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A B S T R A C T   

One of the main difficulties associated with using molten salts as heat transfer fluids (HTFs) in practical appli
cations such as in the solar and nuclear energy industries is the possibility of solidifying molten salts. Since the 
salts proposed for Generation-IV nuclear reactors (MSRs) have higher melting points, this is especially true for 
those reactors. The consequences of accidental freezing within the direct reactor auxiliary cooling system 
(DRACS) of MSRs could be catastrophic. DRACS is a passive safety system designed to remove decay heat from 
the reactor core during an emergency. The present study examines, as a case study, the freezing problem in the 
most vulnerable component of DRACS, namely the natural draft heat exchanger (NDHX). For this application, a 
unique and innovative heat exchanger design termed radiative heat exchanger (RHX) is proposed, with nonlinear 
heat transfer characteristics. Specifically, by suppressing convection and exploiting thermal radiation as the 
primary heat transfer mechanism, the RHX concept reduces the heat rejection/removal rate passively to allow 
safe operation when the molten salt coolant temperature drops and is near its melting point, while maintaining a 
high capacity for decay heat extraction in case the coolant temperature rises during an accident and the reactor 
becomes overheated; this moderation of the heat removal rate is accomplished without the requirement for 
external (manual or automatic) control. A thermohydraulic model is developed and applied to evaluate the 
proposed RHX with the existing conventional NDHX. Compared to the conventional design, the RHX has the 
potential to reduce heat removal by approximately 30 % at low temperatures and near-solidification conditions. 
In the case of the prototypical 20 MW reactor with a decay rate of 0.2 MW, RHX extends the freezing time of 
molten salt by three times, to approximately 18 h. During high-temperature events, such as the initial stages of a 
reactor scram, the RHX can improve decay heat extraction by 17 %. Other applications of molten salts with 
similar challenges can also be addressed using the proposed design approach.   

Nomenclature  
A Surface area [m2] 
D Outside diagram of heat-exchanger tube [m] 
F View factor [-] 
Gr Grashof number [-] 
L Length [m] 
Nu Nusselt number [-] 
Pr Prandtl number [-] 
Re Reynolds number [-] 
T Temperature [K] 
Q Heat flow rate, thermal power [W] 
cp Specific heat capacity [J kg−1 K−1] 
f Friction factor [-] 
g Gravitational acceleration [m s−2] 
h Heat transfer coefficient [W m−2 K−1] 
k Thermal conductivity [W m−1 K−1] 

(continued on next column) 

Nomenclature (continued ) 

r Radius [m] 
Greek symbol 
ε Emissivity [-] 
μ Dynamic (absolute) viscosity [kg m−1 s−1] 
ρ Density [kg m−3] 
σ Stefan-Boltzmann constant [-] 
Subscript 
air Ambient air 
in Internal side 
salt Salt 
out External side 
s Steady state 
Abbreviations 
ARE Aircraft reactor experiment 
DHX Dracs heat exchanger 
DRACS Direct reactor auxiliary cooling system 
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Nomenclature (continued ) 

HTC Heat transfer coefficient 
ID Inside diameter 
LOFC Loss of forces circulation 
LWR Light water reactor 
MSR Molten salt reactor 
MSRE Molten salt reactor experiment 
NDHX Natural draft heat exchanger 
ORNL Oak Ridge National Laboratory 
OD Outside diameter 
RHX Radiative heat exchanger 
SHX Standard heat exchanger   

1. Introduction 

Molten salt technology has been studied extensively in recent years 
and is increasingly being utilised in energy fields such as solar power 
generation [1–3] and thermal energy storage [4,5]. This interest has 
resulted from the favourable physicochemical properties of molten salts 
relative to conventional heat transfer fluids (HTFs), such as their large 
specific heat capacities, good thermal conductivities [6–8], high boiling 
points at near-atmospheric pressures, and lower vapour pressures, but 
also their superior chemical stability, irradiation resistance and relative 
cost-effectiveness [9–11]. Thanks to these superior properties and 
characteristics, molten salts are being considered next-generation HTFs 
and thermal storage materials for high-temperature applications, 
particularly in the nuclear energy sector [12–15]. 

Research on molten salts as HTFs for nuclear applications started in 
the 1950 s with the U.S. Aircraft Reactor Experiment (ARE), a 2.5 MW 
nuclear reactor experiment aimed at attaining a nuclear engine for 
aircraft propulsion [16,17]. In the 1960 s, Oak Ridge National Labora
tory (ORNL) took the lead in researching MSRs and their work culmi
nated with a 7.4 MW test reactor named Molten-Salt Reactor Experiment 
(MSRE) [18]. From 1970 to 1976, ORNL designed a molten-salt breeder 
reactor (MSBR) with a 705 ◦C peak operating temperature. However, 
following this development, the MSR program in the U.S. was aban
doned in favour of liquid–metal fast reactors [19]. During the same 
period, the U.K.’s Atomic Energy Research Establishment (AERE) pro
ceeded with the development of an alternative 2.5 MW molten-salt fast 
reactor (MSFR) concept fuelled by plutonium; unfortunately, this pro
gram similarly came to an end, before its completion, in 1974 [20]. 

Recently, interest in MSRs in both solar and nuclear applications has 
reignited. In the nuclear industry, MSRs are considered a promising 
alternative to conventional light-water reactors (LWRs) due to their 
inherent safety features [21], and their design is regarded as one of the 
most sustainable nuclear fission reactor concepts [22]. The most sig
nificant advantage of MSRs compared to LWRs is that MSRs can operate 
at higher critical temperatures over wider temperature excursions. This 
advantage derives from the high boiling point of molten salts and their 
chemical stability under irradiation. MSRs are capable of operating at 
temperatures up to 1400 ◦C, close to atmospheric pressure. Pressurised- 
water reactors (PWRs), which account for the majority of the world’s 
LWR fleet, use high-pressure water as the HTF (at around 150 bar) and 
are therefore limited to operation at temperatures below 350 ◦C. 
Operating a reactor at a higher temperature, which is possible for MSRs, 
can enhance the power conversion efficiency and considerably reduce 
fissile fuel consumption [23]. Moreover, MSRs are associated with an 
additional inherent safety feature as they can operate with little or no 
pressurisation. Low operating pressures essentially reduce the risk of 
structural failure (e.g., pipe rupture) and loss of coolant accident (LOCA) 
scenarios. In addition, operation at low pressure allows the walls of the 
reactor vessel and pipelines to be thinner, simplifying the design and 
considerably reducing costs. 

On the other hand, some of the drawbacks of using molten salts as 
HTFs are related to the possible deterioration of the structural materials 

used, caused by corrosion and irradiation embrittlement [24–27]. 
Additionally, due to the high melting points of suitable molten salts, 
accidental solidification could be an issue that prevents their use in this 
application. This issue has been encountered in the solar industry, which 
has resulted in complications (e.g., the receiver tube may rupture or 
experience substantially reduced life expectancy) [28,29] and the need 
for innovative freeze protection solutions [12]. The same phenomenon 
in the nuclear sector is even more challenging as the molten salts being 
considered for MSRs have higher melting points [30]. For instance, the 
melting point of chloride and fluoride eutectics, one of the most prom
ising molten salts in the nuclear industry, is generally > 450 ◦C (those 
adopted in solar applications are around 150 ◦C). 

The accidental solidification of the coolant induces two adverse ef
fects in MSRs: (1) coolant can damage the pipes through stresses 
generated by the volumetric expansion associated with the phase tran
sition; and (2) solidification can partially or even entirely clog the 
pipelines of coolant loops impeding fluid circulation and heat dissipa
tion. The phenomenon of fluid circulation obstruction induced by 
clogging drastically reduces the cooling efficiency and can even 
completely block coolant flow in the extreme [31,32]. 

The issue of coolant freezing in MSRs was recognised at the research 
stages of the MSRE by ORNL in the 1960s. As a precaution against this 
hazard, sets of electric heaters were installed in every salt-containing 
component of the MSRE to maintain the coolant temperature above 
the melting point [33]; this solution is also nowadays commonly 
implemented in the concentrated solar power (CSP) industry [34]. In 
addition to this engineering solution, quick-closing doors and an inde
pendent cooling device referred to as a ‘radiator’ were installed. These 
doors were designed to prevent salt freezing in the radiator tubes by 
providing quick air shutoff [33]. Unfortunately, these measures all 
depend on the availability of an external power supply and control 
systems, which cannot always be guaranteed, especially in the event of 
accidents, such as the one at Fukushima Daiichi [35]. 

In an effort to mitigate the consequences of accidental salt solidifi
cation, this study aims to develop a reliable safety function that does not 
require external power supply or active control. As part of this effort, 
also as a case study, the study examines the freezing problem of molten 
salts in the direct reactor auxiliary cooling system (DRACS), shown in 
Fig. 1. In an emergency scenario of loss of forced circulation (LOFC), e.g., 
such as at Fukushima Daiichi, a safety system is required that is capable 
of removing decay heat from the reactor core passively via natural cir
culation [36], while alleviating the risks that arise due to salt solidifi
cation at lower temperatures. Considering the enormous heat generated 
by decay (7 % of the reactor’s generating capacity [37]) and the fact that 
this heat is exclusively removed by DRACS, the consequences of DRACS 
failure can be catastrophic [38,39]. For example, DRACS failure caused 
by clogging of solidified coolants can bring the reactor temperature up 
to 900 ◦C within 4 h [21]. 

As shown in Fig. 1, DRACS is composed of two interconnected, pri
mary and secondary, natural circulation loops, within which molten 
salts flow and exchange heat through the DRACS heat exchanger (DHX). 
A fluid diode inhibits molten salt circulation in both loops in non- 
emergency situations to prevent excessive thermal loss, thereby keep
ing the salt from solidifying. Nevertheless, in a reactor scram, an air inlet 
is opened in the secondary loop chimney, allowing natural circulation in 
both loops due to the thermal gradient, allowing decay heat to be 
removed by molten salt/air heat exchangers in the secondary loop, also 
known as natural draft heat exchangers (NDHX). 

Due to its location far from the reactor core and exposure to the 
environment, the NDHX is the most vulnerable unit in the DRACS since 
the coolant is at its lowest temperature. The conventional NDHX designs 
covered in the literature do not address the hazards that arises due to the 
coolant solidification, which can allow the reactor to reach dangerous 
operating conditions [21]. Therefore, the present study proposes a 
unique and innovative design approach for the NDHX, which promotes 
thermal radiation as the primary heat transfer mechanism by 
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suppressing convective heat transfer, termed ‘radiative heat exchanger’ 
(RHX). Such a heat exchanger takes advantage of thermal radiation’s 
inherent and strongly nonlinear properties, passively reduces the heat 
rejection/removal rate at lower temperatures, and suppresses the risk of 
solidification. This innovative heat exchanger design concept has the 
potential to avoid or mitigate salt solidification at lower temperatures, 
while effectively removing decay heat at higher temperatures. To the 
best knowledge of the authors, this is the first time that such a design has 
been proposed and studied to address the issue of salt solidification. The 
operating performance of a RHX design is assessed using an in-house 
thermohydraulic model developed for this study, which is also capable 
of predicting coolant freezing or performing analyses of this heat ex
changer’s performance. 

This paper consists of five sections, including this introductory sec
tion. As part of Section 2, detailed annotations are provided for the 
conventional NDHX design, referred to as a ‘standard heat exchanger’ 
(abbreviated SHX to differentiate it from the RHX), and the novel RHX 
design. Section 3 provides a description of the modelling and evaluation 
methods. The results of the simulations are presented in Section 4, along 
with detailed evaluations of two designs under various what-if sce
narios. The main conclusions are summarised in Section 5. 

2. Conventional and novel natural draft heat exchanger 

2.1. Layout of conventional natural draft heat exchanger 

As described in the previous section, the NDHX is a molten salt-air 
heat exchanger, wherein ambient air and molten salt coolant circulate 
naturally, driven by temperature differences. In a conventional NDHX 

design (see Fig. 2), the molten-salt coolant, assumed here to be FLiNaK 
(LiF–NaF–KF: 29–12–59 wt%), flows into a straight tube bundle ar
ranged in layers of parallel tubes. The ambient air flows over the 
external surface of the tube bundle, as illustrated in Fig. 2. In order to 
improve the natural draft circulation of the airflow, the heat exchanger 
is placed at the bottom of a chimney outside the reactor building. 
Ambient air enters the chimney from the bottom via louvres, which can 
be adjusted to control the airflow and, therefore, the total heat rejection 
capability of the DRACS. As a safety measure, the louvres are entirely 
opened in the event of a blackout, preventing any flow obstruction. A 
configuration with fully opened louvres is assumed in the current study 
to analyse severe emergencies such as a complete loss of external power 
supply, similar to the Fukushima Daiichi accident. 

The design and main geometrical parameters of the conventional 
NDHX adopted in this work were taken as a reference from Ref. [39]. 
This prototypic DRACS design has the capacity to remove 0.2 MW of 
decay heat from a 20 MW fluoride salt-cooled high-temperature reactor 
(FHR), or roughly 1 % of the operational reactor power. The NDHX 
design adopted is termed the ‘standard heat exchanger’ (SHX) to 
distinguish it from the ‘radiative heat exchanger’ (RHX) design proposed 
and investigated in the present work. The SHX comprises two rows of 
tubes, each with fifty tubes placed horizontally, one on top of the other 
in the air chimney, as shown in Fig. 3. Each individual tube has an inner 
diameter of 13.3 mm, an outer diameter of 15.9 mm and a total length of 
1.93 m. The chimney is set to be 10 m tall with a cross-sectional area of 4 
m2. 

Fig. 1. Simplified schematic of DRACS during LOFC. In the primary loop, the anticlockwise direction (red arrows) indicates the preferred direction of the fluidic 
diode, which is the coolant (i.e., molten salt) flow direction during the emergency. With the primary coolant flowing into the DHX and rejecting heat into the 
secondary loop, the circulation of the secondary coolant is then initialised (purple arrows). Ultimately, all the heat will be extracted by the NDHX [21]. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.2. Layout of novel radiative natural draft heat exchanger 

A design concept is proposed herein as an alternative to the con
ventional NDHX design to avoid or mitigate the consequences of unex
pected coolant freezing. Since the primary aim of the NDHX is to 
eliminate decay heat from the reactor core, thus preventing the core 
from overtemperature, as the fission decay continues to decrease over 
time, the molten salt fluid in the NDHX is gradually and inevitably 
cooled; once the temperature of the coolant drops to near its melting 
point, solidification may occur. This concern becomes increasingly 
critical as the melting temperature of the salt mixture adopted increases 
(e.g., FLiNaK’s melting point is 454 ◦C) [40]. 

Molten salt solidification is also intensified by the relatively high 
cooling efficiency of the NDHX. In addition, during a severe accident, 
such as a blackout, the louvres in the chimney can be kept open, and the 
air inflow velocity to the NDHX entirely depends on the chimney con
struction and cannot be decreased. In other words, the heat exchanger 
duty of a conventional NDHX is no longer adjustable, and undercooling 
of coolants can be unavoidable. To overcome this problem without 
relying on auxiliary heaters, external power or control, this study pro
poses an alternative NDHX design that relies on a passive, nonlinear 
variation of both the radiative and convective thermal power as the 
temperatures vary – as would be expected for different operation 
conditions. 

Specifically, the primary heat transfer mechanism employed in 
conventional NDHX designs is convection, driven by ambient airflow 
over the external surface of the tube bundle that cools the heat 
exchanger. However, as mentioned earlier, the inlet air flow rate cannot 
be controlled during emergency operation, which means that the 
convective thermal performance in a conventional NDHX cannot be 
adjusted. 

Thermal radiation, unlike convection, is unaffected by the external 
air velocity and scales with the fourth power of temperature. Thus, the 
possibility of emitting a significant amount of radiative heat at high 
temperatures and much reduced heat at low temperatures in a highly 
nonlinear fashion, offers an intrinsically safe way to reject heat without 
causing solidification and serves as a possible passive-safety character
istic that can be employed for designing advanced NDHXs in MSRs, 
amongst other applications. 

Accordingly, the rationale of the alternative RHX design proposed 
here is to harness this nonlinear thermal performance by promoting 
thermal radiation as the primary heat transfer mechanism while sup
pressing the role of convection by avoiding direct contact between the 
external air and heat exchanger tubes of NDHX. The layout of a possible 
RHX design with these features is presented in Fig. 4. In this RHX design, 
the tubes are of the exact dimensions as those in the SHX, but they are 
arranged into four rows (25 tubes per bundle). Contrary to the hori
zontal arrangement employed in the SHX, the four rows are installed 
vertically. In addition, five stainless-steel plates, which are folded to 
achieve a zigzag ‘radiant absorber’ (see Fig. 4), are placed, in pairs, 
within the tube bundles without physically touching each other. These 
are used to separate the tubes from the flowing air and to absorb the 
radiative heat emitted from the tubes’ hot surfaces. Finally, the gap 
between the RHX tubes and stainless-steel plates is set to be relatively 
small, thus limiting the internal flow. 

Radiation is emitted in the RHX by the hot tubes containing the hot 
molten salt flow in the DRACS secondary loop and absorbed by the 
radiant absorbers. The radiant absorbers are then cooled down by air 
circulation flowing in the gap between each pair of plates. Ideal RHX 
performance involves removing decay heat rapidly at high-temperature 
conditions when the core is hot while inhibiting heat transfer passively 
when the core is cooled down, and the salt is susceptible to 

Fig. 2. Simplified schematic of an chimney with an NDHX near the bottom end [39].  
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solidification. For further enhancement of the thermal radiation, the 
external surfaces of all tubes and radiant absorbers are painted uni
formly with a high emissivity coating (black). It is noted that in future, 
more advanced RHX designs can feature emissivity control principles to 
further promote radiative heat transfer at lower temperatures and sup
press it at higher temperatures. This would involve using a selective 
coating with a high emissivity over the range of wavelengths associated 
with blackbody radiation at lower temperatures, and a low emissivity at 
wavelengths associated with blackbody radiation at higher 
temperatures. 

3. Modelling methodology 

3.1. Thermohydraulic model 

To evaluate the effectiveness of the new NDHX design (RHX) and 
compare it against the conventional design (SHX), a thermohydraulic 
model was developed to simulate the operation of the heat exchanger. 
The thermohydraulic model employs a one-dimensional (1-D) approach 
to predict heat transfer. The developed model is a system of nonlinear 
heat transfer equations along the radial direction of the heat exchanger 
tube following the heat transfer and heat exchanger design approach 
described in Ref. [41]. 

The assumptions used in the model are the following: (1) the flows 
are fully developed, at steady-state and incompressible; (2) the tem
perature distribution at the axial direction is uniform, and the axial heat 
transfer is negligible; (3) every tube has a lumped temperature at each 
point in time; (4) the heat transfer coefficient to the ambient air remains 
constant throughout the heat exchanger’s operation; and (5) thermal 
radiation between any two heat exchanger tubes is negligible. The set of 
equations comprising the model is discussed in the following sections 
and is divided into: (1) a set of heat transfer equations respectively for 

the SHX and RHX; (2) a set of equations to describe the heat transfer 
coefficients and physical properties; and (3) a set of equations for the 
decay heat. The system of equations was solved in MATLAB. 

3.1.1. Heat transfer in conventional heat exchanger 
In the SHX, assuming a quasi-steady state, the waste heat dissipated 

by the bulk of salt (Qs) is the same as the heat transferred across the wall 
of the tubes (Qw), and equal to the sum of the heat transferred by the 
tubes to the surrounding via the circulating air by convection (Qconv); 
therefore: 

Qs = Qw = Qconv (1) 

Starting from the inside of the tube, the decay heat is transferred 
through the bulk of the molten salt: 

Qs = hsaltAw,in
(
Ts − Tw,in

)
(2) 

where hsalt is the heat transfer coefficient of molten FLiNaK (to 
distinguish between the steady-state HTC hs), Tw,in and Aw,in indicate, 
individually, the temperature and the surface area of the inside wall of 
the tube (in contact with the salt). The inlet temperature of coolant (Ts) 
is considered an input parameter. 

The heat is transferred by conduction through the wall of the tube by 
the temperature gradient between the inside and outside temperature of 
the wall (Tin and Tout), 

Qw =

(
Tw,in − Tw,out

)

R
L (3) 

in which L is the axial length, and R is the thermal resistance of the 
tube in the radial direction: 

Fig. 3. Multi-view drawing of SHX: (a) top view; (b) isometric view; (c) front view; (d) side view.  
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R =

ln
(rout

rin

)

2π kw

(4) 

where kw is the thermal conductivity of the material of the tube walls 
(here considered as stainless steel), and rin and rout represent, respec
tively, the inner and outer radii of the tube. 

Eventually, the heat is discharged via to the ambient air in the 
chimney by natural convection (Qconv): 

Qconv = hsAw,out
(
Tw,out − Tair

)
(5) 

where the heat transfer coefficient hs is assumed constant and is used 
as a sensitivity parameter in the model, and Aw,out is the external surface 
area of the tube. The subscript ‘w’ represents the tube wall. 

3.1.2. Heat transfer in radiative heat exchanger 
As opposed to the SHX, in the RHX (illustrated in Fig. 4), the external 

surfaces of the RHX tubes are not in direct contact with the circulating 
air. In this case, the heat dissipated by the tubes is equal to the radiative 
heat dissipated to the radiant absorber (Qrad) plus the dissipation in the 
gap by convention (Qgap), and Eq. 1 becomes: 

Qs = Qw = Qrad + Qgap = Qconv (6) 

The heat transfer equations describing Qs, Qw and the convective 
heat are eventually removed by the cooling airflow (Qconv) are the same 
as in the previous case. The radiative heat dissipates to the absorber 
plates considered two-surface enclosures, where radiation (Qrad) is given 

as: 

Qrad =
σ
(
Tw,out

4 − Tabs
4)

1 − εw

Aw,outεw
+

1
Aw,outF

+
1 − εabs

Aabsεabs

(7) 

where Tabs and Aabs are the surface temperature and area of the flat- 
side of the radiant absorber, and the view factor F is calculated by 
analysing the radiation between two adjacent tubes, one on top of the 
other (Fadj) [42]: 

Fadj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
H

rout

)2

− 4

√

−
H

rout
+ 2 arcsin

(
2
H

rout

)

2π

(8) 

where H is the distance between the centres of two neighbouring 
tubes. The view factor between the tube and the radiant absorbers can 
then be calculated considering that the sum of the view factors of the 
two adjacent tubes and the plates must be 1. Therefore: 

F = 1 − 2Fadj (9)  

3.1.3. Thermophysical properties and correlations 
The system of equations is completed by knowing the values of all 

thermophysical properties and heat transfer coefficients. The secondary- 
loop coolant is FLiNaK, a fluoride salt mixture with a melting point of 
454 ◦C and a boiling point of 1570 ◦C [40]. The specific heat of FLiNaK is 

Fig. 4. Multi-view drawing of RHX concept: (a) top view, where the tubes are in grey while the radiant absorbers are visible in black; (b) isometric view; (c) front 
view; (d) side view. 
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considered constant and equal to 1880 J/kg•K [43]. The thermophysical 
properties of FLiNaK and air have been evaluated using the correlations 
below. 

The thermal conductivity, density and viscosity of the salt (FLiNaK) 
are determined, respectively, by using relations taken from Ref. [21] and 
Ref. [44]: 

ks = 0.43 + 5.0 × 10−4Ts (10)  

ρs = 2730 − 0.73Ts (11)  

μs = 4.0 × 10−5exp
(

4170
Ts

)

(12) 

The heat transfer coefficients were evaluated from the Nusselt 
number: 

hsalt =
Nusks

D
(13) 

which was calculated from correlations for Newtonian pipe flow; 
specifically, for laminar flow (Re < 2300) from [45]: 

Nus = 3.66 +

0.0668RePrD
L

1 + 0.04
(

RePrD
L

)2
3

(14) 

for transitional flow [46] (2300 < Re < 4000) from: 

Nus =

f
8
(Re − 1000)Pr

1.00 + 12.7
̅̅̅
f
8

√ (
Pr

2
3 − 1

) (15) 

and for turbulent flow (Re > 10000) from [47]: 

Nus = 0.023Re0.8Pr0.3 (16) 

where Re is Reynold’s number, Pr is Prandtl number, and f is the 
friction factor. 

Furthermore, for flow through a straight round pipe, the friction 
factor f can be evaluated from [46]: 

f = 3.03 × 10−12Re3 − 3.67 × 10−8Re2 + 1.46 × 10−4Re − 0.151 (17) 

The thermophysical properties of the circulating ambient air were 
taken from Ref. [48]. The thermal conductivity, density, dynamic vis
cosity and specific heat capacity were calculated using the following 
empirical relations: 

kair =
2.33 × 10−3T

3
2
air

165 + Tair

(18)  

ρair =
352.0
Tair

+
344.8
T2

air
(19)  

μair =
1.46 × 10−6T

3
2
air

109 + Tair

(20)  

cpair = 1030 − 0.20Tair + 3.970 × 10−4T2
air (21) 

The convective heat transfer within the gap between the bundle of 
tubes and the radiant absorbers was calculated using the empirical 
correlation [49] for natural convection: 

Nuair = 0.579

⎛

⎜
⎝

GrPr
[
1 + (0.442/Pr)

9
16

]16
9

⎞

⎟
⎠

1
4

(22)  

where Gr is the Grashof number which is defined as: 

Gr =
gβTairD3

μ2 (23)  

and the temperature of the air used to calculate the thermophysical 
properties is taken as an average between the temperature of the tube 
and the absorber plate. As mentioned above, the heat transfer coefficient 
on the air-side, hs, is used here as a sensitivity parameter. 

3.1.4. Decay heat generation 
The decay heat generated in a fission reactor after an emergency 

shutdown can be calculated by knowing the type of fuel, the concen
tration of fission products, and the half-lives of those products [50]. By 
using the Wigner-Way formula, the decay generation over time (Pd(t)) 
can be estimated from: 

Pd(t) = 0.0622P0[t−0.2 −
(
(t0 + t)−0.2 ] (24)  

where P0 is the reactor thermal power before the scram and t0 the power 
history of the reactor. In the present study, the thermal capacity of the 
MSR before shutdown was taken as 20 MW considering a 6-month 
power history with 0.2 MW decay rate following the same prototypi
cal reactor as in Ref. [21]. 

3.2. Sensitivity analysis 

A sensitivity analysis was applied to determine how changes to the 
independent variables can influence the solidification of the coolant and 
the heat transfer performance of the heat exchanger. In total, two 
separate scenarios are simulated using the thermohydraulic model by 
varying: (1) the bulk temperature of the salt in the tubes (Ts); and (2) the 
steady-state air-side heat transfer coefficient (hs) in the NDHX. These 
two scenarios simulate the operation of the NDHX over various tem
perature ranges, unexpected cooling events, and strong or weak natural 
circulation in the chimney. Specifically, the bulk temperature of the salt 
varied in the range of 450–1100 ◦C. A temperature of 1100 ◦C was 
purposely estimated to be the highest temperature of molten salts in the 
secondary loop that is still within safety limitations [33]. After a scram 
event, the temperature of the salt entering the NDHX decreases over 
time as the reactor decay heat decreases. The nominal steady-state air- 
side heat transfer coefficient was varied between 35 W/(m2•K) (from 
Ref. [39]) and 60 W/(m2•K), assuming a more extreme operating situ
ation with respect to solidification. 

Three quantities are employed to evaluate the performance of both 
NDHX designs under various scenarios mentioned above: (1) heat duty 
(e.g., heat rejection/removal rate) of both heat exchangers, evaluating 
their heat removal performance; (2) temperature at the inside/internal 
wall of the tube (in contact with the molten salt), as suggested in 
Ref. [21], which is used as a conservative criterion to evaluate the 
feasibility of a NDHX design; and (3) time before the molten salt tem
perature drops below its melting point after a scram event, which is used 
to quantify the capability of both heat exchangers to delay the phe
nomenon of molten salt solidification. 

4. Results and discussion 

4.1. Performance at different molten salt inlet temperatures 

To compare their performance, heat duty (Q) was evaluated for both 
SHX and RHX under various inlet temperatures. These quantities are 
shown in Fig. 5 for a nominal case where the air-side heat transfer co
efficient is 35 W/m2•K. Considering quasi-steady state operation in the 
DRACS circuit, the inlet temperature of the salt reaches an equilibrium 
temperature such that the heat transferred to the airflow equals the 
decay heat from the reactor. By calculating this heat at different inlet salt 
temperatures, we can obtain the dotted blue and dashed red lines in 
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Fig. 5 for the SHX and RHX, respectively. 
As shown in the figure, the RHX line has a steeper slope than that of 

the SHX, with lower heat duties at lower temperatures and higher heat 
duties at higher temperatures, as intended. This arises from the different 
operating modes of the RHX, with radiative heat transfer dominating 
overall and being significantly reduced at low temperatures, thus mak
ing the RHX less thermally effective than the SHX under these condi
tions. However, at higher temperatures, the contrary holds true, with the 
RHX performing better than the SHX thanks to its larger contact area 
with the airflow (11.8 m2 vs 9.9 m2 of SHX). The larger area of the RHX 
(compared to the SHX) is a direct result of the sizing conducted to 
achieve a nominal heat duty of 0.2 MW in both heat exchangers, i.e., in 
order to achieve the same duty at the design condition, the RHX, with 
the added heat transfer resistances caused by the gap between the tubes 
and the heat absorption plates, had to be larger than the SHX. The larger 
area, in turn, increases the safety range of operation of the RHX at higher 
temperatures. Indeed if 1100 ◦C is taken as the temperature above which 
the salt becomes unstable, the RHX (and therefore DRACS) can handle 
0.39 MW of decay heat. In contrast, the SHX can sustain only 0.35 MW, 
an improvement of over 10 %. 

The red dots in Fig. 5 indicate the onset of salt solidification inside 
the heat exchanger or the point below which it is not safe to operate the 
unit. This temperature is taken as the inlet salt temperature, which 
would make the temperature of the inner wall of the tubes fall below the 
melting point of the salt. This temperature is lower for the RHX due to 
the fact that it has a higher wall temperature than the SHX. More 
importantly, the heat necessary to cause the onset of solidification is 
around 0.14 MW for the SHX and 0.10 MW for the RHX, representing a 
close to 30 % decrease. Overall, the range of decay heats that the RHX 
can safely manage (without causing the onset of solidification) is from 
0.10 MW to 0.39 MW compared to the 0.14 MW to 0.35 MW range of the 
SHX, which corresponds to an increase of almost 40 %. 

Another NDHX performance evaluation criterion is the time before 
the first solidification occurs after a scram. We can calculate this time 
assuming quasi-state conditions in the DRACS. This assumption holds 
true as long as the timescale to thermally equilibrate the DRACS loops is 
much shorter than the timescale of decay heat decrease. The timeframe 

to thermally equilibrate DRACS given a drop of decay heat (say 0.05 
MW, from 0.2 MW to 0.15 MW) is of the order of 300 s (considering the 
time to heat up around 500 kg of salt present in the DRACS loops). The 
amount of decay heat being generated in a fuel assembly after scram can 
be precisely measured once the type of fuel, concentrations of fission 
products, decay energies and half-lives of those products are known 
[50]. It is also possible to give a rough approximation by the Wigner- 
Way formula [44]. In the present study, the thermal power of the MSR 
before the shutdown was assumed to be 20 MW with a power history of 
6 months. Then the approximation of decay power is sketched in Fig. 6. 
As it can be seen from Fig. 6, at 0.2 MW of reactor power, the timescale 
to decrease by 0.05 MW is much longer, and the assumption holds true. 

Considering the assumption mentioned above, we can calculate the 
time it would take for the DRACS to reach unsafe operation (red points 
in Fig. 5) from the decay heat curve (Fig. 6). In more detail, we can 
estimate from the Wigner-Way formula the time needed for the decay 
heat to reach the minimal heat duties, respectively, for the SHX and the 
RHX. The simulation results indicated above show that these minimal 
heat exchanger duties of RHX and SHX are 0.09 MW (0.45 % of the core 
power) and 0.12 MW (0.6 % of the core power). Based on Fig. 6, the 
decay rate reaches the minimum heat duty of the SHX (red dot) after 3.8 
h; however, the RHX design takes approximately 10.8 h to reach the 
minimal heat duty, which is promising and strong evidence that the RHX 
can mitigate issues and risks associated with coolant solidification. 

4.2. Performance for different heat transfer coefficients 

In this second assessment scenario, we conducted simulations by 
varying the value of the steady-state, air-side heat transfer coefficient 
(hs) in the NDHXs. This value is critical to the performance of the NDHX 
and needs to be maintained within a safe range. A value of the heat 
transfer coefficient that is too low will result in an inability of the DRACS 
to dissipate the decay heat. In contrast, an over-conservative design 
approach resulting in a heat transfer coefficient that is too higher will 
increase the likelihood of solidification. By varying the heat transfer 
coefficient, we can calculate the maximum and minimum heat duties 
that the NDHX can handle without reaching unsafe operation, which 

Fig. 5. Heat exchanger duties for different NDHX designs (Q), both SHX and RHX, as predicted by the thermodynamic model by varying the inlet temperature of the 
molten salt (Ts), where the vertical line indicates the melting point of the fluoride salt mixture (FLiNaK). 
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are: (1) an inner tube wall temperature which is less than the solidifi
cation temperature of the salt (hereby taken as 454 ◦C); and (2) a bulk 
temperature of the salt which is higher than the stability temperature of 
the salt (hereby taken as 1100 ◦C). 

Fig. 7 and Fig. 8 show, respectively, operational maps of the SHX and 
RHX designs as derived by calculating the maximum and minimum 

allowable duties, as explained above. The green area is where operation 
is considered safe. As shown, the safe operating area of the RHX is 
significantly larger than the SHX. The performance of the RHX is espe
cially better for higher values of the air-side heat transfer coefficient, 
meaning that the risk involved with the potential underestimation of 
such a heat-transfer coefficient is much more mitigated. This is 

Fig. 6. Decay heat generation over time in a newly shutdown reactor, which is assumed to operate at a power of 20 MW with a 6-month power history. The red dots 
represent the time saved by each NDHX design before the first solidification might occur and correspond to approximately 6.3 hr and 18 hr for the SHX and RHX, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Operational map of SHX as a function of the heat duty of the NDHX and air-side heat transfer coefficient. Green area: operation is considered safe, preventing 
salt instability and solidification. Orange area: operation is considered unsafe but still feasible. Black lines: temperature of the inner-tube wall. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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especially relevant if fins or other means of heat-transfer enhancement 
are used to increase the heat rejection capabilities so that the DRACS can 
cope with higher values of decay heat. The figures also show the tem
perature of the inner wall, which increases with a higher heat duty and a 
lower air-side heat transfer coefficient. As expected, the wall tempera
ture of the RHX is higher than the SHX due to the higher heat transfer 
resistance caused by the absorption plates. 

5. Conclusions 

This paper presented an innovative approach for designing heat ex
changers for applications requiring specific characteristics. It examined, 
as an exemplary case study, the problems associated with using high- 
melting temperature molten salt mixtures as heat transfer fluids 
(HTFs) in risk-prone applications, specifically by alleviating molten salt 
solidification. As part of this effort, the paper investigated the propensity 
for molten salt solidification in the natural draft heat exchanger 
(NDHX). This air-cooled heat exchanger is considered the most vulner
able component in terms of its susceptibility to coolant solidification in 
the direct reactor auxiliary cooling system (DRACS), which is a passive 
safety cooling system for molten salt reactors (MSRs). 

In this regard, an innovative approach for heat exchanger design was 
proposed, which promotes thermal radiation as the primary heat 
transfer mode, while suppressing the influence of convection. Based this 
approach, an alternative design of the natural draft heat exchanger 
referred to as a ‘radiative heat exchanger’ (RHX), was developed. By 
promoting thermal radiation and suppressing convective heat transfer, 
the RHX exploits the inherent and strongly nonlinear heat transfer 
properties of radiation, i.e., emitting a significant amount of heat at high 
temperatures, while having much-reduced heat transfer rates at low 
temperatures. In this way, the design of the RHX can passively reduce 
the heat rejection/removal rates when the coolant temperature drops 
and is near its melting point, while promoting safe operation when 
excess heat needs to be removed from MSRs. To the best knowledge of 
the authors, this is the first time that such an approach has been used for 
the design of heat exchangers to address molten salt solidification. Such 

operation characteristics pave the way for designing heat exchangers 
that do not rely on external power or control to avoid coolant 
solidification. 

A thermohydraulic model was developed to simulate heat transfer in 
such a heat exchanger. The model was developed in one dimension 
under a steady-state assumption. The bulk temperature of the coolant 
was employed as the primary dependent variable to evaluate the risk of 
coolant solidification (via comparisons to the salt’s melting point). The 
model was then applied to evaluate the thermal operation and heat 
transfer performance of the RHX and to compare this to a conventional 
NDHX. A sensitivity analysis was conducted over their operating 
envelopes. 

Based on the results of the model, it can be concluded that the new 
design provides nonlinear thermal-energy removal performance that 
can self-regulate based on the needs of the reactor core without any 
external controls (manual or automatic). For the case study in the pre
sent paper, it was shown that in the case of a prototypical 20 MW reactor 
with a decay rate of 0.2 MW, the RHX has the potential to reduce the 
heat removal rate by approximately 30 % compared to a conventional 
NDHX at low temperatures. Due to this 30 % reduction in heat removal, 
the first instance of molten salt solidification can be delayed by 2.8 
times. Specifically, the new design is capable of keeping the DRACS 
operating without external intervention for 10.8 h as opposed to 3.8 h 
when using the conventional NDHX design after a shutdown of the 
prototypical MSR. Additionally, the calculated heat exchanger duty is 
increased by 17 % when the molten salt is in the high-temperature 
regime compared to the conventional design. As an additional advan
tage of the new design, the RHX also shows robustness against the 
overdesign of the natural draft heat exchanger with air-side heat transfer 
coefficients above their rated values. The modelling results demonstrate 
that the RHX has the potential to sustain much higher air-side heat 
transfer coefficient values than the traditional natural draft heat 
exchanger. 

Although a nuclear application was used as a case study in this 
specific work to demonstrate the effectiveness of the proposed heat 
exchanger design approach, the same principles can be applied to other 

Fig. 8. Operational map of the RHX as a function of the heat exchanger heat duty and air-side heat transfer coefficient. Green area: operation is safe, preventing salt 
instability and solidification. Orange area: operation is unsafe but still feasible. Black lines: temperature of the inner-tube wall. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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applications with similar challenges or desired characterises. More 
advanced designs can incorporate emissivity control principles to 
further promote radiative heat transfer at lower temperatures and sup
press it at higher temperatures. It would be desirable to utilise selective 
coatings with a high emissivity over the range of wavelengths associated 
with blackbody radiation at low temperatures and a low emissivity over 
the range of wavelengths associated with blackbody radiation at higher 
temperatures. 
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