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Conceptual  design  for  pressure  tube  SCWR  with  inverted  geometry.
Coupled  neutronics/thermal  hydraulics  analysis  for  inverted  design.
Two  pass  water  flow scheme  and different  axial  fuel  enrichments.
Fuel  loading  pattern  and  control  rod  pattern  have  also  been  proposed.
Lower  MCST  and negative  void  reactivity  effect.
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a  b  s  t  r  a  c  t

An  innovative  core  design  with  inverted  geometry  configuration  has  been  proposed  for  pressure-tube
type  supercritical  water  reactors.  The  relative  positions  of  fuel  and  coolant  have  been  inverted  and
U–Th–Zr-hydride  fuel  was  used.  Two-pass  water  flow  scheme  has  been  selected  with  the assemblies
at the  periphery  of  the  core  having  downward  flow.  Fuel  loading  pattern  and  control  rod  loading  pattern
have  also  been  proposed  in order  to achieve  more  uniform  radial power  distribution,  high  coolant  outlet

temperature  and  low  cladding  surface  temperature.  Three  different  axial  enrichments  were  used  for  fuel
to reduce  the  axial  power  peak  which  in  turn resulted  in  lower  cladding  surface  temperature.  A  coupled
neutronics  and  thermal  hydraulics  analysis  was  performed  for the  proposed  inverted  pressure  tube  type
(IPTT) SCWR  and  an  equilibrium  core  was analyzed.  The  results  show  that,  this  concept  has  potential
benefits  in  reducing  the  clad  surface  temperature  and  increasing  the  life  cycle  length.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

A nuclear power plant operating above thermodynamic criti-
al point of water (374 ◦C and 22.1 MPa) is known as super critical
ater reactor (SCWR). Unlike PWRs and BWRs, pressurizers, steam

enerators, recirculation pumps, steam separators and dryers are
ot required in SCWRs, hence they are more simple in design and
re considered as the next logical extension of existing water cooled

eactors. Moreover it is more economical because of its high steam
nthalpy which makes compact turbine system and higher thermal
fficiency of approximately 45% (Ammar  et al., 2014; Zhao et al.,

∗ Corresponding author at: School of Nuclear Science and Technology, Xi’an Jiao-
ong University, Xi’an 710049, China. Tel.: +86 2982663285;
ax: +86 2982668916/2982667802.

E-mail addresses: caolz@mail.xjtu.edu.cn, caoliangzhi@gmail.com (L. Cao).

ttp://dx.doi.org/10.1016/j.nucengdes.2014.08.016
029-5493/© 2014 Elsevier B.V. All rights reserved.
2013). The pressure vessel and pressure tube are the two main types
of SCWRs.

Many aspects of SCWRs have been under considerations for
past few years, pre-conceptual core design is one of them. A large
number of core designs for SCWRs have been proposed in past stud-
ies. Both thermal (Yamaji et al., 2005) and fast (Yoo et al., 2006)
neutron spectrum cores have been under consideration for SCWR
pre-conceptual designs.

In recent studies on SCWRs, the scientists and researchers have
proposed and optimized several assembly (Feng et al., 2014) and
core (Ammar  et al., 2014) designs for pressure-tube type reactors to
reduce the maximum cladding surface temperature (MCST) below
the design criterion. However, in spite of much devoted efforts in

the recent past to optimize the core design, the current R&D activi-
ties going on SCWR technology are still facing two  main challenges.
One is to reduce the MCST to fulfill the development progress
of cladding material. The other is to increase the fuel utilization

dx.doi.org/10.1016/j.nucengdes.2014.08.016
http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nucengdes.2014.08.016&domain=pdf
mailto:caolz@mail.xjtu.edu.cn
mailto:caoliangzhi@gmail.com
dx.doi.org/10.1016/j.nucengdes.2014.08.016
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Fig. 1. Flow diagra

ate (or to reduce the initial fuel enrichment) to enhance its sus-
ainability. Recently, an innovative concept with inverted geometry
esign was proposed for PWRs with several advantages (Ferroni,
010). The inverted design consists of a block of fuel, perforated
ith cylindrical coolant channels, similar to the fuel concept pro-
osed for gas cooled fast reactors (tube in duct fuel assembly).
ast studies of inverted design in PWRs have proved that there are
ome advantages of inverted configuration such as no grid spacers
re required, no flow induced vibration (FIV), reduced core pres-
ure drop, more heavy metal loadings, allows high burnups and
an give high power densities (Ferroni, 2010). Moreover inverted
eometry can offer some economical benefits by optimizing the
ost affecting parameters like power density (affecting capital cost),
pecific power (affecting fuel cycle cost) and cycle length (affect-
ng operation and maintenance cost). For an ideal design these
hree factors would increase simultaneously to decrease the cost,
ut because of the complementary requirements of neutronics,
hermal hydraulics and fuel performance, all these three parame-

ers cannot be increased concurrently. Different inverted geometry
onfigurations can provide economical advantages over standard
in type geometry by optimizing one or two  of the above men-
ioned cost affecting parameters (Malen et al., 2009). So keeping in
 coupling scheme.

view the challenges faced by SCWR technology and the advantages
offered by inverted geometry in PWRs, it is meaningful to apply this
concept to SCWRs. It will not only help to overcome the existing
challenges of SCWR technology but also provide some additional
advantages which have been already proved for PWRs.

In this study the inverted geometry concept described above has
been applied to pressure tube type SCWR and based on this concept
a new design has been proposed and analyzed. U–Th–Zr-hydride
fuel was selected for this design because of the negligible fission gas
release which is a necessity for this type of inverted geometry and
pre-hydriding of metal structure is required for effective drilling
(Ferroni, 2010).

A coupled neutronics and thermal hydraulics analysis was  per-
formed for IPTT-SCWR because of the large axial variation in the
coolant density throughout the fuel length. Traditional design stud-
ies which consider constant coolant density throughout the active
length of fuel cannot be applied here in the case of SCWRs. So
the design studies of the SCWRs need coupled calculations for

both neutronics and thermal hydraulics. The research done in the
past has shown that the difference between the coupled and non-
coupled calculations is noticeable (Waata, 2006; Chaudri et al.,
2012).
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In the present study, 3D neutronics and thermal hydraulics cal-
ulations have been done on IPTT-SCWR conceptual design and
ased on this analysis, an assembly and core design has been pro-
osed. Neutronics calculations were carried out by 3D fine mesh
iffusion theory code while thermal hydraulics calculations were
ased on single channel model. External coupling technique was
sed to couple these two codes; it means that the required data will
e exchanged between these two codes. Furthermore a core fuel

oading pattern and control rod loading pattern were also searched
nd optimized to achieve flat radial power distribution.

. Core design tools and models

The DRAGON code (Marleau et al., 2010) based on transport
heory with a 69-group cross section library was  used for two
imensional lattice calculations. The burnup dependent macro-
copic group constants for assembly were generated and given as
nput to a 3D fine mesh diffusion theory code CITATION (Fowler and
ondy, 1971) for whole core calculations. The macroscopic group
onstants corresponding to all anticipated water densities in the
ore were generated. A supporting code was developed for core
epletion calculations (Yang et al., 2011). The calculations were
ased on four energy groups macroscopic cross-sections obtained
rom assembly burnup. The radial mesh size of 1.6 cm × 1.6 cm and
xial mesh size of 16.6 cm were used in the neutronics calcula-
ions. The coarse mesh in axial direction is of 50 cm and this same

esh size is used in thermal-hydraulics calculations. Quarter core
ymmetry was used for whole core calculations.

As there is no cross flow between coolant channels, the sin-
le channel model was used for thermal hydraulics calculations.
ach assembly was represented by two typical single-channels, hot
hannel with maximum power and average channel with average
ower. The power profile for the core calculated by CITATION was
iven as input to the thermal hydraulics code. Flow rate for each
ssembly was searched using maximum power and MCST criterion.
hen this flow rate distribution and average power for each assem-
ly were used to calculate coolant density distribution. Downward
ow mode was used for the peripheral assemblies and upward flow
ode was used for central assemblies of the core. This coolant den-

ity distribution was then fed back as input to the neutronics code
nd the process was repeated until the convergence criteria for both
he burn up and thermal calculations were met. Dittus–Boelter cor-
elations were used for heat transfer coefficient calculations (Kamei
t al., 2006).

A link code was used to exchange required data between these
wo codes. The input for one code was prepared from the output
f the second code with the help of a link code. The overall flow
iagram of the coupled system is shown in Fig. 1.

The equilibrium core was also searched during the procedure.
he equilibrium core is defined as the core in which the burnup
istribution and water density distribution at the beginning of
n)th cycle (BOC) are identical to those at the beginning of (n + 1)th
ycle. After determining all core design parameters, the first cycle is
omputed with neutronic/thermal hydraulics coupled system until
ater density distributions are converged. Then, according to fuel

eload pattern, burnup distribution of the second cycle is obtained.
he core calculations for one cycle of operation, followed by the
huffling of fuel assemblies, are repeated until the BOC burnup
istribution is converged. Equilibrium cycle is achieved when BOC
urnup distribution is converged (Zhao et al., 2013; Ammar  et al.,

014). The flow diagram for assembly and core design procedure is
hown in Fig. 2. As there is no phase change in SCWRs so MCST is
aken as design criteria for SCWRs, fuel assembly design and core
esign were repeatedly changed until design criteria were met.
Fig. 2. Overall design procedure.

3. Fuel assembly design

Cross-sectional view of fuel assembly is shown in Fig. 3. It con-
sists of 92 coolant channels and 10 control rod guide tubes arranged
in five concentric rings, each ring has two  control rod guide tubes.
These 10 control rod guide tubes can allow the insertion of cluster of
10 rods made up of boron carbide (B4C). Every coolant channel has
inner diameter of 0.88 cm and clad thick is of 0.06 cm.  These dimen-
sions were selected in order to achieve better heat transfer. As heat
transfer coefficient between coolant and cladding strongly depends
upon coolant flow area or hydraulic diameter, so number of coolant
channels and coolant channel diameter were selected to enhance
heat transfer coefficient between coolant and cladding which in
turn lead to lower cladding surface temperature. As this is inverted
geometry so coolant channels are surrounded by fuel, the fuel thick-
ness between coolant channels is also an important parameter in
inverted configuration. The performance of inverted pressurized
water reactors degrades as fuel thickness between coolant chan-
nels increases, but from the mechanical or manufacturing point
of view the minimum allowable fuel thickness is 2 mm (Ferroni,
2010). So keeping in view this constraint, the coolant channels were
arranged in concentric rings with the distance of 2 mm between the
coolant channels of one ring to the channels in adjacent ring. The
outermost component of the assembly is pressure tube made up
of zirconium based alloy. Inside pressure tube there is also a solid
zirconia insulator which isolates pressure tube from high temper-
atures. The pressure tube is in direct contact with the heavy water
moderator. The materials of pressure tube, insulator, metal liner
and coolant channel cladding are same as used in recent Cana-
dian high efficiency re-entrant channel design (HERC) presented
in Pencer et al. (2013) and Dominguez et al. (2013). Hydride fuel
(UTh0.5Zr2.25H5.625) has been used because of negligible fission gas
released in this fuel (Ferroni, 2010). In analysis presented in Ferroni

(2010), the uranium enrichment used was 15%, but here in this
study the average enrichment used for uranium was 10%. This is
due to the fact that, in this design heavy water was  used for neutron
moderation so initial enrichment of fuel can be decreased. Further



A. Ahmad et al. / Nuclear Engineering and Design 278 (2014) 618–626 621

Coolant Channel

Fuel

Insulator

Pressure Tube

Moderator

Control  Rod

al vie

d
r
a
t
a

4

4

a
2
i
i
T
l

•
•
•

T
G

Axial power peak has a strong effect on MCST. In order to lower
down the axial power peak, different axial enrichments were used
from top to bottom. When control rods were inserted from the top,
Fig. 3. Cross-section

etails of assembly design are shown in Table 1. The coolant void
eactivity (CVR) for the assembly design is given in Fig. 4. CVR is neg-
tive and decreases with void fraction and burnup, which ensures
he inherent safety feature of the design in case of loss of coolant
ccident (LOCA).

. Core design

.1. Design summary

The reactor core is a three batched refueling core operating
t pressure of 25 MPa. The core generates the thermal power of
540 MW and corresponding electrical power of 1200 MW assum-

ng 48% efficiency. It consists of 336 fuel assemblies and average
nlet and outlet temperatures are 350 ◦C and 625 ◦C respectively.
he height of the core is 600 cm including 50 cm thick upper and
ower axial heavy water reflector.

The principles considered to ensure the fuel and core safety are
Negative void reactivity effect (Zhao et al., 2013)
MCST less than 850 ◦C (Yang et al., 2011)
Core shutdown margin greater than or equal to 1%dk/k (Zhao
et al., 2013)

able 1
eometrical specifications of fuel assembly.

Component Dimensions

Central coolant tube 0.44 cm inner radius, 0.06 cm thick
First  ring of coolant tubes (8 + 2) 0.44 cm inner radius, 0.06 cm thick,

1.7 cm circle radius
2nd ring of coolant tubes (13 + 2) 0.44 cm inner radius, 0.06 cm thick,

2.9 cm circle radius
3rd ring of coolant tubes (18 + 2) 0.44 cm inner radius, 0.06 cm thick,

4.1 cm circle radius
4th ring of coolant tubes (23 + 2) 0.44 cm inner radius, 0.06 cm thick,

5.3 cm circle radius
5th ring of coolant tubes (29 + 2) 0.44 cm inner radius, 0.06 cm thick,

6.5 cm circle radius
Liner tube 7.20 cm (IR), 0.05 cm thick
Insulator 7.25 cm IR, 0.55 cm thick
Outer liner 7.80 cm IR, 0.05 cm thick
Pressure tube 7.85 cm IR, 1.2 cm thick
Fuel  bundle heated length 500 cm
Assembly pitch 25 cm
Fuel material Hydride fuel (UTh0.5Zr2.25H5.625)
w of fuel assembly.

4.2. Fuel loading pattern

Core loading pattern has a strong impact on the performance of
the core. Cladding surface temperature can be decreased by select-
ing the core loading pattern having more uniform radial power
distributions. So the core shuffling scheme was selected in order
to get flat power distribution and lower power peaking factor. The
selected core loading pattern is shown in Fig. 5. Fresh fuel elements
are distributed in the core and there are twice burnt fuels in the
vicinity of each fresh fuel in order to achieve flat radial power dis-
tribution. Moreover, a large number of fresh fuel assemblies are
loaded at the periphery of the core to avoid power peaking at the
center of the core.

4.3. Axial fuel enrichment
the power peak at the bottom became very high i.e. more than 2.

1.00.80.60.40.20.0

-20

-15

-10

-5

0

C
VR

 (m
k)

Void Fract ion

 0Gwd/t U
 5GWd/tU
 50 GWd/tU

Fig. 4. Coolant void reactivity effect.
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he presence of control rods and lower coolant density at the top
auses a decrease in power peak at the top and increase in power
eak at the bottom of the core. In order to control this power peak,
he fuel enrichment at the bottom was decreased and at the top
t was increased. The fuel assembly is axially divided into three
nrichments as shown in Fig. 6. The average enrichment of 10% is
aintained so that cycle length of the core is not disturbed.

.4. Control rod pattern

Control rods are mandatory for plant control; they can provide
peration flexibility by controlling power throughout the burnup
ycle. Fig. 7 shows radial positions of control rods inside core. The
ontrol rods are divided into seven groups on the basis of sym-
etry. Each group contains at most two control rods and during

urnup cycle these control rods have the same withdrawn pat-
ern. These groups are indicated form G1 to G7 in Fig. 7. Control
ods are adjusted at every burnup step, to compensate fuel burnup

nd production of fission products etc. and to maintain average
oolant outlet temperature of 625 ◦C and MCST under design lim-
ts. They also maintain excess reactivity, radial and axial power
istributions.

15
0 
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 9% U 

Fig. 6. Axial fuel enrichment.
G3 G1 G2

Fig. 7. Group numbers for control rods.

Fig. 8 is representing axial positions of control rods during bur-
nup cycle. Seven columns at each burnup step are representing
seven control rod groups (G1–G7). Y-axis represents the distance
between the bottom of the control rod and bottom of the core and
X-axis represents the burnup step number. If the distance below
control rod is 500 cm,  it shows that the control rod is fully with-
drawn.

5. Results of equilibrium core

The primary system parameters for equilibrium core are shown
in Table 2.

5.1. Coolant flow rate distribution
Two pass flow scheme was  used for core, the coolant first
flows downward from the peripheral assemblies and then moves
upwards from the inner assemblies. White boxes in Fig. 9 show

Table 2
Preliminary core parameters.

Parameters Results SCWR-inverted design

Thermal/electrical power (MW)  2540/1200
Average initial wt% of U235 (%) 10
Average exit burnup (MWd/kg) 40.86
Excess reactivity BOC/EOC (mk) 99.8/23.7
Cycle length EFPD 425
Mass flow rate (kg/s) 327
Average power density (W/cm3) 183
Channel power peaking factor (BOC/EOC) 1.32/1.23
Axial power peaking factor 1.21/1.38
Average outlet temperature (◦C) 625
MCST (BOC/EOC) (◦C) 837/812
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Fig. 8. Con

he inner assemblies having upward flow and gray boxes show
he peripheral assemblies having downward flow. Upward flow
ate distribution through all the inner assemblies was  searched
hroughout the burnup cycle to satisfy the MCST criterion. Then
or each inner assembly maximum flow rate among all the burnup
teps was chosen. The total flow rate for peripheral assemblies was
onsidered as equal to the total flow rate for inner assemblies. Fig. 9
hows the coolant flow rate distribution for quarter core. The num-
ers shown in Fig. 9 are the ratios of the flow rate of each assembly
o the average flow rate for all assemblies, −1.00 in each gray box

eans flow rate in each peripheral assembly is same and coolant
s flowing downwards through these assemblies.

.2. Radial and axial power distribution

The axially averaged normalized radial power distribution for
uarter core at beginning of cycle (BOC) and end of cycle (EOC) is
hown in Fig. 10. The radial power peaking factors at BOC and EOC
re 1.32 and 1.23 respectively. At EOC, the radial power distribution
ecomes more uniform as compared to power distribution at BOC.

he axial power distribution is shown in Fig. 11. The axial power at
OC is asymmetric having peak of 1.21 at the bottom of the core,
his is due to the fact that at BOC, higher water density at bottom of
he core is providing better moderation and presence of the control
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Fig. 9. Coolant flow rate distribution for quarter core.
e p

d pattern.

rods in upper region. As the burnup proceeds and control rods are
withdrawn power peak moves upwards and at EOC the power peak
is 1.38 at about 200 cm form the bottom of the core. The small peaks
appearing at 450 cm in Fig. 11 both at BOC and EOC are due to
the high enrichment (11%) in this region. In the upper region the
enrichment was  kept high to compensate the low coolant density
and presence of control rods in this upper portion of the core.

5.3. Coolant temperature and MCST distribution

The average coolant out let temperature of the core is 625 ◦C and
outlet temperature distribution for the core is given in Fig. 12. Gray
boxes at the periphery indicate the downward flow. At BOC temper-
ature ranges from 533 ◦C to 713 ◦C. At EOC the coolant temperature
distribution becomes more uniform because of more flat power
distribution and it ranges from 525 ◦C to 690 ◦C. MCST distribution
for quarter core is shown in Fig. 13, at BOC and EOC the MCSTs are
837 ◦C and 812 ◦C respectively. MCST throughout the burnup cycle
is under design limitation i.e. less than 850 ◦C for pressure tube type
reactors. From Table 2, it can be seen that average exit burnup for
the proposed core is 40.86 MWd/kg.

5.4. Effect of heat transfer correlations on MCST

The calculations for MCST are mainly dependent on the heat
transfer correlations. A sensitivity analysis has been done for MCST
using following four heat transfer correlations.

• Dittus–Boelter (Dittus and Boelter, 1930)
• Oka–Koshizuka (Kitoh et al., 1999)
• Bishop (Bishop et al., 1964)
• Swenson (Swenson et al., 1965)

The MCST and average outlet temperature calculated by using
these four correlations are shown in Table 3. The flow rate is kept
constant for all four cases. MCSTs calculated by Dittus–Boelter, Oka
and Bishop are close to each other with a maximum difference

of 20 ◦C between Oka and Bishop. However MCST calculated by
Swenson is high and has difference of 55 ◦C with Dittus–Boelter.
Dittus–Boelter correlation has been selected for the analysis
presented in this paper because the properties of coolant at high
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emperatures above 500 ◦C are same as those of gas and the well
nown Dittus–Boelter correlation predicts MCST better than other
orrelations, as it has a high accuracy for such single-phase flows
Kamei et al., 2006).

.5. Void reactivity effect for equilibrium core

The void reactivity effect for equilibrium core was  also calcu-

ated by considering total loss of coolant. The effects at BOC and EOC
re −0.6%dk/k and −0.55%dk/k respectively. The design criterion of
egative void reactivity effect is satisfied.

able 3
ffect of heat transfer correlations on MCST.

Heat transfer
correlation

Average outlet
temperature (◦C)

MCST BOC/EOC (◦C)

Dittus–Boelter 625 837/812
Oka–Koshizuka 625 821/796
Bishop 625 841/819
Swenson 625 892/864
EOC 

istribution for quarter core.

5.6. Shutdown margin

Shutdown margin was calculated at BOC of the equilibrium core.
During this evaluation coolant temperature inside core was  consid-
ered as same as the inlet temperature and corresponding density
of 0.6 g/cc was  used and it was  also assumed that the control rod
cluster having maximum worth was stuck at its position. In order to
provide sufficient negative reactivity, 24 banks of shutdown rods
were introduced in the core. The positions of control rod cluster
having maximum worth and shutdown banks are shown in Fig. 14.

In Fig. 14 the gray box is indicating the position of control rod
cluster having maximum worth and number inside the box is show-
ing the axial position at which this cluster was  stuck. It means that
there are seven axial mesh positions below the bottom of control
rod. The alphabetical digits from “A” to “X” are showing the pos-
itions of shut down banks. The effective multiplication factor for the
core was calculated to be 0.984 thus having shutdown margin of
−1.5%dk/k. As there are many shut down rods which are required
for cold shutdown so another design of shutdown rods was also
considered in this research.

Instead of inserting shutdown rods inside assembly, the “+”
shaped shutdown rods were inserted in space between the assem-
blies as shown in Fig. 15. The same analysis of cold shutdown
margin was repeated using these “+” shaped shutdown rods by
same consideration that control cluster having maximum worth
is stuck at its position. Gray box in Fig. 15 is representing the con-
trol rod having maximum worth and alphabets are representing the
shutdown banks. Only seven banks of shutdown rods are required
in this case. The effective multiplication factor of the core is cal-
culated to be 0.982 and so having shutdown margin of −1.8%dk/k.
Cladding materials for shutdown rod was not considered in the
analysis; shutdown margin will further increase by the consider-
ation of cladding material. Either of these two  shapes of shutdown
rods can be used for cold shutdown of the reactor.

5.7. Comparison with pin type core design

The detailed comparison between pin type and inverted geome-
try for PWRs has already been done in the past by Malen et al. (2009)

and Ferroni (2010). The comparison of some parameters of IPTT-
SCWR design and the traditional pressure tube type SCWR design
presented in Ammar  et al. (2014) is shown in Table 4. Although the
advantages of both the geometries cannot be fully assessed from
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1 2 3 4 5 6 7 8 9 10
A BOC

EOC
B

C 58 9 68 6 60 3 677
576 628 557 60 3

D 651 637 64 8 625 672 66 0
617 63 2 63 1 592 617 59 8

E 68 4 58 8 620 60 6 64 9 64 5 55 3
652 58 6 64 1 60 9 61 8 61 0 525

F 644 64 8 626 59 4 61 6 558 64 0
646 674 66 5 64 1 626 550 607

G 65 0 682 629 61 4 571 567 61 0 556
646 674 637 66 6 60 8 58 6 61 5 573

H 713 620 702 65 0 61 1 602 57 4 54 5
666 597 675 66 6 63 6 63 4 61 8 61 1

I 66 9 69 4 701 66 3 63 4 58 5 567 533
628 64 9 670 65 8 64 2 63 3 647 621

J 700 68 3 61 8 692 621 58 6 58 0 54 2
639 63 1 59 0 66 1 64 6 66 8 69 0 662

Fig. 12. Coolant outlet temperature distribution.

1 2 3 4 5 6 7 8 9 10
A BOC

EOC
B

C 779 80 1 81 1 81 0
729 726 708 69 5

D 752 725 728 773 80 3 80 3
747 74 7 752 719 711 700

E 79 5 706 68 4 736 742 75 4 745
780 739 727 734 729 717 726

F 727 722 69 1 66 1 712 728 742
777 772 766 75 4 75 4 704 701

G 79 1 782 722 68 8 66 9 68 6 69 1 670
812 802 79 5 792 740 718 713 732

H 837 81 9 80 8 748 700 675 670 677
776 80 5 79 9 80 9 744 730 726 739

I 831 831 826 777 722 681 651 673
759 75 9 79 6 765 74 7 744 761 744

J 837 83 1 822 807 739 674 64 0 657
741 74 7 77 7 76

Fig. 13. MCST di

N
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P V U A I
P B K Y C L T S 
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Y D

R V C Q W O M
F U L D W G 7

N X A T J O G
I S E M

Fig. 14. Shutdown rods positions.
8 760 763 774 764

stribution.

Table 4 because of the different fuel materials but some advan-
tage of inverted design can be observed like, with low initial fuel
enrichment of inverted design it is providing same cycle length of
425 days.

Cycle length can be further increased by slightly increasing the
initial fuel enrichment which will in turn decrease the operation
and maintenance cost of the plant. Another advantage of inverted
design is to maintain same average coolant outlet temperature of
625 ◦C with lower MCST both at BOC and EOC. However some more
research in this area is required to fully ascertain the advantages

of one geometry over the other in case of SCWRs. This research
should include the consideration of same fuel materials in two
types of geometries, assessment of manufacturing costs of inverted
geometry and irradiation tests on fuel (U–Th–Zr-hydride).
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Fig. 15. Shutdown rods d

Table 4
Comparison between inverted and pin type design.

Parameters Inverted design Pin type design
(Ammar  et al.,
2014)

Thermal/electrical power (MW) 2540/1200 2540/1200
Fuel U–Th–Zr-hydride ThO2/PuO2

Fuel enrichment (%) 10 13
Fuel density (g/cm3) 9.096 9.88
Heavy metal mass in core (kg) 7.92E+04 5.69E+04

6

s
i
f
a
t
c
p
6
b
t
t
m
l
i
e
f
a
a
f
f

A

F

Cycle length EFPD 425 425
Average outlet temperature (◦C) 625 625
MCST (BOC/EOC) (◦C) 837/812 844/854

. Conclusion

A new assembly and core design has been proposed for pres-
ure tube type SCWRs. The proposed IPTT-SCWR design has the
nverted geometry which means that the relative positions of
uel and coolant have been inverted. The core was designed and
nalyzed using a coupled neutronics and thermal hydraulics sys-
em. Two pass flow scheme was used for the core. Moreover
ontrol rod design and loading pattern have also been pro-
osed. The core average coolant temperature was  found to be
25 ◦C and MCST was found to be 837 ◦C. Average discharge
urnup for the core is 40.86 MWd/kg and CVR is negative for
he proposed assembly and core design. The results show that
he design is viable from view point of neutronics and ther-

al  hydraulics and it satisfies all the design criteria. Moreover
ower MCST and longer cycle length can be achieved compar-
ng with the traditional PT-SCWR design. However there is no
xperimental data available about the fuel (U–Th–Zr-hydride) per-
ormance at the elevated temperatures of SCWRs. So this is an
rea of research and some experimental research in this regard is
lso required. Furthermore the possibility of utilization of other
uels in inverted configuration also needs to be investigated in
uture.
cknowledgement
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