter of the bundle is 7.83
mm.

MATHEMATICAL MODEL

O()/CO ) Fuel pin
00029%6 —
Coolant [¢—— OO ©©C_>@US—V Unheated rod

The following are the recommended equations for the
fuel thermal conductivity (K) as a function of
temperature (T, K) which are valid from 873 to 1873
(K) for 0%, 4%, 6% and 10%, respectively, of UO,,
[8].

K [ThO,] = 1/ (- 0.03198 + 2.03559 x 10 -4 x T)

1)
K [Thogs, Ugos] O, = 1/ (-0.04505 + 2.06241 x 10 ™ x
T )
K [Thoss Uoos] Oz = 1/ (-0.02884 + 2.6034 x 10 * x
T ©)
K [Thoso, Ug.10] O» =1/ (-0.04334 + 2,519 x 10 ** x
T (4)

Belle and Berman [4] reported the following
equation for the thermal conductivity of 100 %
dense ThO; in the temperature range of 298-2950

(K),
K [ThO,] = (0.0213 + 1.597 x 10 -4 x T)*  (5)

Belle and Berman [4] first obtained an expression

for thermal diffusivity up to 2950 (K) as:
a[ThO,] (m? /s) = (- 34191.1 + 561.28 x T) * (6)

Figure (1): Fuel bundle geometry 43 elements, Variant-20, center element OD 20 mm and the rest — 11.5 mm [6]
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Temperature distribution in the axial direction
The following equation represents the power with
respect to the axial position or heat-flux ratio:

Power ratio = ¢}, = 2 )
Qave
Where, gy is local heat flux, W/m? and
Oave IS @verage heat flux W/m?
. g
Jave = AL; (8)
Where,

Ap =mly (Nc D, + Ny Dy + Ny Doy + NorDor)

(9)

Gipe =Ap+ a1 x 4+ azx%2+ag x3+ ayx* +as; x5+ aga
(10)

. x

Qloc, = Pn Iy Groc dx (11)

s L x !

Qiocx = Ph Jave jg Qioc dx (12)

Py = @ (Ny Dy + Ny Dnr + NopDor) - (13)

f;qfocdx =au% x+ alé X+ a, éxa +a3i xt+ a,;é x® +asé x® +a6% x
(14)
The polynomial coefficients (a; — a;) are shown in

Table (1) [9]

Channel power was calculated through integration
of polynomial equation as seen in the following
equation:

5772

Qcn = P Qave J{] Qloc AX (15)

Now Eq. (12) allows calculating the heat output at
any axial location. Power per each millimeter
increment, along the heated length was calculated
by the following equations:

(16)

Qloc,mm = Qloc,x+1 - Qioc,x

— Yiocmm

(17)

qwc x
' Amm

Outer-sheath temperature

The outer - sheath temperature was obtained based
on the corresponding bulk-fluid temperature (Tb),
i.e., in the same cross section, and HTC. The HTC
was calculated according to the Bishop et al.
correlation (1964). The correlation of Bishop et al.
is suitable for a pressure range from 22.8 to 27.6
MPa, bulk-fluid temperature range — between 282
and 527°, and heat flux range — between 0.31and
3.46 MW/m?, which corresponds to the generic
SCWR operating conditions [10].

0.43 Do
Nu, = 0.0069 Re, Pr26 (p—“’) (1 +2.4 —hl)
Pb/ 5 x
(18)
The correlation of Swenson et al. was developed
using a pressure range of 22.8 — 41.4 MPa, and
mass flux of 542 — 2150 kg/m®. s [11]. The
correlation uses the wall temperature to calculate
thermo physical properties and is shown in the
following equation:

£\ 0231
Nu, = 0.00459 Re0923py0613 (—W)
Ph (19)
a4
Dhy _ 24flow
Pwetted (20)
A}’Iow = Apt — Aplock (21)

Pwetted =TI

(Nc Dc + NI'T DI’T + Nmr Dm'r' + NO'J"DOT' + Dpt)
(22)

The outer-sheath temperature can be calculated

according to the following equation [9].

o,sh " pre

(23)
Inner-sheath temperature

The inner- sheath temperature can be calculated
according to the following equation [9].

. T
Qsh,x ln( 0,5h

Ti,sh
2m ksh

Ti,sh - + To,sh

(24)
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Table (1): Polynomial Coefficients for Egs. 10 -14

Cosine Profile a ag a, ag a, as ag
0.0752 0.8888 0.1519 -0.3016 0.1121 0.0182- 1.0758e-3

Normal

Upstream 0.0166 1.6104 -0.2439 -0.3484 0.1717 -0.0296 1.7490e-3

Downstream 0.0747 0.7558 0.3514 -0.5203 0.2024 0.0326 1.8439%-3

The correlation of Swenson et al. was developed
using a pressure range of 22.8 — 41.4 MPa, and
mass flux of 542 — 2150 kg/m®. s [11]. The
correlation uses the wall temperature to calculate
thermo physical properties and is shown in the
following equation:

p 0.231
Nu, = 0.00459 Re0923 py,0613 (—“’)

Phb
(19)
D.. = LA f10w
hy = Pyetted
(20)
A}’Iow = Apt — Aplock (21)

Pwetted =T

(Nc Dc + Ni'r Di'r + Nm'r' Dm'r' + NCIT‘DCI'J" + Dpt)
(22)

The outer-sheath temperature can be calculated

according to the following equation [9].

_ a4
To,sn = arc + Ty (23)

Inner-sheath temperature

The inner- sheath temperature can be calculated
according to the following equation [9].

Q_r.'h,x In (?"o,sh )

Ti,sh
2 T k&'h

Ti,sh = + To,sh

(24)
Fuel centerline temperature
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The aim of this investigation is to be sure that the
fuel (ThO, — UQ,) centerline temperature (T,) will
be below the industry accepted limit of 1850 °C.
The following correlations were used for the fuel
centerline temperature calculations [9]:

_ égenmm X Tieh
Tre == 4kpuar T Lish (29)
. Qroc
€gen.mm — e (26)

Df g xm(0.001 m)

Bulk-fluid temperature

The initial step in the heat-transfer analysis is to
determine the bulk-fluid temperature profile along
the heated length, which was obtained by the heat-
balance method. The inlet bulk-fluid enthalpy (hy)
was obtained based on the inlet temperature of
350°C and constant pressure.

— Q!acl,mm + hx—l (27)

m

h

X

Calculation of the heat transfer coefficient

The Reynolds number is expressed as:

Re 28

v (28)

y=E£ (29)
p

Nu, = HTC,:D*’*’ (30)
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Table (2): Selected parameters of proposed SCWR fuel channels. [12,13]

Parameters Value
Max cladding temperature (design value), 850°C
Max fuel centerline temperature (industry accepted limit) 1850°C
Heated fuel channel length 5.772m
Number of fuel rod per bundle 43
Number of heated fuel rods 42
Number of unheated fuel rods 1
Diameter of heated fuel rods (# of rods) 11.5(35) & 13.5(8) mm
Diameter of unheated fuel rod 20 mm
Hydraulic equivalent diameter of fuel channel 7.83 mm
Heated area of fuel channel 8.76m”
Flow area of fuel channel 3729mm?

Results

In this part, a summary of the results of the steady
state calculation of the fuel, clad and coolant
temperatures are given. The bulk fluid, clad and
fuel temperatures along fuel length were obtained
for supercritical pressures 24, 30 and 40 MPa.
Also, the UO, percentage added to ThO, was
varied, 4% and 10%.

Figure (2) Shows the fuel centerline temperature of
thorium-uranium oxide fuel containing 4% UO,
for different supercritical pressures. It is clear that
the temperature surpasses the industry limit of
1850 °C. The fuel centerline temperature decreases
with increasing the supercritical temperature due to
increasing in the heat transfer coefficient reaching
to the values 7419, 8157, and 10474 kW/m2 °C
associated with the supercritical pressures 26, 30
and 40 MPa respectively.

Figure (3) depicts the clad temperature distribution
at different supercritical pressures for the fuel
containing 4% UO, The maximum clad
temperature reaches to 848, 797.3 and 688.3°C
which is associated with the supercritical pressures
of 26, 30 and 40 MPa respectively. The clad
temperature decrease is due to the increase of the
heat transfer coefficient with increasing of
supercritical pressures.

Figure (4) illustrates the relation of the reactor
coolant temperature with the heated length of the
fuel for different supercritical pressures. The
coolant temperature decreases with the increase of

the supercritical pressure due to the increase of
coolant specific heat, The maximum outlet

temperature reaches 609.9, 577.7 and 512 °C at 26,
30 and 40 MPa respectively.

Figure (5) shows the fuel centerline temperature at
10% UO,, for different supercritical pressures,
where it is clear that the temperature surpasses the
industry limit of 1850 °C. The fuel centerline
temperature  decreases with increasing the
supercritical temperature due to increasing in the
heat transfer coefficient, as seen in Figure (5), but
in this case the maximum fuel temperatures are
lower than the maximum fuel temperature in case
of 4% UO,, due to increasing of fuel conductivity.
For 10% UO,, fuel, Figure (6) describes the clad
temperature distribution at different supercritical
pressures. The clad temperature decreasing is due
to increasing of the heat transfer coefficient with
increasing of supercritical pressures.

Figure (7) reavels the effect of the supercritical
pressure on the reactor coolant temperature along
the heated length of the fuel. The coolant
temperature found decreases with increases of the
supercritical pressure due to increasing of coolant
specific heat.

Figure (8) shows that there is a good match
between the present work and that reported by Lisa
Grande et al. [9] for fuel clad and coolant
temperatures, and shows that both of fuel
temperature curves surpass the industry limit
which is 1850 °C and that the clad temperature is
about to touch the clad temperature limit which is
850 °C. It is also noticed that the clad temperature
for the present work at any heated length is higher
than that early reported [9], where the fuel clad
materials used is Inconel-600, whereas model 304
st-steel was used as a cladding material in the
present investigation model. It is known that the
thermal conductivity of the Inconel-600 is higher
than that of SS-304.
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Figure (2): Fuel temperature distribution at 4% UO, for different supercritical pressures
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Figure (3): Clad temperature distribution at 4% UQO, for different supercritical pressures
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Figure (5): Fuel temperature distribution at 10% UO, for different supercritical pressures
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Figure (8): Comparison between the present work, Ref. [6]
Conclusion Cp specific heat capacity at a given

For the investigated variable parameters, the fuel pressure, J/kg. K.
centerline temperature surpassed the industry limit HTC  Heat Transfer Coefficient, W/m? K.

temperature, which is 1850 °C in case of 4% UO, and D diameter, m.
10% UO, for all supercritical pressures. The clad h enthalpy, J/kg.
temperature also exceeded the clad industry limit & volumetric heat flux, W/m3.

which is 850 °C. However, on the other hand, as the
supercritical pressure increased, the fuel, clad and
coolant temperatures have been found to decrease.
Adding of UO, to the thoria, resulted in a high fuel ™

thermal conductivity, W/m K.
length, m.
mass-flow rate, kg/s.

temperature exceeding the industry limit. Hence using Nu Nusselt number, dimensionless.
UO; as a nuclear fuel might not be the correct choice P perimeter, m.
for supercritical water-cooled reactors (SCWRs). P pressure, Pa.
Thoria has also a high melting point which is very Pr Prandtl number, dimensionless.
important in terms of fuel failures and release of Q heat transfer, J.
fission product, this high melting point increases the Q heat transfer rate, W.
durability and safety during normal and abnormal ¢ heat flux, W/m2.
reactor operations. Using Inconel-600 seems to be the ., .
best sheath material choice compared to 304 st-steel % povyer ratio.
because of its higher mechanical strength at high ' radius, m.
pressures and temperatures. Re Reyn0|d5 number, dimensionless.
T temperature, °C.
Nomenclature SCWR Super Critical Water Reactor.
a Polynomial coefficient.
) Greek Symbols
A area, m-. u dynamic viscosity, Pa- s.
Asiow flow area, m-. v kinematic viscosity, m?/s.
p density, kg/m®.
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Subscripts

ave average.

b bulk.

block cross sectional area blocking fluid
flow.

C center.

Ch channel.

fc fuel centerline.

flow cross sectional flow area.
fuel fuel.

hy hydraulic equivalent.

i inner.

ir inner ring.

loc local.

mm per millimeter increment.
0 outer.

or outer ring.

pt pressure tube.

sh sheath.

w wall.

wetted wetted.

X axial location along heated length.
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