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a b s t r a c t

This study presents an initial design for a novel system consisting in a coupled nuclear reactor and a
phase change material-based thermal energy storage (TES) component, which acts as a buffer and
regulator of heat transfer between the primary and secondary loops. The goal of this concept is to
enhance the capacity factor of nuclear power plants (NPPs) in the case of high integration of renewable
energy sources into the electric grid. Hence, this system could support in elevating the economics of
NPPs in current competitive markets, especially with subsidized solar and wind energy sources, and
relatively low oil and gas prices. Furthermore, utilizing a prismatic-core advanced high temperature
reactor (PAHTR) cooled by a molten salt with a high melting point, have the potential in increasing the
system efficiency due to its high operating temperature, and providing the baseline requirements for
coupling other process heat applications. The present research studies the neutronics and thermal hy-
draulics (TH) of the PAHTR as well as TH calculations for the TES which consists of 300 blocks with a total
heat storage capacity of 150 MWd. SERPENT Monte Carlo and MCNP5 codes carried out the neutronics
analysis of the PAHTR which is sized to have a 5-year refueling cycle and rated power of 300 MWth. The
PAHTR has 10 metric tons of heavy metal with 19.75 wt% enriched UO2 TRISO fuel, a hot clean excess
reactivity and shutdown margin of $33.70 and -$115.68; respectively, negative temperature feedback
coefficients, and an axial flux peaking factor of 1.68. Star-CCM þ code predicted the correct convective
heat transfer coefficient variations for both the reactor and the storage. TH analysis results show that the
flow in the primary loop (in the reactor and TES) remains in the developing mixed convection regime
while it reaches a fully developed flow in the secondary loop.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nuclear electricity generating plants usually supply baseload
power needs to the electricity grid [1,2]. In a typical electricity grid,
demand supplies are fluctuating between high peaks in the day
time and low peaks in the night. Moreover, higher contributions of
renewable sources (e.g. solar and wind) to electricity grids place
more burdens on nuclear power plants' (NPPs') operations [1]. This
type of grids can place some negative impacts on the NPPs’ capacity
factor and could result in serious financial consequences [1].
Attaching a nuclear reactor to a thermal energy storingmechanism/
system could enhance the applicability of NPPs in highly integrated
eri).

by Elsevier Korea LLC. This is an
renewable-nuclear electricity grids. The output power of the
reactor is constantly provided to a thermal storage block, which
will buffer the varying power demands from the reactor constant
operations. In this investigation, an initial design concept along
with a steady state calculation for a prismatic-core advanced high
temperature reactor (PAHTR), which is to be coupled with a ther-
mal energy storage (TES) block (refer to Fig. 1); is conducted. For
higher operating efficiencies, molten-salt phase change materials
(PCMs) with high melting points are suggested for the energy
storing material. The TES normal operation is strongly recom-
mended to be in the latent heat region.

TES concepts development have been always in line with the
advancements of renewable energy sources technologies, specif-
ically concentrated solar power (CSP). More details about advan-
tages and operation conditions of TES can be found in Ref. [3]. More
important benefits of utilizing the TES in this design, are (1) the TES
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Fig. 1. The coupled system block diagram.
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block will isolate the varying power demands from the reactor
constant operations, and (2) this TES block can absorb excess decay
heating from the nuclear fuel during possible accident scenarios.
Thermal energy can be stored in these blocks either as sensible heat
by the temperature increase of the storingmedia (see Equation (1)),
or as latent heat by melting or vaporizing the storing media (see
Equation (2)).

DQ ¼ mcpDT : (1)

DQ ¼ mDh: (2)

Many different TES design concepts are available in the litera-
ture. These concepts are mainly classified into active and passive
energy storage systems. The main difference between these two
concepts is that in the case of an active system, the storing material
runs through the heat exchangers as well, while it is kept in its
storage tanks in the case of a passive energy storage concept [4].
Fig. 2 shows a basic illustration of these two energy storage
concepts.

Due to the high operating temperature and good compatibility
Fig. 2. Active and passive energy storage concepts.
for the molten salt coolants of the advanced high temperature re-
actors (AHTRs) [5], an AHTR design is selected in this study to be
coupled with a PCM-based TES system. Molten salt FLiBe (Li2BeF4),
is selected as a good coolant candidate in different AHTR designs as
well as being used as the primary coolant for the Molten-Salt
Reactor Experiment [6]. Additional advantages of FLiBe are; the
low melting point (732 K), high boiling temperature (1673 K),
preferable heat transfer characteristics, and most importantly its
negative void coefficient when compared to other molten salt
coolants [7].
2. Determination of system capacity and sizing

The reactor is designed to provide sufficient power demand for a
relatively small city that is assumed to have around 55 thousand
families. For a design basis with a reactor life cycle of 60 years, this
population is estimated to grow to 100 thousand families with 1%
annual growth rate. With the assumption that 1 mega-watts of
electric power is sufficient for 750 families [8], around 133 MW
electric power is needed for the 100 thousand families. Taking in
consideration the high operating temperatures and possible use of
Brayton cycle conversion system, the system conversion efficiency
could reach as high as 45% [5,9]. This leads to a reactor designwith a
rated thermal power of around 300 MW.

For the sizing of the TES system, a typical daily demand curve
shown in Fig. 3, is considered. This demand curve accounts for
varying electricity utilization during day and night along with
Fig. 3. Considered power demand maneuvering with daily operating hours.
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potential renewable energy sources integrated in the grid. Taking in
consideration the above mentioned demand curve and the calcu-
lated population electricity needs, the TES system is sized to have a
capacity of 150 mega-watt-day.
Fig. 4. Cross sectional illustration of the PAHTR.

Table 2
Design parameters of the PAHTR.

Power 300 MWth

Average power density 4.64 W/cm3

Inlet temperature 620 �C
Outlet temperature 720 �C
Coolant flow direction upward
Active core diameter and height 3.96 m, 5.25 m
Active core volume 64.66 m3

Fuel assemblies 90
Fuel rods per assembly 358
Coolant channel/assembly 216
Fuel rod radius 0.6225 cm
Coolant channel radius 0.5 cm
Fuel Type: TRISO particle 430 mm OD UO2

Packing factor 35%
Enrichment 19.75 wt% U-235
Heavy metal mass 10 MT
3. Reactor design

At the beginning of the design process, Equation (3) is used to
conduct a rough evaluation of different dimensions and fuel load-
ings for the reactor core based on a rated thermal power level of
300MW, and a fuel burnup limit of 65 GWd/tHM [10]. The goal is to
reach aminimum operating cycle of five years. The different reactor
designs are tabulated in Table 1.

Lifetime ðyrsÞ ¼
burnup

�
GWd
tHM

�
� mass of heavy metal ðtHMÞ

power ðGWÞ � 365 days
yr

(3)

In this study, a 300 MWth power-rated PAHTR is designed with
approximately ten tones of TRISO fuel particles containing 19.75 wt
% enriched uranium oxide fuel kernels while running on a five-year
operating cycle. Fig. 4 shows cross sectional view of the reactor. The
main PAHTR specifications are listed in Table 2. The PAHTR is
designed on the basis of proceeding high temperature reactor
(HTR) designs such as the pebble bed modular reactor (PBMR). The
molten salt, which is the primary coolant in this concept, has
favorable characteristics mainly its high operating temperatures
and promising natural circulation competencies [5]. As a result, this
reactor can have high power density which leads to improved
overall system efficiencies and increase the capability of having
intermediate energy storage systems.

The reactor core of the PAHTR contains 90 prismatic fuel as-
semblies with an overall core height of 5.25 m (see Fig. 4). Each fuel
assembly has 20 boron carbide control rods, 358 TRISO-based fuel
rods, and 216 coolant channels (see Fig. 5). In addition to the
different cladding layers of the TRISO particle, a graphite cladding
material is surrounding the fuel particles region in each fuel pellet
(see Fig. 5). Coolant channels are designed in such a way that each
coolant channel is surrounded by six fuel rods and built in a
graphite matrix. These graphite-based fuel assemblies have 36 cm
flat-to-flat dimension as shown in Fig. 5 as well. The packing factor
for TRISO fuel particles in the fuel rods is 35%. The design config-
uration of these particles is shown in Fig. 6 [11].

MCNP5 [12] and SERPENT version 1.1.19 [13] codes are utilized
to conduct the neutronic analyses of the designed reactor. Different
parameters of the PAHTR are calculated including core configura-
tion, burnup calculations, shutdown margins, temperature reac-
tivity feedback coefficients, hot rod and axial peaking factors, and
finally parameters of the six delayed neutron groups.

Starting with the cold beginning of cycle (BOC) analysis, all
parameters in the MCNP5 and SERPENT models, including the
ENDF/B-VII cross-section libraries are set at 300 K. For all other
types of calculations, the temperature is set to 900 K. A criticality
Table 1
Reactor core sizing and corresponding lifetimes.

core sizes (diameter x height) mass of heavy

(meters) (metric tons)

2.5 � 4 3.1
3.3 � 4 5.1
4.0 � 4 7.7
4.0 � 5.25 10
run for 120 active cycles (assuming 20 initial cycles) of 10 thousand
neutrons per cycle is performed. The materials’ compositions and
densities for this study are listed in Table 3. More details about the
model can be found in Refs. [14,15]. For the feedback coefficient
calculations, the current study considers density of FLiBe, graphite
and TRISO particle kernel, and the fuel kernel thermal expansion.
These parameters are tabulated in Table 4.
3.1. Core configuration and burnup calculations

In the beginning, a size optimization of the reflector is con-
ducted using MCNP5 for different thicknesses of the reflector ma-
terial surrounding the core to maximize the excess reactivity. The
optimum reflector thickness for the PAHTR is found to be 100 cm as
shown in Fig. 7. Then, MCNP5 and SERPENT excess multiplication
metal lifetime at 65 GWd/tHM burnup

(years)

1.8
3.0
4.6
5.9



Fig. 5. Top view of a single fuel assembly (left) and a fuel unit cell (right).

Fig. 6. TRISO fuel particle configuration.

Table 3
Materials properties for fuel, control rods and coolants.

composition (at. %) density (g/cm3)

UO2 6.65235U, 26.68238U, 66.6716O 10.963 (300 K), 10.766 (900 K)
FLiBe 28.57 7Li, 14.29 9Be, 57.1419F 2.396 (300 K), 2.153 (900 K)
He 100 4He 1.665 � 10�4

B4C 15.9210B, 64.0811B, 20 C 2.50
Graphite 100 C 1.74
PyC 100 C 1.90
Porous 100 C 0.97
SiC 46.1228Si, 2.3329Si, 1.5530Si, 50 C 4.21

Table 4
Properties for uranium oxide, FLiBe and graphite varying with temperature.

Temperature (K) UO2 fuel kernel

density [16] (g/cm3) thermal expansion

800 10.800 9.9300 � 10�6

900 10.766 9.9885 � 10�6

1000 10.733 1.0000 � 10�5

1100 10.699 1.0100 � 10�5

1200 10.664 1.0223 � 10�5

Fig. 7. Reflector thickness sizing for the reactor core.
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factor results for the cold BOC, hot BOC, and shutdown conditions
are compared. Both results are in good agreement as shown in
Table 5. The hot end of cycle (EOC) excess multiplication factor is
calculated using SERPENT and tabulated in Table 5 as well.

For a more accurate result of the PAHTR lifetime, a burnup
calculation for the core designs described in Table 1 is conducted
using SERPENT. Fig. 8 shows these burnup results based on the
effective multiplication factor of the reactor. The only design that
stays critical for at least five years is the 90 fuel assemblies’ core
with 4 m diameter and 5.25 m height. Thus, this core design is
selected for all further calculations.
FLiBe graphite

[16] (1/K) density [17] (g/cm3) density [18] (g/cm3)

2.193 1.700
2.153 1.697
2.077 1.690
2.008 1.687
1.939 1.680



Table 5
Multiplication factors and reactivity using SERPENT and MCNP.

SERPENT MCNP

BOC 1.34496 ± 0.00082
39.64 ± 0.12 [$]

1.34515 ± 0.00075
39.66 ± 0.11 [$]

BOC 1.27882 ± 0.00082
33.70 ± 0.12 [$]

1.27656 ± 0.00084
33.49 ± 0.12 [$]

EOC 1.03563 ± 0.00100
5.32 ± 0.15 [$]

- - -

shutdown 0.57194 ± 0.00139
�115.68 ± 0.10 [$]

0.57159 ± 0.00073
�115.84 ± 0.05 [$]

Fig. 8. Burnup calculation at full power for the different core sizes.
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3.2. Control mechanism and feedback coefficients

The control system in the PAHTR consists of 20 control rods per
assembly with an outer diameter of 1.145 cm (see Fig. 5). These
control rods have an unenriched boron carbide neutrons absorber
surrounded by stainless steel clad with a thickness of 0.5 mm. At
BOL, 75% control rods insertion is sufficient to shut down the
reactor. The shutdown margin with 100% control rods insertion at
BOL is listed in Table 5.

Multiple criticality runs are conducted using MCNP5 at different
fuel, coolant and graphite temperatures. The BOL effective multi-
plication factors for each of these runs are plotted as a function of
temperature to determine the temperature feedback coefficients.
The fuel, coolant and graphite feedback coefficients are found to be
all negative as �3.881 pcm/K, �1.315 pcm/K and �1.127 pcm/K,
respectively.
3.3. Peaking factors and reactor kinetics parameters

Hot rod and axial peaking factors calculation is important to
study the power distribution, thermal hydraulics (TH) and safety
conditions of the reactor. This analysis can also point out the
highest power producing assembly and fuel rod in the core. For
determining the hot assembly and fuel rod, peaking factors for the
PAHTR fuel assemblies of BOC and EOC, calculated using the SER-
PENTcode, are plotted as in Fig. 9. The hot assembly is located in the
inner ring of core at both BOC and EOC with a peaking factor of
almost 2 with a slight increase toward EOC (see Fig. 9) which cor-
responds to around 6.6 MW generated thermal power. Also, fuel
rods peaking factors for the hot assembly are extracted from the
SERPENT output file. The hottest fuel rod is located in the center
edge of the inner ring of the reactor core with a peaking factor of
around 2.4 which accounts for 22.6 kW generated thermal power.
Axial peaking factor profile calculation for the reactor power is

conducted using MCNP5 which is really important for the reactor
TH analyses. This study is done by calculating the average flux for
multiple cross-sectional slices of the PAHTR core along its height.
These average values are then divided by the overall average core
flux which is found to be 6.73 � 1013 n/cm2-s, and plotted in Fig. 10.
The power peaking factor is proportionally related with the flux
peaking factor. The proportionality parameter here is actually the
macroscopic fission cross section. Fig. 10 shows the power peaking
profile with a maximum value around 1.7 at 193 cm height.

Another important part of this neutronic calculation is esti-
mating the reactor kinetics parameters which is critical in per-
forming the transient analyses of the PAHTR-TES coupled system.
This transient study will be discussed in a future publication. The
kinetics parameters of the reactor include the total delayed neutron
fraction (beff ), fractions and half-lives of the six delayed neutron
groups, and prompt generation time. These parameters are calcu-
lated by SERPENT and compared to the tabulated values for
uranium-235 as shown in Table 6 [19].
3.4. PAHTR thermal hydraulic calculation

Detailed thermal hydraulics and sub-channel calculation of the
PAHTR design is reported in the paper of Alameri et al. [20]. In that
study, the molten salt coolant, FLiBe is considered as the primary
loop coolant. Table 7 summarizes the important properties of FLiBe
as a function of temperature. The Prandtl number, Pr ranges be-
tween 17.45 at the inlet and 10.91 at the outlet. The coolant is
flowing in the primary loop with 0.03688 kg/s mass flow rate per
channel. The resultant Reynolds number, ReD is around 1046 which
corresponds to a laminar flow regime. However, by calculating
length of the developing flow region using Equation (4), it can be
easily demonstrated that the flow is expected to remain in the
developing laminar regime along the full length of the channel.

LT =D ¼ aReDPr: (4)

where a is 0.1 for 0:7< Pr<1:0, and 0.15 for Pr>1 [21].
Thus, a single channel CFD model of the PAHTR taking in

consideration the surrounding graphite and fuel rods, is bench-
marked and validated against exiting correlations of the developing
laminar forced convection flow. Also, investigated in the study
conducted by Alameri et al. [20], was the Star-CCM þ CFD code's
global discretization error order which was found to approach a
second order, hence providing a good confidence level in terms of
the code capability to provide trustworthy predictions for the
different variables required to complete the present design concept
analysis. As can be seen in Fig. 11, the constant Nusselt number
value, Nu¼ hFliBeD=k ¼ 4:363 used further down in TES thermal
hydraulic and heat transfer calculation section, is below the actual
averaged value of Nu ¼ 7:052, hence using the value of (48/11)
obtained from a fully developed forced convection flow analytical
solution with a constant heat flux wall boundary condition, will
results in conservative predictions allowing for a large margin with
regards to thermal hydraulic safety assessments. More details on
this CFD analysis with both constant and variable heat fluxes can be
found in Ref. [20].
4. TES system design

As mentioned previously in this paper, TES stores heat either as
latent or sensible heat. The recommended operation is to be in the



Fig. 9. Calculated fuel assembly peaking factors.

Fig. 10. Calculated axial flux peaking factors.

Table 6
PAHTR kinetics parameters determined by SERPENT compared to tabulates values
for U-235 [19].

Delayed Neutron Group Delayed neutron
fraction

Halfelife (sec)

U-235 PAHTR U-235 PAHTR

1 0.00021 0.00019 56 55.494
2 0.00142 0.00109 23 21.797
3 0.00128 0.00110 6.2 6.328
4 0.00257 0.00294 2.3 2.183
5 0.00075 0.00080 0.61 0.512
6 0.00027 0.00035 0.23 0.080

0.00650 0.00647

Prompt generation time (sec) 4.085 � 10�4

Table 7
Functions of the coolant's thermodynamic properties.

Density, r, [kg/m3] 2820:4� 0:738T
Dynamic Viscosity, m, [kg/m.s] 0:116� 10�3expð3755=TÞ
Thermal Conductivity, k, [W/m.k] 629:697 � 10�3 þ 0:5� 10�3T
Specific heat, Cp, [J/kg.K] 2415:78
Thermal expansion, b, [K�1] 3:414� 10�4
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latent heat region with a stable storing media temperature at
around the melting point. To better compare these different types
of storage, two materials are compared to store 0.5 MWd of heat;
one in the latent heat region, LiCl, and the other in the sensible heat
region, NaCl-MgCl2. Thermal properties and calculated volume and
mass for both storing materials are listed in Table 8 [22]. Using a
storing material in the latent heat region resulted in four times
smaller volume of the TES block than the sensible heat storing case.

Thus, with less mass required and high latent heat capacity
(416 kJ/kg) of LiCl in the PCM based latent heat storage options
along with the promising benefits of operating at an almost fixed
temperature, LiCl is selected as the storing media in the TES block.
During abnormality conditions of the TES, the operation can shift to
the sensible heat region. This occurs when the PCM reach a fully
solid state or a fully liquid state. However, in normal operation
conditions, the TES system will always operate in the latent heat
region with the PCM storing material in the melting stage. Further
assessment of normal and abnormal operations will be considered
in a following paper.



Fig. 11. Bulk and wall temperatures variation (left) and Nusselt number streamwise variation (right) with uniform heat flux q0".

Table 8
Comparing latent heat storing material with a sensible heat storing media.

LiCl NaCl-MgCl2

Energy stored (MWd) 0.5 0.5
Melting Temperature (�C) 610 450
Heat of Fusion (kJ/kg) 416 430
Specific Heat (J/kg-K) 1132 1000
Density (kg/m3) 2070 2230
Volume (m3) 50.2 193.7
Mass (kg) 1.0 � 105 4.3 � 105
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4.1. TES system sizing and initial design

As the PAHTR operating temperatures are very high, using a high
temperature melting materials such as molten salts for the storing
media in the TES, will bemore desirable and practical. Thus, a latent
heat TES systemwith LiCl PCM as the storingmaterial is designed to
couple with the PAHTR. Due to the potential concerns that arise
from material expansion during the melting stage, and in the
reverse its contraction during the solidification stage, a TES concept
that has many thin and long PCM tubes with large number of
smaller TES blocks is designed and studied. This design can increase
the surface area for more efficient heat transfer and reduce oper-
ation and maintenance costs.

According to the system sizing study above, the TES system
should have a total capacity of 150 MWd. For this initial TES design,
the total capacity is distributed evenly over 300 smaller blocks each
having 0.5 MWd energy storage capacity with a 5.5 m height and
around 5 m outer diameter. Fig. 12 illustrates a schematic of this
initial TES design. Each block has 1135 PCM tubes, and an outer
insulation material with a thickness of 10 cm polished with
aluminum thin film cladding.

For the heat transfer mechanism, the primary flow from the
reactor is disseminated evenly between the 300 TES blocks. Thus,
thermal energy can transfer from the reactor to the storing media,
LiCl in this case, through the primary heat exchangers of the TES
blocks by the molten salt coolant, FLiBe. Later when energy is
demanded by the electric grid, the heat can be transferred from the
storing media through the secondary heat exchangers of the TES
blocks to the conversion system by the secondary loop coolant,
here assumed to be helium gas. Fig. 13 presents a vertical cross-
sectional view of a single PCM tube showing some gaps at the
top of the tube that account for the expanded LiCl melt during the
charging stage.

Fig. 14 shows an axial cross-sectional view of three PCM tubes.
The primary coolant from the PAHTR flows inside the PCM tubes in
a 1 cm diameter cylindrical channel that is cladded by a 1 mm thick
Inconel 625 cladding. For a 0.5 MWd storage capacity of each TES
block, each PCM tube of the 1135 tubes in a single TES block is sized
to have a thickness of 4.74 cm. Then the PCM layer is coated by an
Inconel 625 cladding. It is important for this cladding layer to
withstand the pressure of the helium coolant in the secondary loop
of this heat exchanger, especially when the PCM is totally melted.
Equation (5) can calculate the maximum hoop stress exerted by the
10 MPa pressure of helium gas at the outer cladding of the PCM
tube with an assumed cladding thickness of 1 cm. The maximum
calculated hoop stress of 68.2 MPa is less than one third of the
rupture stress of Inconel 625 at 894 K and 100 thousand hours of
operation (207 MPa).

smax ¼
pir2i � por2o
r2o � r2i

� r2i r
2
oðpo � piÞ

r2i
�
r2o � r2i

� (5)

4.2. TES thermal hydraulic and heat transfer calculation

To conduct a heat transfer model of the TES system which is
needed in the transient modeling of the coupled system later, it is
important to calculate the heat transfer coefficients in the primary
and secondary heat exchangers of the TES block. The flow in the
primary loop of the TES is molten salt FLiBe flowing upward in the
reactor and then going downward through the TES channels.
Detailed CFD analysis for the PAHTR single channel is done (see
Section 3.4). For the primary loop of the TES taking into consider-
ation the buoyancy effect, which is more important for upward flow
conditions, the heat transfer characteristics will be more enhanced
in the case of downward flow regime. Thus, using a constant value
of (48/11) for the Nusselt number is a conservative assumption and
will give an under-prediction of the heat transfer in the coolant
channel. The estimated Reynolds number for the primary loop is
74.7.

For the secondary loop, helium gas is considered as the heat
transfer mediumwith a Prandtl number, Pr, of 0.665. A detailed CFD
study is done by Alkaabi et al. [23,24] for this case using the Star-
CCM þ code. Fig. 15 shows the friction coefficient, Nusselt number
and bulk temperature variations in the secondary loop of the TES
with a uniform heat flux q0". The average friction coefficient and
Nusselt number are 0.816 and 6.93, respectively. Thus, using a
constant value of (48/11) for the Nusselt number is a conservative
assumption and the resultant Reynolds number for the secondary
loop is 457.3. As both Reynolds numbers are less than 2300; thus,



Fig. 12. Basic illustration of the initial design of the TES block.

Fig. 13. Vertical cross sectional of a TES tube.

Fig. 14. Top view of three tubes inside a TES block.
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the primary and secondary flow is laminar. In this condition, the
average heat transfer coefficients in the primary and secondary
heat exchangers of the TES blocks are calculated as:

hFLiBe ¼
�
Nu:k
D

�
FLiBe

¼ 480:1
W

m2,K
; (6)

hHe ¼
�
Nu:k
D

�
He

¼ 37:9
W

m2,K
: (7)

Using these heat transfer coefficients, and the different thick-
nesses, heat transfer surface areas and thermal properties of the
different materials and regions in a simplified model of a single TES
tube shown in Fig. 16, Equations (8)e(15) calculate the temperature
drops and thermal resistances across these different regions. These
temperature drops are plotted as functions of percentage stored
latent heat in a single PCM tube (see Fig. 17). Starting with a zero
percent stored latent heat while the PCM is fully solid, the domi-
nant temperature drop is in the solid PCM region. As the charging
stage proceeds, the PCM starts melting while decreasing the tem-
perature drop across the solid PCM region and increasing it across
the liquid region of the PCM. When the PCM is totally melt, the
largest contribution to the total temperature drop comes from the
liquid region of the PCM tube. The temperature drops due to
convective heat transfer and across the cladding layers are small
compared to the PCM region and stay constant during the charging
stage.

DTtot ¼ _q,Rtot ; (8)

Rtot ¼Rconvin þ Rcladin
þ RLiClliquid þ RLiClsolid þ Rcladout

þ Rconvout ; (9)

Rconvin ¼
1

ðhAÞFLiBe
; (10)

Rcladin
¼ ln

�
rcladin

�
rFLiBe

�
2pkInconel625Ltube

; (11)



Fig. 15. Friction coefficient (left), Nusselt number (right), and bulk temperature (bottom) variations in the secondary loop of the TES with uniform heat flux q0".

Fig. 16. Cross sectional of a single TES tube.
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RLiClliquid ¼
ln
�
rLiClliquid

.
rcladin

�
2pkLiClliquid Ltube

; (12)

RLiClsolid ¼
ln
�
rLiClsolid

.
rLiClliquid

�
2pkLiClsolid Ltube

; (13)
Rcladout
¼ ln

�
rcladout

�
rLiClsolid

�
2pkInconel625Ltube

; (14)

Rconvout ¼
1

ðhAÞHe
: (15)



Fig. 17. Temperature drops through different regions of a single TES tube versus stored
latent heat energy.

S.A. Alameri et al. / Nuclear Engineering and Technology 52 (2020) 248e257 257
5. Conclusions

In this paper, a molten salt cooled high temperature reactor
design (PAHTR) is coupled with a PCM-based TES system. During
the operation stages of this coupled system, the PAHTR supplies
heat constantly to the storage blocks in a pattern following re-
quirements of the electricity grid demand curve. The energy con-
version mechanism is assumed to be a typical closed Brayton cycle.
As this system is deploying an advanced high temperature reactor,
it has the capability for further utilization in other process heat
application, which increases the overall efficiency of the system.

In this study, the neutronic parameters for the proposed reactor
are determined and calculated which include fuel loadings, burnup
rates and operating cycle, excess reactivities, temperature feedback
coefficients, control worth, and peaking factors. More enhance-
ments are required for the PAHTR design to; optimize the core
power distribution, determine the equilibrium cycle with a more
flattened reactivity profile, improve the control mechanism incor-
porating some burnable absorber materials. These enhancements
will be done in future research.

Thermal hydraulics and sub-channel calculation of the PAHTR
core found that the flow in primary loop channels remains in the
developing laminar regime with a mixed convection flow. Earlier
study by the authors generated a new correlation for this mixed
convection flow while assuming a constant heat flux rate. In future
work, the specific power peaking profile of the PAHTR will be uti-
lized to further optimize the thermal hydraulic calculations.

For this coupled system, an initial TES design is proposed with
300 PCM-based TES blocks each containing 1135 LiCl-PCM tubes. A
CFD analysis is done for the primary and secondary loops of the TES
block. Both loops’ flow is in the laminar flow regime inwhich using
the constant value of (48/11) for the Nusselt number here is a
conservative assumption. More investigations of the TES are
needed to study the melting process of the phase change material
inside the small long channels of the TES blocks. It is also important
to examine the possible positive or negative feedback effects of the
TES system on the PAHTR operating conditions.
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