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Introduction

Background and motivation

The concept of Molten Salt Reactor (MSR) was first introduced in the frame of the
Aircraft Nuclear Propulsion (ANP) program conducted by the U.S. Air Force in 1946
at the Oak Ridge National Laboratory (ORNL). The objective of the program was to
evaluate the feasibility of an airplane powered through a nuclear reactor. A low power
high temperature reactor (Aircraft Reactor Experiment ARE) was built to guide its
development program. During the design of the ARE the possibility of dissolving the
fuel into a molten salt was investigated, such that online reprocessing could be afforded.
The salt heated up flowing through the core and released heat to an intermediate fluid
(molten sodium) through a heat exchanger. The research reactor reached criticality in
November 1954 and operated successfully for 9 days. It was shut down after all tests
were performed. This first MSR demonstrated the feasibility of having a fluid acting as

both fuel and coolant.

Parallel to the ANP program, research was conducted by the ORNL to apply the MSR
concept to a power reactor. The Molten Salt Reactor Experiment (MSRE) was a thermal
reactor designed in 1960s which operated from 1965 to 1969. Instead of using sodium as
intermediate coolant, a secondary salt (eutectic mixture of LiF-BeFs) was used. A shell
and tube heat exchanger (STHE) transferred heat from primary to intermediate salt, the
heat was then dissipated to the atmosphere through a radiator. The power generated by
the reactor was 7.4 MWy, with a primary salt outlet temperature of 936 K. Despite the
successful achievements of the experiment, the U.S. Atomic Energy Commission (AEC)
shut down the MSRE program in 1973 and focussed the investments to sodium cooled

fast reactors.

The Generation IV International Forum (GIF IV) selected in 2001 the MSR as one of six
innovative concepts for the new generation of nuclear reactors [53]. The MSR was studied
in the frame of the EVOL project (Evaluation and Viability Of Liquid fuel fast reactor
system) and developed into a thorium based Molten Salt Fast Reactor (MSFR) [3]. In

1



INTRODUCTION 2

open literature studies on the MSFR focus mainly on fuel cycle analysis, neutronics
and core thermal hydraulics [4]. These analysis determined among other parameters
the primary salt composition, flow rates, residence time (in-core and out-of-core) and
temperatures in the hot and cold legs. Some of the main features of single components
of the primary circuit as pumps, reprocessing unit and heat exchangers are drafted in
[3, 17, 8], but a specific design of these was not yet proposed for the MSFR. An extensive
study on the thermal hydraulics of the complete primary circuit could not be found in
literature. Moreover models of the intermediate circuit and power conversion system

directly related to the MSFR were not proposed.

Objectives and outline of the work

The first objective of this work is an assessment of possible solutions for the primary
heat exchanger (HX) of the MSFR (Chapter [I)), since no specific studies were found
in open literature. Different types of heat exchanger are considered in the frame of
the characteristics of the MSFR [4]. A heat exchanger between two molten salts for
nuclear application was realized for the MSRE, and was investigated during a preparatory
semester work [16]. By virtue of the positive experience obtained during its operation,
the possibility of using the same type of heat exchanger (shell and tube) for the MSFR
is here examined. Beside the experience in heat transfer with molten salts from the
MSRE, in the recent past the interest on molten salts has been growing for applications
in solar energy generation and storage, in particular for Concentrated Solar Power plants
(CSP) [311, 32]. Studies on CSP are therefore valuable assets for a preliminary assessment
of the primary heat exchanger. Based on the characteristics and the technological limits
of currently available heat exchangers, a preliminary selection for the primary HX for
the MSFR is conducted. In addition to the shell and tube heat exchanger, a second type

of heat exchanger (printed circuit) is selected for a thorough analysis.

A model is developed for the preliminary design of the selected types of heat exchanger.
The geometry of the heat exchanger, the characteristics of the flows (as flow rates,
flow regime and pressure drop) and the heat transfer between the fluids are modeled
following the constraints of the MSFR regarding power, inlet and outlet temperature
of the primary salt, pressure drops and salt volume. A preliminary design, following
guidelines for manufacturing heat exchangers in industry, is then obtained for the primary
heat exchanger of the MSFR. The intermediate salt to be used for the MSFR is not yet
defined. Two different intermediate salts are considered in this thesis work (FliBe and
FliNaK). Based on their thermophysical characteristics different geometrical designs are

obtained through the developed model for the primary heat exchanger.
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After the selection and the design of a heat exchanger of the MSFR, its performance is
investigated in steady state and accidental conditions through simulation with thermal
hydraulic code TRACE (Chapter [2). A simplified model for the closed primary circuit
of the MSFR is implemented in TRACE with a pipe representing the core, the heat
exchanger, the pump and the respective piping. The intermediate circuit is modeled
through a closed circuit, with the balance of plant modeled through an intermediate
heat exchanger. A simultaneous pump trip in the primary and intermediate circuit —
representing a station black out accident (SBO) — is simulated. The behavior of the
MSFR using the proposed heat exchanger is investigated in accidental conditions and
the temperature evolution in the primary and intermediate circuit are analyzed. Dif-
ferent height differences between the heat source and heat sink of the primary circuit
(core — primary HX) and of the intermediate circuit (primary HX — intermediate HX)
are tested. The impact on the natural circulation of the salts, therefore on the safety
of the MSFR, is examined. Preliminary guidelines are proposed for the design of the
primary and intermediate piping system concerning the safety of the MSFR in case of a
SBO accident.






Chapter 1

Choice and preliminary design of
the heat exchangers of the Molten
Salt Fast Reactor

1.1 Introduction

The objective of this chapter is to present possible solutions and propose a preliminary
design for the primary heat exchanger (HX) for the Molten Salt Fast Reactor (MSFR).
A preliminary assessment of the state-of-the-art technology and currently available ma-
terials is conducted. The options among different types of heat exchangers are evaluated
meeting the constraints of the MSFR, in particular as far as temperatures, pressures and
salt volumes are concerned. This preliminary selection limits the options to two types
of heat exchangers, based on present technological, material- and construction-related
limits. As a next step, the two types of heat exchanger are investigated in depth. A
software tool ad hoc developed for their preliminary design is presented. The resulting
preliminary design of the primary heat exchanger is discussed. Several working fluids for
the power cycle are presented and their characteristics are discussed. Finally a design

for the intermediate heat exchanger of the MSFR is proposed.

1.2 Preliminary selection of possible candidates for the MSFR

heat exchanger

The primary heat exchanger is the component responsible for the heat transfer from the

primary salt to the intermediate salt. In order to perform an assessment on possible

5



CHAPTER |T| CHOICE AND PRELIMINARY DESIGN OF THE HXS orF THE MSFR 6

heat exchangers, the basic characteristics of the salts and the flow in the primary circuit
must be briefly described. A description of the MSFR design and characteristics is given
further on in Section [L4.1]

The MSFR was studied and designed in the frame of the EVOL project (Evaluation
and Viability Of Liquid fuel fast reactor systems). The studies fixed the choice of the
primary salt, the core inlet and outlet temperatures as well as the in-core and out-of-core

residence time of the salt. This limits the salt inventory in the heat exchanger.

The primary heat exchanger is the main actor of this study, therefore the temperatures
are referred to it. The primary salt inlet temperature T, corresponds to the core outlet
temperature, which is fixed at 1023 K by design of the MSFR. The outlet temperature of
the primary salt Ty is constraint to 923 K. The inlet temperature for the intermediate
salt Tt iy is to be defined, as well as the temperature drop between the primary and the
intermediate salt (which will influence the power cycle, discussed further on in Section
1.5.1). The two salts are expected to flow at pressures slightly above atmospherical
pressure, without significant differences in pressure between them. No pressurization is
needed from a thermodynamical point of view. Low pressure losses are wished, such that

energy requirement for the pumping systems are minimized.

Without entering technical details of the designed reactor, several design criteria are set

for the preliminary choice of the primary heat exchanger:

e Material resistance to high temperatures, up to 750°C
e Low pressure drops allowed

e Low salt inventory

In the following paragraphs several types of heat exchanger are described and compared,
with respect to the constraints of the MSFR. At the end of the section a preliminary

choice is performed.

The shell and tube heat exchanger (STHE) is the most commonly used HX and
represents the “workhorse” of industrial process heat transfer. It has many applications
in the power generation, petroleum refinery, chemical industries and process industries.

It is used as oil cooler, condenser, feed water heater, etc.[37]

The Tubular Exchanger Manufacturers’ Association (TEMA) propose standards for the
design of STHE, which are followed in most countries [I]. The description given in

this work is consistent in correlation and nomenclature with TEMA standards, unless
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specified. A schematic representation of a STHE can be seen in Fig. In the following

a description of the main components is given.
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FIGURE 1.1. Schematic representation of a STHE [I]

A STHE consists of a bundle of tubes contained in a cylindrical shell. The heat transfer
mechanism between the fluids is conduction across tube walls, with one fluid flowing in
the tubes and one fluid in the shell. The tubes are arranged in a bundle with different
possible layouts: square, rotated square, triangular and rotated triangular (shown in Fig.
. The rotated layouts are not widely used, but are presented here for completeness.
Different arrangements for the tube bundle inside the shell are possible: single pass tube
bundle, two pass (U-Tube), four pass, six pass, ... up to sixteen passes, depending on
the necessary characteristics. The most common tube arrangement is U-Tube. This
configuration is easy to manufacture and allows the possibility for the tube thermal

expansion in longitudinal direction, compared to a single pass tube arrangement.

Flow Flow Flow H?W

' NG D @%9
* C O

! !

Triangular Rotated triangular Square Rotated square
(a) (307 (b) (60°) © (907 (d) (45°)

FIGURE 1.2. Four possible tube arrangements in a STHE [37]

Several shell types can be chosen for the design of a STHE and are defined by TEMA,
see Fig. Type E shell (“One pass shell”) is the most commonly used.

Baffles are support plates for the tubes inside the shell. The purpose of baflles is on one

hand to maintain the spacing between the tubes during operation and on the other hand
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FIGURE 1.3. Standard TEMA nomenclature for STHE components [I]
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to change the flow pattern of the shellside fluid. Depending on the required application,
the number, the height and the spacing between the baflles can be chosen in order to
modify the heat transfer properties (by allowing crossflow over the tubes) and/or modify

the pressure drop across the shell.

This type of heat exchanger was used during the Molten Salt Reactor Experiment
(MSRE) conducted by the Oak Ridge National Laboratory (ORNL) in the 1960s. Fur-
thermore, it was designed to be used for the Molten Salt Breeder Reactor (MSBR), which
was an innovative project of ORNL. The breeder reactor was designed, but the program

was canceled before construction in 1976 due to budget constraints [15, [12].

The main advantages and disadvantages of a STHE for a salt-salt heat exchanger are

here summarized:

+ Manufacturing experience
-+ Wide range of working pressures
+ Wide choice of materials (important for corrosion and erosion of the salts)

+ Possibility to enhance the heat transfer by changing the geometry (tube diameter,
fins, baffles, etc.)

— Low heat transfer surface area density
— Expensive per unit of heat transfer area

— Low heat transfer efficiency

Plate heat exchangers (PHE) are used for liquid-liquid duties, including heating and
ventilating, food processing, pharmaceuticals and fine chemicals, petroleum and chemical
industries, power generation, offshore oil and gas production, etc. [37] This type of heat

exchanger is replacing tubular heat exchangers in many application fields.

A PHE consists of a number of metal plates provided with gaskets, where each fluid
passes through alternate channels. Pure counterflow can be achieved. This reduces
the temperature drop between the two fluids and increases the efficiency of the heat
exchanger. The flow regime of high viscous fluid can be made turbulent through the
geometrical arrangement of the channels. A turbulent flow regime decreases the thermal
resistivity of the fluid, improving the heat transfer. An example of PHE is shown in Fig.

(1.4) A description of the main components is given in the following.
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FIGURE 1.4. Flow schematic view of a plate heat exchanger [48]

The plates can be corrugated and embossed to increase turbulence and surface area,
therefore the overall heat transfer coefficient. The plate thickness can be reduced down

to 0.6 mm, in order to minimize the heat loss through the metal.

The gaskets are composed of different materials and should be chosen based on tem-
perature, pressure, and chemical compatibility with the fluids. In order to increase the
temperature and pressure limits, the gaskets can be avoided by using fully welded plates
(“All-welded plate exchanger” type). Due to the high temperature constraints of the
MSFR, gaskets must be avoided. The main drawback of “All-welded plate exchanger” is

the impossibility to perform maintenance and mechanical cleaning.
Other options for PHE are described in detail in [37].
The main advantages and disadvantages of PHE for a salt-salt system are here summa-
rized:
+ High turbulence and true counterflow lead to an efficient heat transfer
+ Low hold-up volume (low salt inventory)
+ Wide choice of materials (important for corrosion and erosion of the salts)
+ Small temperature drop

-+ Less erosion-corrosion issues compared to STHE
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— No mechanical cleaning possible

— High flow rates in small channels involve high pressure drops

Compact heat exchangers (CHE) are the response to the need of space-saving, light-
weight and economical heat exchangers. The main characteristic is the high surface area
density: a large heat transfer area over a small volume. CHE comprehend Tube-fin,
Plate-fin heat exchangers and Regenerators. The latest are used for gas-gas applications

and are not described further on.

Tube-fin HX (shown in Fig. [1.5)) are suitable when a high pressure difference and/or a
significant difference in the heat transfer coefficient between the fluids occurs. This type
of HX is widely used for condensers and evaporators. No applications for heating were

found, therefore TFHE are discarded for the use in MSFR.

Fin

) == "J 7

===
—— P — N
P — R — S~— p—
T T T
[N N ~_7 — S~
VAR AN
/L/ ~ ~—7 ~— \_/\
/\_/ ~——7 \_/‘\
T O T T T

FIGURE 1.5. Tube-fin heat exchanger [49]

Plate-fin HX (PFHE) (shown in Fig. are used for heat exchanger between gases,
liquids or both, for condensation and boiling. PFHE consist of a stack of alternate
flat plates and fin corrugations [37], where the flow arrangement can be crossflow or
counterflow. PFHE offers large heat transfer area density, compared to the area density
of a STHE. This type of heat exchanger operates at low pressures. A wide selection of
materials (e.g. stainless steels and heat-resistant alloys) for PFHE allows the employment

of high temperature fluids.
The main advantages and disadvantages of PFHE for a salt-salt system are here sum-
marized:

+ Large heat transfer area density

+ High maximum operating temperature (800°C)

+ High effectiveness (in the order of 95%)
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Parting sheet

FIGURE 1.6. Plate-fin heat exchangers: (a) basic elements, (b) two types of flow
arrangements [37]

+ Small pressure drops

— Flow maldistribution causes a non-uniform heat exchanger performance, for a large

front area

— Complex startup and controls with respect to STHE

Printed circuit heat exchanger (PCHE) is a relatively new type of heat exchanger
manufactured by HeatricT™. PCHE have been a well-established technology in the hy-
drocarbon processing, petrochemical and refining industries. This type of HX is similar
by design to the PFHE (as can be seen in Fig. , it is compact, highly effective and
has a large surface area density. The difference between PCHE and PFHE is the tech-
nique used to manufacture the HX. The PCHE are manufactured with a technique called
“diffusion bonding”: high pressures and high temperatures are applied to the layers and
atoms intermingle through diffusion over time until the plates are welded. No joints nor

welds results from this manufacturing process, therefore weaknesses are reduced [40].

The flow channels can be parallel (counterflow) or perpendicular (crossflow).
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FIGURE 1.7. Cross sectional scheme of a PCHE [43]

The main advantages and disadvantages of PCHE for a salt-salt system are here sum-
marized:

+ High heat transfer area density (up to 2500 m?/m?)

+ High maximum operating temperature (900°C)

+ High effectiveness (in the order of 98%)

-+ Small pressure drops

+ Light and compact

— New technology

— Ongoing development of materials

The primary selection for the MSFR primary heat exchanger is performed by
considering the criteria described at the beginning of the section. The experience with
the shell and tube heat exchanger during the MSRE and its consideration for the MSBR
make this type of HX a strong candidate for the MSFR. Besides this, it is considered
the reference among heat exchangers. As a second candidate the printed circuit heat
exchanger is chosen, based on the high degree of compactness, the expectation of low

pressure drops and the simplicity of the concept.

Further on a basic method for the design of the two candidate heat exchangers is pre-

sented.
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1.3 Tool development for the basic design of a heat ex-

changer

In the present section a software tool is described for a preliminary design of the two
types of heat exchanger: STHE and PCHE.

The starting point of this analysis are the constraints of the MSFR on power, primary
salt temperatures and salt properties. The results obtained from the tool will be the
overall heat transfer coefficient, the pressure drop for each fluid, the salt inventory in the

heat exchanger, the velocities of the salts and the dimensions of the heat exchanger.

1.3.1 Shell and tube heat exchanger — Tool for design

The design of a shell and tube heat exchanger is usually provided by a dedicated soft-
ware. This types of software take into account, besides heat transfer properties and flow
properties, also economical aspects. Since such an exhaustive analysis is not required for

this thesis, a simpler approach is proposed to design a shell and tube heat exchanger.

The heat transfer coefficient U (W/m2-K) of a heat exchanger is often coupled to the
heat transfer area A (m?), forming the overall heat transfer coefficient U A expressed in

The required overall heat transfer coefficient (U A),cq for a given task can be determined
knowing the power to be exchanged @ and the mean temperature difference ATy be-

tween the fluids:

Q = (UA)reqAT s, (1.1)
therefore
. Q
(UA)req = ATy (1.2)

For a pure counterflow heat exchanger, where the two fluids flow in opposite directions,
the mean temperature difference is given by the logarithmic mean temperature difference

(subscript h refers to the hot fluid to be cooled, ¢ to the cold fluid to be heated):

(Th,in - Tc,out) - (Th,out - Tc,in)

Th,in—Tc,out
1 ,1n s
(Th,outhc,in )

ATy = ATy =
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For a shell and tube heat exchanger the logarithmic mean temperature difference has
to be corrected for crossflow. This correction factor applies only in case where the
tubes are arranged into the shell with an even number of passes. The logarithmic mean
temperature has to be multiplied by a factor F (also called the F-factor), depending on

the temperature ratios R and P:

. I‘ccp,c . Th,in - Th,out

- )
icp,h Tc,out - Tc,in
Tc,out - Th,in

P = ,
Th,in - Tc,in

where I'; is the mass flow and ¢, ; is the heat capacity. The F-factor can be then inter-
polated from Fig. [I.8] in case where the hot fluid is placed in the shellside, as it is often

the case for shell and tube heat exchanger.
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P, Thermal effectiveness

FIGURE 1.8. F-Factor as function of R and P for a E-type shell [37]
Finally the mean temperature can be determined:

ATy = FATL M.

The design process of a STHE is iterative. The heat transfer coefficient needs to be
initially estimated (Uegst) to begin the iterations (see Section |1.4.2). For commonly used
fluids (e.g. water, oil, gases, etc.) typical heat transfer coefficients are tabulated [I].

This initial guess is needed to estimate the total heat transfer area to exchange the heat:
A= (UA)req/Uest-
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The heat exchanger is designed following TEMA standards. In principle some geomet-

rical parameters could be varied, but it was decided to maintain the proposed TEMA

correlations. The required result is not the optimal design of the heat exchanger but a

preliminary design to be compared with other possible solutions, therefore a fine tuning

of each parameter is not necessary. TEMA correlations are:

o . =0.3D;, the baffle spacing is determined by the shell diameter

Ly, = 1.25d,, the tube pitch is determined by the outer diameter of the tube

o Ly = (3.140.004D;)/1000, the shell-to-baffle diametral clearance is determined

by the shell diameter

o Ly, = (124 5D,)/1000, the bundle-to-shell diametral clearance is determined by

the shell diameter

e L;;, = 0.0008 m, the tube-to-baffle diametral clearance is fixed

e [, =0.005 m, the tube sheet thickness is fixed

e S5 = 0.2, the number of sealing strips per crossflow row

e B. = 25%, the baffle-cut as percent of the shell diameter

The heat exchanger main design parameters are described graphically in Figs.

and [L111
_T/ubeshi Baffle tangent to
outer tube row \ )
— Outer tube
- | i bend radius
N
_ _ | | _ _ \
!
7
L— /
Ly Li=Li, Lig Lis Ly 0.3 Dyy
Lio ta
L,

FIGURE 1.9. Schematic representation of a U-Tube [37]

The following parameters need to be determined: d, the tube outer diameter, t,, the

tube thickness, Liupe the tube length, the tube layout, N; the number of tubes, N, the

number of tube passes and Dy the shell diameter.
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FIGURE 1.10. Cross sectional view of the shell of the heat exchanger [37]
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FIGURE 1.11. Additional description of the shell cross sectional parameters [37]
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The velocity on the tubeside has to be chosen by the user. The maximal velocity for the

salts is fixed to 5 m/s to avoid excessive erosion [3].
The velocity in the tubes is given by

VN

2 O (1.4)
W% N

Vtube =

where V is the volumetric flow rate (further on called flow rate), obtained from V= %,
where p is the tubeside fluid density. The ratio between the number of tube passes and
number of tubes % can be determined from Eq. after setting the velocity in the
tubes. The number of tubes V; is defined as the total number of tubes in a cross sectional
view of the heat exchanger. To count only the tubes connected to the inlet nozzle, the
total number of tubes must be divided by the number of tube passes N,,. Usually an even
number of passes is chosen (2, 4 or 6). Determining the number of passes will determine

the number of tubes ;.

The length of the tubes Liype per tube pass (also called “active shell length”) is determined
using the tube outer diameter d,, the required total area A,eq and the number of tubes

N; (determined in the previous step):

Areq
WdoNt '

Ltube =

It is important to notice that the heat transfer area is considered as the tube area,
calculated using the outer diameter of the tubes. The use of the averaged diameter
(do + d;)/2 can be found in literature. A correction factor for the area is applied further

on for the calculation the heat transfer coefficient U.

The centerline tube limit Dy, described in Fig. [[.I0] can be estimated with the help of
the number of tubes N, the tube pitch Ly, and the tube layout (triangular, square or

rotate square)[33):

Dey = \/NyC1L2,/0.78,

where C is the tube layout constant, C; = 0.86 for 30° arrangement, C; = 1 for 45°
and 90° arrangement (see Fig. .

The shell diameter D can be determined from

Ds = D¢y +do — Ly
— D +dy — (12 + 5D4) /1000,
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therefore

12
D =0. D —— +d
s 0 995 < ctl + 1000 + O> 9

and

Doyt = Ds — Lyp = 0.995D4 — 12/1000.

The number of baffles IV is necessary for the design and for the calculation of the pressure

drop in the shellside; it can be expressed as

Ltube
(Lpe + tp)

The volumes of the salts in the shell and in the tubes can be also determined

T
Vvshell outer — (Dg - (Dctl + d)2> ZLtube

T
‘/;hell inner — (Dgtl - dgNt) ZLtube

‘/;hell = ‘/;hell outer T ‘/;hell inner-

The volume of salt in the shell is divided in two parts: an inner region with tubes, and

an outer region between the shell and the tube bundle.

Table summarizes the parameters needed for the design of the STHE. “Parameter*”
indicates the values determined by the constraints of the problem, i.e. by the reactor

design.

1.3.1.1 HTC determination for the wall interface of a STHE

The heat transfer coefficient for the shell and tube heat exchanger is determined by three

components : the shellside, the tubeside and the wall interface heat transfer coefficient,

~1

1 dy 1 dolnde 1

U= + =2 S (1.5)
Ushellside dz Utubeside 2 Uwall

where d, and d; are the outer and inner diameter of the tubes. As described previously,

the area defined in Eq. @ as Areq is determined by the outer surface of the tubes.
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TABLE 1.1. Parameters for the design of the shell and tube heat exchanger

Q Parameter™®

Thin Parameter™®

Th out Parameter™

Tein Parameter

Tt out Parameter

Uest Estimated

Tube layout | Parameter

d, Parameter

tw Parameter

N, Parameter

Vtube Constraint

Liube Determined

Ny Determined

Dy Determined

Dy Determined

Dy Determined

Ly, Determined by TEMA
L Determined by TEMA
L Determined by TEMA
Ly Determined by TEMA
Ly Fixed by TEMA

Ly Fixed by TEMA

SS Fixed by TEMA

B, Fixed by TEMA

In order to weight the three components of the heat transfer coefficient of Eq. two

geometrical correction factors relative to the outer and inner diameter are introduced.

The heat transfer coefficient for the wall interface depends on the tube thickness

tw and on the thermal conductivity k,, of the material

T

w

Ugall = —.
wall t

1.3.1.2 HTC and Ap determination for the shellside of the STHE
The heat transfer coefficient for the shellside can be determined using two different

methods: the Bell-Delaware method and the Wills and Johnston method. The first one

is more widely recognized as a standard for the design of the heat exchangers, while the
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second should be preferred in the light of its more fundamental nature [I]. Both methods

are presented here.

The Bell-Delaware method was developed to estimate the heat transfer coefficient
in the shellside. It estimates first the ideal heat transfer coefficient assuming complete
crossflow between the fluid in the shellside and tube bundle. As a second step, correction

factors for the following elements are introduced [IJ:

e Effect of the baffle configuration (i.e. a recognition of the fact that only a fraction

of the tubes are in pure cross-flow) (J¢)

e Leakage through the gaps between the tubes and the baffles and the baffles and
the shell, respectively (Jr,)

e Bypass of the flow around the gap between the tube bundle and the shell (Jp)

In the following, all fluid properties are referred to the shellside fluid, unless specified.

The ideal shellside heat transfer coefficient The calculation of the ideal shellside
heat transfer coefficient is based on the assumption of complete crossflow between the

shellside fluid and the tube bank.

The maximal velocity near the centerline is determined by

V
max — & 1.
e = 3 (1.6

m

where S,,, is the minimal crossflow area at bundle centerline:

Dotl - do

m:Lc Ds_Do
S b( ¢+ Lo,

(Lep — do)> . (1.7)
For tube layouts differing from square or triangular, a different correlation for the cross-

flow area can be found in [I].
The Reynolds number and the Prandtl number are determined by

_ pvmaxdo

I

Cplt
Pr= 22
Tk

Re
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where p is the density, p is the viscosity, ¢, the heat capacity and k the thermal conduc-
tivity of the shellside fluid.

The ideal shellside heat transfer coefficient is computed using correlations which have a
standard deviation of about 25% for laminar flow and 15% for turbulent flow [I]. The

correlation for the Nusselt number is given by

Nu = a Re™ Pr034Fy,

therefore the ideal shellside coefficient

Nu k&
Ushellside, ideal = —5—,
do

where the constants a and m are listed in Table[1.2] Factor F} corrects for the variation

Pry 0.26
PI‘W :

in physical properties between the surface and the bulk: F} = (

TABLE 1.2. a and m parameters as function of Reynolds number and tube layout

Tube layout a m Reynolds

in line banks 0.742 | 0.431 | Re < 300

0.211 | 0.651 | 300 < Re < 2-10°
0.116 | 0.7 2.10° < Re < 2-10°
staggered banks | 1.309 | 0.36 | Re < 300

0.273 | 0.635 | 300 < Re < 2-10°
0.124 | 0.7 2.10° < Re < 2- 108

Calculation of the correction factors J;

e The configuration correction factor:
For sake of simplicity the baffle length is expressed by L. = B.D;

The fraction of tubes in crossflow is

1 2(D, — 2Lc) | < . DS—QLC> . <D5—2Lc>>
F.=—(mn+ ————=sin | cos ———— | 2 —cos E— .
¢ ( Dotl Dotl Dotl

The configuration correction factor is given by

Jo = 0.55 + 0.72F..



CHAPTER |T| CHOICE AND PRELIMINARY DESIGN OF THE HXS orF THE MSFR 23

e The leakage correction factor

DL 2L
S = Zesb [ cost (1 - 226 shell-to-baflle leakage area
2 Dy
doL 1+ F,
Sy = T ; % N, z < tube-to-baflle leakage area
- Ssb + St
o= — 2
Sm
_ Ssb
Te = 77—
Ssb + Stb

z=—0.15(1+ry) + 0.8

The leakage correction factor is given by:

0.44
Jr, =

= +[1—0.44(1 — rg)] exp (—2.2ry,)
1—rg

The correlation used for J;, was found in [33]. Jp can also be interpolated using
rim and rg from Fig.

1.0 T

Sp=0
|- (All Leakage
= Tube-to-Baffle)

0.8 NG i S
! ! Sso+ Sto
|
% i _i_flA
| 0
|

0.6 N\t —| < 025—

|
S
NN

N

— f—f—— [ +—

Sib=0
(All Leakage
Baffle-to-Shell) -

0.2

0 0.2 0.4 0.6 0.8

S+ S
Sm

F1GURE 1.12. Correction factor for the effect of tube-to-baffle and baffle-to-shell leakage
for calculating heat transfer coefficients [1]

e Bypass correction factor

Ds— Do) L
Fy, = (SSM bypass area fraction
m
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The number of crossflow rows N, depends on the tube layout:

1-2L./D
N, = DSM for square layout
o (19
1-2L./D ’
N, = DS(0~866(thS) for triangular layout
The number of sealing strips is given by
Ngs = [NSST. (1.9)
The bypass correction factor is given by
Jg=1 for SS > 0.5
Jp = exp (—1.35Fbp (1-— (27’55))1/3) else
or can be extrapolated from Fig.
Finally the shellside heat transfer coefficient is given by:
Ushellside = Ushellside, idealJCJLJB- (1~10)

Pressure drop calculation The method to calculate the pressure drop with the Bell-
Delaware method is similar to the procedure to calculate the heat transfer coefficient.
First the ideal pressure drop for complete crossflow is calculated, as a second step cor-

rection factors are applied.

The ideal crossflow pressure drop for the shellside fluid, neglecting inlet and outlet noz-

zles, is given by

1
Ap. = N Ky <2pfufnax> (1.11)

where Ky is a factor which depends on the Reynolds number and on the layout (for fixed

pitch-to-diameter ratio Ly, /d, = 1.25):

For square tube banks

0.207 - 103 N 0.102-10% 0.286 - 103

Ky =0.272 Re < 2300
f * Re Re? Re? ¢
0.249 -10* 0.927-107 100
K;=0.267 — 2300 < Re < 2-10°
I T Re R R ’
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1.0
e l | [ T
\ »
\ \\\\1 ' —— (Nss/Ng) > 1/2
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JB /L _"/ il
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FI1GURE 1.13. Correction factor for the effect of bypass on the heat transfer coefficient.
Njs is the number of pairs of sealing strips and N, is the number of cross flow rows. [I]

For triangular tube banks

0.247 - 103 N 0.335 - 10% ~0.155 - 104 N 0.241 - 104

K =0.795 + Re < 2300
! Re Re? Re3 Re?
0.339-10%*  0.984-107 0.133-10''  0.599-10'3
K, =0.245 - - 2300 < Re < 2-10°
4 + Re Re? + Re? Re? < hes

The number of effective crossflow rows in the window zone N, and the window flow

area S, are given by
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0.8L,
N. —

cw Ltp

S :D3 cos™! 1—2LC — 1—2E 1— 1—2ﬁ i - (1.12)

v 4 Dy Dy Dy
N,
5(1 — F)md>.

The ideal pressure drop for the window zone (for Re > 100) is given by

24 0.6Ne

Apy, = 2

2SmSwp

Two correction factors Rp and Ry, can be interpolated from Figs. and [[.I5] or can

be computed directly from

for SS > 0.5

(1 — rig?’)) else

Rp=1

Sh

Rp = —3.7T—

1.0
\ :]\ | (MJNgV? 7
0.9 —\\ N\ 1| \\\t
WO TNT
\RARY S
08—\ AN —\l\— \l\
\ \\\\ '\ \\|\
WA N\ \\‘ (Nss/Nc)=1/a>’\\|
A N ~
" \ ‘ N =
\ el
0.6 \— \—\{— ———\—1/5L
RN o
05 \\L— N el
\ \ \ 110 \\
(No Sealing Strips)\\ | \ : N \\
o [ \ \ 120 N
—— Re>100 N -
— == Re<100 N\
N N
0.3 l AN \\
0 0.1 02 03 0.4 05 06 0.7

FIGURE 1.14. Correction factor for the influence of bypass on pressure drop [I]
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Sp=0
t— (All Leakage
0.8 \ Tube-to-Baffle)

(All Leakage
Shell- to-Baffle)

FIGURE 1.15. Correction factor for the influence of tube-to-baflle and shell-to-baffle
leakage on pressure drop [I]

and

Ry =exp(—1.33(1+rs)) (r1m)” -

Finally the pressure drop across the shell is given by

N,
Apsheliside = (N = 1) ApeRp + NApy) Ry, + 2Ap.Rp (1 " J\;w> .

c

The Wills and Johnston method The Wills and Johnston method is the simplified
version of the so called flow stream analysis method and is suitable to hand calculations.
The flow is separated into different paths, and to each fraction a mass flow I'; and a
pressure drop Ap; is assigned. Those paths can be recognized in Fig. [I.16} leakage
between tubes and baffles (t), leakage between baffle and shell (s), crossflow over the
tube bank (c) and bundle bypass flow (b).

The theoretical description of this method can be found in [I]; in the following the
description of the method is provided with the correlations which are implemented in

the software tool.
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/

Baffle

Shell

FIGURE 1.16. Flow streams in the Wills and Johnston method [I]

For each of the streams, a resistance coefficient n; is defined such that the pressure drop

is related to the mass flow

Ap; = n;T?. (1.13)
The pressure drop between the points A and B of Fig. can then be expressed with
the help of the coefficients n;, with I'p being the total mass flow

Ap = n,T'%

Ap. = Apy = ngl?,

Calculation of the resistance coefficients n;

1. The shell-to-baffle leakage area is calculated from

L\ La
s — Ds__s _S~
S 71'( 2) 5

The shell-to-baffle leakage resistance coefficient is given by

_0.036 (2ty/Lyp) + 2.3 (2t/ L) """
N 2pS? ‘

S

2. The tube-to-baffle leakage area is calculated from

L\ Ly
5

St :Ntﬂ' (do— 7
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The tube-to-baflle clearance resistance coefficient is given by

~0.036 (2ty/Lyp) + 2.3 (2ty/Lyp) """
2pS? '

T

3. The window flow resistance coefficient is given by

1.9 exp (0.6856%)
e = 2pS2,

where Sy, and S, are the values defined in the Bell-Delaware method (Eqn.
and [1.12)).

4. The bypass flow area is calculated from

Sy = Ly Lpe

The bypass flow resistance coefficient is given by

0.266 NN o lavout
ny=———— r square layou
0.133N_.N,
ny = # for triangular layout
2pS;

where N, and N, are the same values used in the Bell-Delaware method (see Eqn.

and.

The coefficients ng, n¢, Ny, 1 are assumed to be independent from the flow rate, therefore

they can be calculated directly.

The coefficient n. (crossflow resistance coefficient) varies with the flow rate, therefore it

must be iterated as follows.

The fraction F,. = I'./I'p represents the crossflow over total flow. Its value is used to

compute the Reynolds number, defined for crossflow as:

Re — do o doFerl'r
€= —PUmax = —o——-
K WS

The crossflow resistance coefficient n. is obtained by substituting

1
2 _ 2
P sy,
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into Eq. therefore:

_ N.K;
- 2pS%°

T

The combined resistance coefficients are computed as:

-2
Nep = (nc_l/ 24 nb_l/ 2) bundle bypass and crossflow
—2
Ng = (n;l/z + n;fm) non leaking flow
-2
n, = (ng1/2 +n7 % 4 n;l/Q) total flow coefficient

the new value for F, is calculated by

With the reasonable initial guess F.,. = 0.5, iterations are performed until F,. converge.

Calculation of the flow fractions The flow fractions can be then calculated:

o\ 1/2 e\ /2]
= <p> 1+ <b> ] bypass flow
Ng Uz
o\ 12
F, = <p> shell-to-baflle leakage flow
g
o\ 12
F, = <p> tube-to-baffle leakage
s

Finally, the heat transfer coefficient can be calculated, using the corrected converged

mass flow rate I'. = F,.I'r, therefore

Re :doFchT
S,

k
Ushellside Zd*0-211 Re? 651 pr0-34
o
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The pressure drop can be then calculated:

Ap = onQT pressure drop per baffle space

Aps = (N +1)Ap total shell pressure drop

1.3.1.3 HTC and Ap determination for the tubeside of the STHE

The determination of the heat transfer coefficient for a tube bundle follows the same
procedure as for a single tube. In the following, all fluid properties are referred to the

tubeside fluid, unless specified.
The front area of a single tube is given by

2
md;

Atube = T

The velocity in the tubes can be calculated from

Ny
Afront = Atubeﬁ
p
T
Vtube =
Afront

The mass flux on the tubeside is given by

r

M =
Afront

The Reynolds number and the Prandtl number are determined by

d; M
Re = =
W
Pr:%

k
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The correlation for the Nusselt number depends on the flow regime (i.e. the Reynolds

number):

Nu = 4.3d1 Re < 2300: Laminar flow

-1 P
u= i (Re 000)Pr Re > 2300 : Turbulent flow

14127 (g)” (Pr*—1)

(1.14)

where f = (0.79In(Re — 1.64)) 2.
The used correlation for the turbulent flow regime in tubes is the Gnielinski correlation.

Finally the tubeside heat transfer coefficient is given by

~ Nuk

U
d;

The tubeside pressure drop can be calculated with the help of the Blasius equation.

LiuyneNp is considered as the total length of a tube, excluding the bent sections.

fo=16/Re for laminar flow
fo=0.079 Re~1/4 for turbulent flow
MQ
Ap =4fyL N,——
Y4 fO tube p2dzp

1.3.2 Printed circuit heat exchanger — Tool for design

Two arrangements for the channels of a printed circuit heat exchanger are possible. The
most efficient, from a thermodynamical point of view, is the arrangement in counterflow
(as shown in Fig. . Nevertheless a not negligible part of the channels is in crossflow,
with a bended path inside the heat exchanger (as can be seen in the upper part of Fig.
in order to collect the fluids at the four different edges. The second option is the
arrangement in complete crossflow, as described in Fig. [I.I8] The two fluids follow
straight channels, without any bending sections. This option is simpler to manufacture
but less efficient from the heat exchange point of view. A tool is presented for the design

of a PCHE in counterflow. A modeling tool for PCHE in crossflow can be found in [45].

!The Nusselt number for the case of laminar flow should be chosen in virtue of the nature of the
heat transfer. Nu = 4.36 should be used for “convection with uniform surface heat flux” and Nu = 3.66,
for “convection with uniform surface temperature”. In order to be consistent with the values used by
thermal hydraulic code TRACE, used in Chapter |2 the value for convection with uniform surface heat
flux is proposed.
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FIGURE 1.17. Two layers of a PCHE in counterflow, with bent sections at the top. [40]

L,

L. S ,
L | W |

: %ﬁﬁrpw -
| ey | ¢

7 M,
Hot Fludi 1)

FIGURE 1.18. A schematic view of a PCHE in complete crossflow [45]

The PCHE in counterflow is modeled by considering a series of two semicircular channels
separated by a slab, as shown in Fig. [I.7 The heat conduction across the metallic slab is
analyzed further on, and takes into account the non rectangular shape of the structure.
Heat conduction between channels not directly placed on top of each other was neglected.
The bent sections (near the inlet and outlet) are approximated with straight channels,
provided that the length of the heat exchanger is sufficiently large with respect to the

width (at least by a factor of 3). The heat transfer in crossflow is neglected in this case.

The geometry of the PCHE in counterflow is determined following a similar approach to
the modeling of the STHE. The logarithmic mean temperature ATy is determined as
in Eq. once the inlet and outlet temperatures of the two fluids are defined, without
any correction factor, since the channel arrangement is considered as pure counterflow.

The overall heat transfer coefficient U A is determined from the relation Q = UAAT M.
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The free parameters to chose are the channel diameter d, the velocity in the channels v
(limited to 5 m/s) and the ratio between the channel diameter and the plate thickness
tp. The pitch P between two horizontal channels is set to 1.1d, which is a commonly

found value in literature.

The cross sectional area for each fluid (i = hot, cold) is determined using the volumetric

flow rate V; (obtained from vV, =T /pi) and the imposed velocity v

Vi
Afront,i =

counterflow printed circuit heat exchangers have the feature that the two cross sectional
area relative to hot and cold fluid are equal, since the number of channels dedicated to
the fluids must be the same. This is not the case for the PCHE in crossflow. The largest
value for the area calculated above is chosen. This choice lowers the velocity of the other

fluid, eliminating the risk of exceeding the upper limit for the velocity.

The number of channels for each fluid can be calculated from the total cross sectional

area:

Afront

Ni = y
Achannel

where Achannel = 7d? /8. The total number of channels is N = 2N;.

The dimensions of the heat exchanger in x and y direction can be calculated by

Lx = PN,
Ly = t,N;.

After fixing the geometrical dimensions, the heat transfer coefficient can be calculated.

1.3.2.1 HTC and Ap determination of the PCHE

Several heat transfer correlations for non circular channels and different working fluids
were presented in [45]. The heat transfer for molten salts was not investigated for semi-
circular channels. In the present work the Gnielinski correlation for turbulent flow (for

Re > 2300 ) and Nu = 4.36 for laminar flow are used (see Eq. , wshich are the most

commonly found correlations in literature.
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The heat transfer coefficient correlation for the two fluids is given by

Nujk;
AL (1.15)

U.
K3 Dh Y

The heat transfer coefficient for the wall is given by

Up=-f (1.16)

|

where f is a correction factor introduced to account for the geometry of the metallic

plate and is described in the following section.
The heat transfer coefficient for the PCHE is given by:

U— <1+1+1>_1 (1.17)

After determining the heat transfer coefficient U from Eq. the heat transfer area

was calculated from Apeat transfer = U—UA, therefore the heat exchanger length

Aheat transfer
(d+7wd/2) N;’

The pressure drop across the channels of the PCHE is calculated with the correlation

presented in [45] for semicircular channels:

15.78
fi= Re

fi =0.478 Re %26 8200 < Re < 58000

Re < 2300

L.
= piv?

Ap; = QfZFh

The size of the heat exchanger can be finally determined by Lx Ly L. The fluid volume

in the exchanger is equal for both sides. It is calculated from

V= NiLAchannel
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1.3.2.2 HTC determination for the wall interface of a PCHE

The aim of this brief section is to describe the heat transfer in the metallic plate between
two channels in the PCHE.

The relation between heat transfer coefficient for conduction and the geometrical /thermal

properties of the material is given by
Uy =—-F, (1.18)

where k is the thermal conductivity and ¢ is the thickness of the material across which
the heat transfer takes place. The correction factor f accounts for the non rectangular
slab geometry of the metallic plate. The heat transfer coefficient across a rectangular
slab depends linearly on the thickness ¢ of the plate, without being influenced by the
width. The temperature gradient is always perpendicular to the slab surface in the ideal
case. In case of a semicircular slab (as shown in Fig. , the heat transfer coefficient
is influenced by both thickness and width. An analysis is conducted to determine the

influence of the geometry on the heat transfer coefficient.

The heat equation to be solved is the Poisson equation V - (kVT) = 0. The thermal
conductivity k is considered constant in the material, therefore the Poisson equation be-
comes Eq. [1.19} Neumann boundary conditions on the vertical axis (thermal insulation)
and Dirichlet boundary conditions (imposed temperature) at the top and bottom of the

geometry are chosen.

The heat flux ¢” is related by the Fick’s Law to the temperature gradient via the ther-
mal conductivity k. The third equation describes the heat flux via the heat transfer
coefficient and the temperature difference across the solid (assuming a constant thermal

conductivity in the material):

V2T =0
oT

oT
s =0

=0 Ox

=0 (1.19)
r=d+ty

T,g=0 Tl ="Thot

The top part of the metallic plate is parameterized as
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A I

0 0
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(A) Real geometry (B) simplified geometry

FIGURE 1.19. Metallic plate geometry between two semicircular channels

tp 0<x<ty/2
y=Qt,—Vd> -2 ty/2<x<t;/2+d
tp tr/24+d<xz<ty+d

with = € [0,d + tf], with the definition of the symbols as in Fig.

The heat flux ¢” is determined locally by the conductivity k and the temperature gradient
VT. The average heat flux ¢, is expressed in terms of the temperature difference AT

between the top and bottom of the plate and a heat transfer coefficient U:

¢" =kVT (1.20)
qr. = Uy AT (1.21)

As a first step, the heat transfer problem was solved for a simplified geometry, where
ty is set to 0. The geometry becomes as shown in Fig. and depends only on two
parameters: the width d and the height (thickness) ¢, of the plate.

The heat transfer coeflicient U is the parameter which needs to be determined. The
independent quantities of the problem are: the length (m), the temperature (K) and the
thermal conductivity expressed in W/m-K (the power in W is the independent quantity).

The degrees of freedom of the problem can be reduced by using non-dimensional variables.

A characteristic length t,, is introduced such that the non-dimensional length is defined as

T
Thot *

. . . . . t
The heat transfer coefficient U,, can be expressed in an non-dimensional form: Uy, = Uy, -

7= % The temperature is scaled with the characteristic temperature Tio as 6 =
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The scaling of variables for the infinitesimal terms in Eq. and results in:
dz = t,d7

therefore the laplacian operator is

Finally, the non-dimensional form of Eq. [[.19]is expressed as

AT

—oV20=V20=0
£
%) _, 9 _ 0 (1.22)
IT |5 oz F=d/t,
T‘ﬂ:o = 0 T|t0p’ = ThOt

where the non-dimensional parameterization of the upper part of the simplified geometry

is expressed as

d\2
g=1- <t> — 72 0<z<dft, (1.23)
P
Equation [I.20] and [T.21] become:
J'=¢'-2 = %9 (1.24)
kAT
Uy = —V6 (1.25)

The parameterization of the geometry of the system depends only on the ratio d/t,,
while Eq. [T.22] [T.24] and [T.25] are non-dimensional equations. The non-dimensional heat

transfer coeflicient is therefore function of the ratio between the channel diameter and

the plate thickness d/t,. This is the main result of this non-dimensional analysis.

Once the relation Uw = f <%> is found, the heat transfer coefficient U,, can be found
with Eq. [1.18]

An analytical solution of the Poisson equation (|1.19) could not be found for the consid-
ered geometry, therefore a numerical approach is followed. The heat equation is solved

numerically by the PDE toolbox present in Matlab. The boundary condition Tj,q is set
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to 100°. The temperature gradient VT is calculated at the bottom of the plate and
plotted for different geometry configurations (see Fig. [1.20). The non-dimensional heat

transfer coefficient can be fitted with a polynomial function f:

- (d d\? d
f <> = (0.4499 () + 0.3403 () +1 (1.26)
tp tp tp
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FIGURE 1.20. U as function of d/tp. The numerical solution obtained with Matlab of
Eq. for different geometrical configurations were plotted as function of d/t,,.
Typical values for the d/t, ratio used in PCHE are around 1. The heat equation is then
solved with Matlab for real geometrical , applying the relation ¢y = 0.1d, which is in the
range of the values found in literature. The difference between the interpolated result
and the result obtained from the solution from Matlab is maximal 1.5% for the non-
dimensional heat transfer coefficient. For ¢y = 0.2d it is maximal 2.5%. Therefore the
correlation for the non-dimensional heat transfer coefficient for the simplified geometry

holds also in the real geometry case, without the need of introducing a correction factor.

1.4 Preliminary design of the MSFR primary heat exchanger

The reactor design of the Molten salt fast reactor (MSFR) was proposed in the frame of
the EVOL project, and includes a fairly detailed description of the core, few specifica-

tions about the out-of-core part of the primary circuit and a description of the fuel salt
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properties [3].

The MSFR core parameters are summarized in Tab. [I.3]

TABLE 1.3. MSFR core parameters [6]

Thermal power @ [MW] | 3000
Core inlet temperature (K] 923
Core outlet temperature [K] 1023
Fraction of salt inside the core -] 50%
Number of loops for heat exchange [ 16

The software tool described previously is applied to the constraints of the design of the
MSFR. A preliminary design for shell and tube heat exchanger and a printer circuit heat
exchanger in counterflow are obtained with the developed tool and are presented in the

next section.

1.4.1 Input parameters and constraints

In the design of the MSFR sixteen heat exchangers are responsible for the heat transfer
of the 3000 MWy, from the primary to the intermediate circuit. Each unit transfer
187.5 MWyy,.

The primary salt containing the fuel was chosen to be an eutectic mixture of LiF-ThFy
with molar fractions 0.775-0.225. The thermophysical properties of the primary salt can
be found in Tab. [[4]

TABLE 1.4. Thermophysical properties for the primary salt [4]

LiF-ThF,
0.78-0.22

Tmelting [K] 338

Thoiting K] 1874

) [kg/m?] | 4983.56 — 0.882-T

L [mPa-s| | p(5.54 107" exp (3689/T))

k [W/m-K] | 0.928 +8.397-107°-T

Cp [J/kg K] | —111142.78-T

The total volume of salt flowing through the core is 18 m?, while the fraction in the
heat exchangers is approximately 34% (6.12 m?) [3]. The volume of the primary salt in
each heat exchanger is limited to 0.38 m?. For the preliminary analysis of a single heat
exchanger a limiting volume for the primary and intermediate salt of 0.33 m? is chosen

as a constraint.
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The intermediate salt temperatures have to be determined given the constrained inlet
and outlet temperatures for the primary salt. Eq. relates the overall heat transfer
coefficient UA to the power ) and to the logarithmic mean temperature ATry. In
order to achieve a reasonable design from an engineering point of view, the heat transfer
area A, therefore the dimensions (and costs) of the heat exchanger need to be limited.
This choice results in a low value for the overall heat transfer coefficient UA. Thus a
large value for ATy is consequently required, which is obtained with low intermediate
salt inlet and outlet temperatures. On the other hand the efficiency of power cycle is
determined by a high temperature of the working fluid. Therefore the temperature of
the intermediate salt — which gives up the heat to the working fluid of the power cycle —

should be kept high, limiting AT\ at the top.

The primary salt temperatures are fixed for inlet and outlet at 1023 K and 923 K by
design. A safety requirement for the intermediate salt temperature is to be always above
the freezing temperature of the primary salt: 838K. A safety margin of 20K was added
to the freezing temperature of the primary salt, choosing the inlet temperature for the
intermediate salt to be 863 K (590°C).

The intermediate salt outlet temperature is chosen to be a free parameter to be varied.
Different heat exchanger configurations depending on the intermediate salt outlet tem-
peratures are investigated. A high intermediate salt outlet temperature would result in a
better thermal efficiency in the power production cycle, but other parameters need to be

considered, such as velocity in the pipes and pressure drops in the intermediate circuit.

The maximal velocity in each section of the heat exchanger needs to be limited to 5 m/s
to avoid erosion and corrosion [3]. A higher velocity increases the Reynolds number and
therefore improves the heat transfer in case of turbulent flow regime, but due to the

erosive salt properties the velocity must be limited to protect the piping system.

The intermediate salt was not defined in the frame of the EVOL project for the MSFR.
Two different salts are investigated in this work, regarding thermophysical properties
only. The salts are LiF-BeFy (0.66-0.34), which was the intermediate salt used for the
MSRE, and LiF-NaF-KF (0.465-0.115-0.42). An exhaustive description of the salts can

be found in the work of Benes [I8|; thermophysical properties used in this work are listed

in Tab. [LLAl

The pressure drops for primary and intermediate salts need to be kept as low as possible.
Low pressure drops reduce the energy requirement for the pumping systems, increasing
the overall efficiency of the plant. For the MSFR the pressure drop for the primary salt

should be low enough to assure natural circulation in case of a loss-of-flow accident. In
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TaBLE 1.5. Thermophysical properties for the intermediate salts [I8]

LiF-NaF-KF LiF-BeFq
0.465-0.115-0.42 0.66-0.34
Tmelting K] 727 798
P [kg/m?®| | 2579.3—0.6240 T | 2146.3 —0.4884 - T
1 [mPa-s] 0.0248 exp (4477/T) | 0.116 exp (3755/T)
k [W/mK] || 0.36 +5.6-107%-T | 1.1
e [7/keg- K] | 1880 2390

case of stagnation of flow the decay heat in the primary circuit — in particular in the heat

exchanger — could increase the temperatures locally and damage the structural materials.

For a preliminary design no maximal pressure drop is defined a priori. Among all possible

solutions, the design with lowest pressure drop is chosen for further investigations.

The metal chosen for the preliminary design of the heat exchanger was Hastelloy® N
alloy. Hastelloy® N is a nickel-base alloy developed by ORNL and the International
Nickel Company for use in molten-salt reactors [13][46]. It was used for the primary heat
exchanger in the MSRE. The experiment did not show fouling of the heat exchanger
during three years of operation, due to scale build up or corrosion of the internals [14].
No detriment of the heat transfer was proved. Hastelloy® N alloy is therefore a strong
candidate to be used for the primary heat exchanger of the MSFR. Its physical, chemical
and mechanical properties are described in [46]. In Tab. the properties are listed for
T =923 K. The constraints of the problem are summarized in Tab.

TABLE 1.6. Hastelloy® N alloy properties [46]

Melting temperature K] 1573 - 1673
Mean coefficient of thermal expansion [m/m-K] | 14.7
Thermal conductivity [W/m-K]| | 23.6
Specific heat [J/kg:K| | 578

TABLE 1.7. Constraints for one modular primary heat exchanger for the MSFR.

Q [MWy,| | 187.5
Trin K] 1023
T out K] 923
Toin K] 863
Umax [m/s| 5
Vprimary salt, max [mg] 0.33
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1.4.2 Shell and tube heat exchanger

The first step described in Sec. [[.3.]] for the preliminary design of the STHE is the
estimation of the heat transfer coeflicient Uy;. The heat transfer coefficient found
experimentally for the shell and tube heat exchanger of the MSRE in the 1960s was
3725 W/m?K. Due to the lack of experience and following a conservative approach, a
value of Uggt = 3000 W/ m?K is chosen. The conservative approach (lower estimated heat

transfer coefficient) results in a larger required area Ayeq.

The allocation of the fluids in a shell and tube heat exchanger depends on several factors,
as pressure difference between the fluids, limiting pressure drops, fouling, corrosion rates,
phase change, etc. A rule-of-thumb is the allocation of the high pressure fluid on the
tubeside. This allows to use a smaller shell thickness, since the shell does not need to
sustain a high pressure from the inside. The two salts of the MSFR flow at the same
near atmospherical pressure, therefore this first criteria is applicable. In case the pressure
drop for one specific fluid need to be kept low, this fluid should be placed in the shellside.
The minimization of the pressure drops is more relevant for the primary circuit, therefore
the primary salt should be allocated in the shellside. The other mentioned criteria are
not relevant for the allocation of the fluids, since the behavior is expected to be similar
for both salts. Besides this motivation, the same approach was used for the STHE of
the MSRE in the 1960s, therefore the primary salt is allocated in the shellside, the

intermediate salt in the tubeside.

In order to decrease the size of the heat exchanger the shellside salt volume the most com-
pact tube layout is chosen: triangular tube arrangement. A triangular tube arrangement
increases the velocity of the shellside fluid, enhancing the heat transfer by increasing the

Reynolds number.

The thickness of the tubes is fixed to 0.8 mm. At first this value could be considered
to be small, but considering that the salts are flowing at similar pressures this thickness
can be sufficient. A small tube thickness decreases the thermal resistivity of the metal,
improving the heat transfer through the wall. The heat transfer coefficient for the shell
and tube heat exchanger will be then influenced mostly by the flow properties of the
salts, as described by Eq.

The variables free to choose in the software tool for the design of a shell and tube heat
exchanger are the outer diameter d,, the number of passes N,, the maximal velocity in
the tubes vmax and the outlet temperature for the intermediate salt T¢ out. The range

for each variable is listed in Tab. each possible combination was investigated.
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TABLE 1.8. Range of input values for the STHE

d, [mm] 340
Umax [HI/S] 1-5
N, -] 2,4,6
Toow |K] | 903 — 953

No geometrical configuration for a shell and tube heat exchanger respecting

the above mentioned criteria and constraints are found.

Several geometrical configurations deliver the required overall heat transfer coefficient
UA, but the constraints on the salt volume could not be respected following the design
standards of TEMA. The primary salt is placed in the shellside, following the approach
used during the MSRE. The limitation on the primary salt volume in the heat exchanger
(0.34 m?) forced a very compact tube arrangement. The tube pitch is decreased and the
most compact tube layout (triangular) is chosen. Consequently the minimal flow area
for the primary salt decreased. The velocity is inversely proportional to the flow area

and exceed its upper limit (5 m/s).

Besides this, even by exceeding the limits on the salt volume (in this example of design
the shellside volume is 1 m?®), the manufacturing the STHE seems to be unrealistic for
the imposed constraints. One possible solution obtained from the tool imposed a very
small outer diameter of the tubes (d, = 7 mm), a number of tubes of the order of 25’000
and a length of 2 m. The maximal velocity in the shellside is respected (4 m/s), as well as
the overall heat transfer coefficient requirement. For the design of a STHE the minimal
tube diameter proposed in [36] is 1 cm with a tube thickness of 1.2 mm. In virtue of
these considerations, this type of heat exchanger poses manufacturing limitations for the
application on the MSFR. The shell and tube heat exchanger is therefore discarded for
further analysis, under the design conditions of the EVOL project.

1.4.3 Printed circuit heat exchanger

The developed model for design of a PCHE is applied to the parameters and constraints
of the MSFR. Different configurations for the channel length and the height of the HX
are found, leading to the required low salt volume and overall heat transfer coefficient.
The channel length is directly proportional to the pressure drop. A shorter length is
wished to limit the energy requirement for pumping and improving natural circulation
in case of accident. On the other hand a design of a tall and short heat exchanger is

excluded due to space limitations surrounding the reactor. Both aspects are considered
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for the choice of the primary heat exchanger of the MSFR, and the designs for both
investigated intermediate salts are listed in Tab. [I.9

For both cases a laminar flow regime is achieved, due to a very small channel diameter
(approximately 1.5 mm and velocities limited to 2 m/s. The heat transfer coefficient is
velocity independent (laminar flow), therefore the ability of the HX to exchange heat is
expected to depend only on the temperature difference (AT1y) between the two fluids.

This aspect becomes relevant in case of a loss-of-flow accident.

The counterflow arrangement theoretically allows to reach a very high thermal efficiency
(i.e. an outlet temperature of the intermediate salt close to the inlet temperature of the
primary). For the case of the MSFR a compromise between thermal efficiency and ther-
mal hydraulic efficiency (pressure losses) has to be achieved, therefore the intermediate
salt outlet temperature is fixed to 943 K. The thermal effectiveness is the ratio of at the

actual to the maximum heat transfer rate F = Q/Qmax, and can be expressed [I] as

Tc,out - Tc,in

B = oou el
Th,in - Tc,in

with the nominal temperatures and flow rates the effectiveness is 50% (for typical heat
exchangers lies in the range 40% to 80%). The logarithmic mean temperature difference
is ATym = 69.52 K.

The design is similar for the two heat exchangers with different intermediate salt (the
geometrical parameters differs approximately by 10%). The salt properties, in particular
the viscosity, affect the Reynolds number and therefore the pressure drop of the salts. The
viscosity of FliBe (7.42-1073 Pa-s) is twice the viscosity of FliNaK (3.53 - 1073 Pa-s),

which determines a low pressure drop of the FliNaK salt in the primary heat exchanger.

1.5 Preliminary design of the MSFR intermediate heat ex-

changer

In the next chapter the behavior of the primary heat exchanger wants to be investigated
with thermal hydraulic code TRACE. In order to perform this analysis the intermediate

circuit must be closed, with the help of an intermediate heat exchanger.

The simplicity of the model for the design of the PCHE for the primary heat exchanger,
together with the good thermal efficiency, makes the PCHE a suitable candidate also for

the intermediate heat exchanger.
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TABLE 1.9. Preliminary design of the primary PCHE in complete counterflow

LiF-BeF;, | LiF-NaF-KF

Width [m] 0.29 0.27
Height [m] 4.57 5.32
Length [m] 1.17 1.09
Channel diameter |[mm| 1.7 1.6
Channel pitch [mm]| 1.9 1.8
Plate thickness [mm]| 1.4 1.3
Channels [#] 253356 307589
Uy [W/m?-K] | 2.24E3 4.50E3
Us [W/m2 K] | 4.62E3 3.86E3
Uw [W/m?-K] | 3.37E4 3.59E4
U [W/m2-K] | 2.07E3 1.96E3
A [m?| 1300 1373
UA [W/K] 92.70E6 | 2.70E6
Tins K] 1023 1023
Toutd IK] 923 923
T K] 863 863
Tout.2 K] 043 043
Rey N 494 432
Res N 477 1117
vy [m/s] 1.17 1.08

Vg [m/s] 2.00 2.00
Apq [bar]| 4.1 4.0
Apo [bar]| 5.2 2.6
Salt volume [m3] 0.34 0.34

1.5.1 Working fluid in the power production cycle

High temperature cycles are currently used in industry for power production and pro-
cess heat (e.g. desalination, synthetic and unconventional oil production, oil refining,
etc. [52]). Different working fluids can be employed, depending on the required duty,

temperature range and working environment.

Molten salts are employed as heat transfer fluids in Concentrated Solar Power (CSP)
plant. Focussed sunlight is directed on pipes with circulating molten salt. The molten
salt is pumped through heat exchangers where it releases heat to produce steam. Steam
produced with CSP can reach 855 K (585°C) at a pressure of 155 bar, which is converted
through a steam turbine into mechanical energy (state-of-the-art technology for CSP
produce 250 MW|30]).

Other options as working fluid in the power production cycle are investigated for the

MSFR: the helium Brayton cycle, the supercritical CO2 cycle and supercritical water
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cycle, which has higher efficiency compared to superheated steam. The feasibility of
a power cycle with the proposed fluids in terms of state-of-the-art technology, thermal

efficiency and manufacturing experience was researched in literature.

Dostal et al. [22] investigated supercritical COg2 (sCO2) as working fluid for the new
generation of nuclear reactors, using a printed circuit heat exchanger. A higher thermal
efficiency (approaching 53%) with respect to conventional Rankine steam cycles is an
attractive feature for high temperature reactors. Supercritical CO2 was selected among
other gases (e.g. SOz, NoOy4 and NOy) because of the moderate value of its critical pres-
sure, its stability and relative inertness (for the temperature range of interest), sufficient
knowledge of its thermodynamic properties, non-toxicity, abundance and low cost|22].
The critical conditions of CO5 are achieved at 73.8 bar and 304.1 K. Despite this, the
high temperature of the gas pose a technological limit on the turbine. Supercritical COq
is very corrosive at temperatures above 715 K [47], and the materials available for a
turbine can not withstand a such corrosive environment. The use of supercritical COq

seams to be therefore not suitable for application in high temperature reactors.

A helium Brayton cycle has the same efficiency as a supercritical CO5 cycle for gas
temperatures above 1123 K. The operating pressure for the helium Brayton cycle is
much higher than for supercritical CO2 (200 bar)[22]. In the temperature range of the
MSFR the efficiency of a helium cycle drops, due to the large energy investment needed
to pressurize the fluid with respect to the energy gain. Helium is therefore discarded as

heat sink of the modeled system.

Supercritical water has been used throughout the years for power production. State-of-
the-art supercritical steam power plant in Liinen [29] was commissioned by Siemens and
is in operation since 2013. This hard-coal-fired power plant has an installed electrical
capacity of 750 MW, with almost 46% efficiency. The steam parameters at the boiler
outlet reach 280 bar and 610°C. The MSFR reaches temperatures in the range of the
steam parameters of this coal-fired power plant. Supercritical water appear therefore

suitable for an application to the power cycle in the MSFR.

In this thesis work the working fluid for the power cycle is used as balance of plant,
representing the heat sink of the system. The modeling of the heat exchangers aims
at ensuring a high efficiency of the plant, therefore a high outlet temperature of the
working fluid, but the modeling of the power generating cycle is not part of this thesis.
Supercritical water is selected as the working fluid for the balance of plant, and the

design of the intermediate heat exchanger is presented in the next section.
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1.5.2 Printed circuit heat exchanger

The goal of the design of an intermediate heat exchanger is to allow the simulation with
thermal hydraulic code TRACE of the behavior of the system in steady state and accident
conditions. The pressure of supercritical water is set to 225 bar. The inlet temperature
is set to 800 K, far above the freezing point of the salts. This avoids a priori freezing in

the primary and intermediate circuit.

No thermal losses are considered in the intermediate circuit, therefore the intermediate
salt temperatures are already determined by the primary heat exchanger. The flow rate
of the intermediate salt is determined by the heat transfer modeling of the primary heat

exchanger.

The technology of a PCHE allows two fluids at different pressures [40], making it a good
candidate also for the intermediate heat exchanger of the MSFR.

The previously described design tool for PCHE in counterflow is adapted to the present
case. No constraints for the salt volume are imposed, since a larger volume could con-
sidered positive from a safety point of view, due to the large thermal inertia in the

intermediate circuit.

The water velocity is limited to 10 m/s. The water outlet temperature is a free pa-
rameter of the tool and was set to approximately 910 K (depending on the choice of
the intermediate salt), which is the temperature limited by current technological limits
of the turbine. Regarding dimensions, velocities and pressure drops the most favorable

design is chosen.

Tab. lists the geometrical and thermal hydraulic parameters of the intermediate

heat exchanger for two different salt configurations.
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TABLE 1.10. Preliminary design of the intermediate PCHE in complete counterflow

LiF-BeF;, | LiF-NaF-KF
Width [m] 0.90 0.96
Height [m] 5.33 5.2
Length [m] 2.69 2.88
Channel diameter |[mm| 5 5
Channel pitch [mm]| 5.5 5.5
Plate thickness [mm)| 4.2 4.2
Channels [#] 104175 108998
Us [W/m2.K] | 1.57E3 1.24E3
Usater [W/m2K| | 7.74E3 | 7.74E3
Uw [W/m2-K] | 1.15E4 1.15E4
U [W/m2-K] | 1.17E3 9.748E2
A [m?| 3597 4038
UA [W/K] 1296 | 3.94E6
T IK] 863 863
Tout.2 K] 043 043
T K] 800 800
Tt K| 913 908
Res 8 395 1009
Rewater -] 47619 47619
V2 [m/s| 0.56 0.58
Uwater [m/s] 8.00 8.00
Apo [bar]| 0.4 0.2
ADwater [bar] 0.4 0.4
Salt volume [m3] 2.75 3.08

1.6 Conclusions

A preliminary choice for primary heat exchanger for the Molten Salt Fast Reactor was
performed in the first part of this chapter. Among different options and designs two types
of heat exchanger were chosen for a preliminary analysis, based on temperature, pressure
and operational conditions of the MSFR, together with the state-of-the-art technology
and manufacturing experience with heat exchangers. Shell and tube heat exchangers and

printed circuit heat exchangers were chosen as possible candidates for the MSFR.

A software tool was ad hoc developed with MATLAB for the design of the two types of
heat exchanger respecting the constraints of the MSFR. Two different intermediate salts

(FliBe and FliNaK) were tested in virtue of their different thermophysical properties.

The analysis demonstrated the impossibility to use a traditional shell and tube heat
exchanger for the MSFR, following the guidelines and the construction standards of the
TEMA. The approach used during the MSRE for the placement of the primary salt in the
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shellside was followed. The limitation on the primary salt volume in the heat exchanger
(0.34 m?) forced a very compact tube arrangement. Consequently the minimal flow area
for the primary salt decreased, and the velocity (inversely proportional to the flow area)

exceed its upper limit.

The design of a printed circuit heat exchanger for the primary heat exchanger obtained
with the MATLAB tool fulfilled the criteria of the MSFR. Two designs were proposed
according to the properties of two intermediate salts. The main feature of PCHE is
the very small diameter of the semicircular channels (1.6 mm for the design with FliBe
as intermediate salt). This determines a very large heat transfer area per unit volume,
which decreases the overall size of the HX (0.29 x 1.17 x 4.57 m). The intermediate
outlet temperature of the salt is set to 943 K balancing the thermal effectiveness and the

thermal hydraulic constraints.

In order to close the intermediate circuit for the simulation with TRACE in the following
chapter, a second heat exchanger was designed. For sake of simplicity the intermediate
heat exchanger was chosen to be a PCHE, with similar characteristics to the primary
HX. Different working fluids for the power circuit were briefly investigated, opting finally
for supercritical water. Two designs (for two intermediate salts FliBe and FliNaK) for
the intermediate heat exchanger were proposed. The supercritical water temperature at
the outlet of the PCHE is 913 K, leading to temperature drop between core and power
circuit of 110 K.



Chapter 2

Modeling and analysis of the
primary and intermediate circuit of

the MSFR in steady state and

accidental conditions

2.1 Introduction

In the previous chapter a preliminary design regarding type, dimensions, flow rates and
temperatures of the fluids for the primary and intermediate heat exchanger of the MSFR
was proposed. Two different intermediate salts (LiF-Bey and LiF-NaF-KF) were inves-

tigated; according to their properties two pairs of heat exchangers were modeled.

The aim of this section is to model the primary, intermediate and heat sink circuit with
thermal hydraulic code TRACE. First the two above mentioned configurations are mod-
eled in TRACE and optimized for steady state conditions. In the second part of this
chapter the behavior of the system is investigated under accidental conditions (unpro-
tected station-black-out SBO). Different configurations for the primary, intermediate and

heat sink circuit are investigated.

The primary circuit was modeled in TRACE following the constraints of the MSFR
proposed design. For the intermediate circuit a previous analysis could not be found in

literature, therefore a similar approach to the primary circuit is used.

51
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2.2 TRACE modeling

As a first step, physical and thermodynamical properties of the salts have been imple-
mented in TRACE. The correlations for the properties can be found in Chapter [I] in
Tab. and and are taken from the works of Benes [18] and Rouch [4]. The strong
temperature dependence of the linear correlation for the heat capacity of the primary
salt created instabilities in the code. Therefore the correlation was replaced with the
averaged value over the validity range of the correlation (867-907 K): ¢, = 1355 J/kg-K.
Benes proposed, on the basis of the comparison between the ideal heat capacity and the
measured data from other fluoride systems taken from the work of Powers et al. (Nucl.

Sci. Eng, 1963, 71), the value ¢, = 1000 J/kg-K [18].

The material chosen for the heat exchanger is Hastelloy® N. In TRACE materials can
be defined by a temperature dependent table with density, heat capacity, thermal con-
ductivity and emissivity. The properties of Hastelloy® N (listed in Tab. [1.6) are added
to the TRACE model.

As described in the previous chapter, the geometry of the heat structure is not a rect-
angular slab, but a structure separating two semicircular channels. A correction factor
Up=f (%) (non-dimensional heat transfer coefficient) is introduced to model correctly
the heat transfer in the structure. This correction factor depends on the ratio between
the diameter of channel and heat structure thickness. The heat transfer coefficient can

be then expressed as

d\ ky
Uw—f<tp>tp'

Different types of Hastelloy® N are generated by creating an equivalent thermal con-
ductivity (kw,eq = f (%) ky). Depending on the desired ratio, a specific type of
Hastelloy® N is used for the simulation in TRACE. This expedient allows to maintain
the correct thermal inertia of the heat structure and simultaneously to model correctly
the heat transfer. This modeling approach is relevant for the simulation of accidental

conditions, where the thermal inertial of the metal is expected to have a significant role.

2.2.1 Steady state
2.2.1.1 Primary heat exchanger

At first the performance of the primary heat exchanger in steady state conditions is

investigated using TRACE. A single pair of channels is separated by a heat structure
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of the desired geometrical dimensions and thermal conductivity, based on the results
from the preliminary design (see Tab. . A multiplication factor representing the
total number of channels is applied to the model. The inlet temperatures and the mass
flow rates are fixed through boundary conditions (component fill and break). The heat

exchange is investigated in counterflow conditions. A schematic view of this simple circuit

can be seen in Fig.
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FI1GURE 2.1. Simple circuit scheme applied for testing the heat exchangers in steady
state conditions with TRACE

The fluid properties, as well as the flow properties obtained with TRACE are consistent
with the values expected from the preliminary calculation, providing a first code verifica-
tion. The power obtained from the simulation with TRACE and the outlet temperatures
of the salts should correspond to the imposed values in the MATLAB model (187.5 MW,
923 K for the primary salt, 943 K for the intermediate salt). Although a discrepancy
was observed and a smaller power was exchanged by the system. It was found that
the nodalization of the pipes and the heat structure has an impact on the results. A
cell length of 12 cm lowers the power exchanged with respect to the expected value by
approximately 5.4%; halving the cell length (6 cm, 20 cells) reduces the discrepancy to
2.7%. The causes are believed to be essentially numerical. A corse mesh enhances nu-
merical noise, which reduces the power exchanged. This effect is amplified through the

multiplication factor representing the total number of channels, of the order of 10°.

The power and the outlet temperatures tend to the expected value from the preliminary
design with a finer nodalization, at the expense of computational time. The refining
of the nodalization was taken into consideration, but the maximal number of cells per
component in the primary circuit is limited. A subroutine of TRACE to model the
neutronics — fundamental for the simulation of the dynamics of the system in the transient

analysis (described in Sec. [2.4.1)) — can handle maximally 20 cells per component, due
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to memory constraints of the code. Another approach was followed to model correctly
the heat transfer. The total number of channels was artificially increased in order to
increase the heat transfer area. The augmentation in cross-sectional area of the heat
exchanger decreases the velocity (and the pressure drop) of the salts. Nevertheless the
Nusselt number is velocity independent, since the flow regime in the channels is laminar.
This implies that the heat transfer coefficient is not modified by an increase in the total
number of channels, but the overall heat transfer coefficient UA increases, due to an
increase in heat transfer area. The number of channels is increased until the exchange
power reaches 187.5 MW (1/16 of the nominal thermal power of the MSFR: 3000 MW).
This solution caused an increase in volume of salt by 0.02 m?® (5.9%), which is negligible
in the frame of a preliminary assessment on the thermal hydraulics of the MSFR primary

and intermediate circuit.

2.2.1.2 Primary circuit

In order to simulate heat transfer in steady state and accidental conditions, the whole
primary circuit has to modeled. The proposed model takes into account the constraints

of the MSFR and constraints on flow properties (e.g. erosion).

The total volume of salt for the primary circuit of the MSFR was proposed to be 18 m?
(as described in Sec. , with approximately half of it is allocated in the core. The
number of modules (out-of-core systems including heat exchanger, pump, off gas system
and the relative piping) is 16, resulting in a out-of-core volume of salt per module of
0.56 m?.

The minimal flow area of the piping system (excluding core and heat exchanger) can be
obtained by dividing the volumetric flow rate V = % (defined by heat transfer constraint:
Q) = I'cyAT) by the maximal allowed velocity in the pipes: 5 m/s (due to erosion). The
diameter of the pipes is therefore at minimum 29 cm. The volume of salt available for the
piping system can be obtained by subtracting the salt volume in the heat exchanger to
the out-of-core volume. Approximating the salt volume in the heat exchanger to 0.3 m3
(see Sec. , the total length of the tubes is maximally 4 m. This value includes
the piping, the pumping system and the different plena needed as collector for the heat

exchanger.

The primary circuit is modeled in TRACE as follows. The total number of channels
of the heat exchanger is represented in TRACE by a pair of channels, multiplied by
the factor obtained by the previous simulation. The extremities of the heat exchanger
are connected to a plenum (inlet and outlet), which can be considered as the collectors

necessary to distribute the flow in the channels. In TRACE plena are components used
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to connect pipes of different flow areas. A small volume of the plenum is chosen. The
plenum placed at the inlet of the heat exchanger (hot leg) is designed to be the component
responsible for the pressure control in the primary system by imposing a fixed pressure
as a boundary condition. Two pipes, called inlet and outlet pipe relative to the heat
exchanger, were placed between the heat exchanger and the core, with the help of two

plena at each extremity of the pipes.

The core is modeled through a pipe with a fixed volume determined by the design of the
MSFR where the primary salt heats up. Since the simulation regards only 1/16 of the cir-
cuit, the volume of salt in the core was downsized to this ratio: Veore = 9/16 = 0.5625 m3.
The length of the core-pipe was fixed by constraint to 3.5 m [6]. The flow area was cal-

culated according to the length and the salt volume in the core.

TRACE allows the possibility of changing the orientation of the pipes. The heat ex-
changer is placed above the core to study natural circulation during accidents, therefore

the two pipes (inlet and outlet) are orientated vertically.

A pump placed before the core in the cold leg is responsible for the fluid circulation. The
pressure drops in the primary circuit are calculated using the expected flow properties and
the pump head is estimated. In case of a pump trip, the pump becomes a momentum sink,
therefore a pressure drop need to be modeled across the pump. The expected pressure
drop in case of a pump trip is approximately 1 bar [7]. A friction factor f is added to
the model such that the pressure drop across the pump at nominal velocity in case of
loss of momentum source is 1 bar. The pump head is finally adapted to compensate this

additional pressure loss in nominal operation conditions.

Heating of the primary salt occurs through a specific component of TRACE (FLPOWER)
and a model developed for the simulation of delayed neutron precursors. Power is deliv-
ered directly to the fluid without a heat structure. For steady state conditions a total
power of 187.5 MW is given to the salt mainly along the core, heating up the fluid from
923 K to 1023 K along the core. A more detailed description of the fluid heating modeling

is given in Section 2.4.1] No additional heat losses were considered in the circuit.

A schematic view of the primary system can be seen on the bottom of Fig. the

dimensions of the pipes of the primary and intermediate circuit are listed in Tab. 2.1}

2.2.1.3 Intermediate heat exchanger

The heat removal system from the intermediate circuit is provided with an additional heat
exchanger and a simple circuit with supercritical water considered as balance of plant.

The latter is modeled with a constant mass flow rate and inlet temperature. Built-in
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FIGURE 2.2. Modeled circuit with TRACE. The primary circuit can be seen in the

bottom of the figure. The heat exchanger structure (left) connects the channels of the

primary and intermediate system. The intermediate heat exchanger is shown on the
top right and is connected to a simple circuit with supercritical water.
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curve fits for the thermophysical properties of supercritical water are not implemented
in TRACE, instead interpolation of steam tables are used. The interpolation scheme
is based on the 1997 International Association for the Properties of Water and Steam
(IAPWS) Industrial Formulation (IF97) standard [54].

A simulation with TRACE with fixed boundary conditions (flow rates and inlet temper-
atures) is performed to compare the results from the simulation with the expected values
obtained from the MATLAB model. The heat transfer coefficient for the water side found
with TRACE is higher by one order of magnitude than the expected coefficient obtained
with the Gnielinski correlation. The thermal resistivity of the supercritical water is lower
by a factor of 5 than the thermal resistivity of the salt. An underestimation of the heat
transfer coefficient for the water side is therefore not affecting the overall heat transfer

coefficient of the heat exchanger.

As for the case of the primary heat exchanger, the nodalization of the heat exchanger
influences the heat transfer. A finer mesh (a cell length of 7 cm) decreased the error
to +2%. In order to save computational time, the same approach used in the previous
case was followed. The number of pipes was increased until the total exchanged power
through the heat exchanger reached the desired value. The velocity in the channels and
the Reynolds number decreases by increasing the cross-sectional area. The heat transfer
coefficient of supercritical water consequently decreases, since the flow regime is turbu-

lent. Again the impact on the overall HT'C is negligible due to previous considerations.

2.2.1.4 Intermediate circuit

The intermediate circuit was designed similarly to the primary one. The size of the
channels for primary heat exchanger is identical for both sides. Two plena are added to
distribute the flow in the channels, and the pressure control component was added in the
hot leg (at the outlet of the heat exchanger). The minimization of the intermediate salt
volume is not a priority in this work, therefore no considerations are made in this sense.
The salt volume in the heat exchanger is approximately 3 m® The maximal velocity in
the inlet and outlet pipe is again fixed to 5 m/s. The expected flow rate obtained in the
previous chapter allows to calculate the flow area and the hydraulic diameter of the inlet
and outlet pipes. The height of the inlet and outlet pipe in the intermediate circuit is
initially fixed arbitrarily to 4 m. A pump is added in the cold leg, following the same
procedure described for the primary circuit above. The defined pressure drop (through

a friction factor) across the pump right after a pump trip is 1 bar.
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The dimensions of the pipes of the intermediate circuit are listed in Tab. 2} The
balance of plant is modeled by imposing the water flow rate, the inlet temperature and
the outlet pressure, fixed through the modeling of the heat exchanger (see Tab. |1.10).

TABLE 2.1. Dimensions of the modeled circuit

Primary circuit
L inlet/outlet  |m| | 1.30
D inlet/outlet [m] | 0.29

L core [m] | 3.50
D core [m] | 3.50
L pump [m] | 0.30
D pump [m| | 0.29

Secondary circuit
L inlet/outlet [m| | 4.00
D inlet/outlet [m]| | 0.38
L pump [m] | 0.30
D pump [m] | 0.38

2.3 Steady state analysis

The system is first analyzed in steady state conditions. The temperatures of the salts,
the velocities in different sections and the pressure drops across each component of the

system are compared with the expected values obtained from the preliminary analysis

(Tab. and [2.3).

The results obtained from the steady state simulation agree well with the expected
results. Slightly different values (10% smaller) are found for the velocity in the power
generation circuit. The velocity of supercritical water was determined by the imposed
temperature difference across the intermediate heat exchanger and the required power
I' = Q/(ATc,). During the design procedure of the intermediate heat exchanger, values
for density, thermal conductivity, heat capacity and viscosity were obtained from steam
tables at the expected average temperature. The large temperature variation influences
strongly the thermophysical properties and consequently the flow properties such as
velocity and pressure drop during the analysis with TRACE. Therefore the velocities in
the water circuit differs from the expected values, however the impact on the primary and
intermediate circuit is negligible due to previous considerations on the thermal resistivity

of the supercritical water.
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TABLE 2.2. Results of TRACE simulation for steady state analysis with FliBe as
intermediate salt for the primary and intermediate heat exchanger. Expected values
are listed in square brackets.

Primary salt

inlet temperature K] 1023.8 [1023.0]
outlet temperature K] 926.0  [923.0]
AT K| |97.8  [100.0]
average temperature K] 974.1  [973.0]
mass flow [kg/s| | 1401.5 [1383.8]
velocity in primary HX [m/s] | 1.1 [1.1]
velocity in core pipe [m/s] | 2.1 [2.1]
velocity in inlet pipe [m/s|] | 5.1 [5.0]
primary HX pressure drop [bar|] | 3.91 [3.83]
inlet pipe pressure drop [bar| | 0.53 [0.55]
outlet pipe pressure drop [bar| | -0.47  [-0.50]
core pipe pressure drop [bar| | 0.01 [0.01]
total pressure drop [bar] | 3.97 [3.90]
Intermediate salt
inlet temperature K] 862.1  [863.0]
outlet temperature K] 946.8  [943.0]
AT K| | 8477  [80.0]
mass flow [kg/s| | 941.3  [980.7]
velocity in primary HX [m/s] | 1.8 [1.9]
velocity in intermediate HX [m/s] | 0.6 [0.6]
velocity in inlet pipe [m/s] | 4.7 [5.0]
primary HX pressure drop [bar| | 4.52 [4.8]
inlet pipe pressure drop [bar| |-0.62  [-0.64]
outlet pipe pressure drop [bar| | 0.66 [0.70]
intermediate HX pressure drop |bar| | 0.39 [0.42]
total pressure drop [bar| | 4.96 [5.29]

[ AT HX K] ]70.67 [69.5] |
Supercritical water
inlet temperature K] 800.0  [800.0]
outlet temperature (K] 913.9  [913.0]
AT K] | 1139 [113.0]
mass flow [kg/s| | 568.2  [568.2]

velocity in intermediate HX [m/s| | 9.3 [8.7]
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TABLE 2.3. Results of TRACE simulation for steady state analysis with FliNaK as
intermediate salt for the primary and intermediate heat exchanger. Expected values
are listed in square brackets.

Primary salt
inlet temperature K] 1023.5 [1023.0]
outlet temperature K] 925.5  [923.0]
AT K] |980  [100.0]
average temperature K] 974.5  [973.0]
mass flow |kg/s| | 1397.0 [1383.8]
velocity in primary HX [m/s] | 1.0 [1.0]
velocity in core pipe [m/s| | 2.1 [2.1]
velocity in inlet pipe [m/s] | 5.1 [5.0]
primary HX pressure drop [bar| | 3.56 [3.48]
inlet pipe pressure drop [bar] | 0.53 [0.55]
outlet pipe pressure drop [bar| |-0.47  [-0.50]
core pipe pressure drop [bar| | 0.01 [0.01]
total pressure drop [bar| | 3.63 [3.54]
Intermediate salt
inlet temperature K] 866.8  [863.0]
outlet temperature K] 945.9  [943.0]
AT K| |791  [80.0]
mass flow |kg/s| | 1261.0 [1246.7]
velocity in primary HX [m/s] | 1.8 [1.7]
velocity in intermediate HX [m/s| | 0.6 [0.6]
velocity in inlet pipe [m/s| | 5.0 [5.0]
primary HX pressure drop [bar| | 2.11 [2.23]
inlet pipe pressure drop [bar|] |-0.73  [-0.77]
outlet pipe pressure drop [bar] | 0.77 [0.82]
intermediate HX pressure drop [bar| | 0.20 [0.20]
total pressure drop [bar| | 2.34 [2.48]

[ AT LM K] |67.7 [69.5] |
Supercritical water
inlet temperature K] 800.0  [800.0]
outlet temperature K] 907.2  [908.0]
AT K| | 1072  [108.0]
mass flow [kg/s] | 568.2  [568.2]
velocity in intermediate HX [m/s] | 7.1 [8.0]
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2.4 Transient analysis

The aim of this section is to analyze the performance of the primary heat exchanger in
case of accident. The heat exchanger is coupled to the primary and intermediate circuit,
and indirectly to the ultimate heat sink, represented by the supercritical water circuit.
The performance of the heat exchanger must be therefore analyzed in the frame of the
global system. The considered transient is a station black out (SBO), which features a
trip of primary and intermediate circuit pump, a reduction of flow rate in power cycle

circuit and no SCRAM simulated.

The final steady state after the transient was compared to the nominal steady state.
The temperatures of the salts and heat structure, as well as the power generated in the
primary circuit are the most concerned parameters. The capability of the heat exchanger
to withstand accidental conditions will be assessed by comparing the values obtained by
the simulation (in particular temperatures) to the physical and technological limits of

the salts and the structural material.

The set up of natural circulation (NC) in case of a pump trip is crucial to avoid to
exceed the temperature boundaries of the salt and structural material. The primary
heat exchanger was therefore placed at different heights relative to the core pipe and the

results were compared.

An analysis on the ultimate heat sink was conducted in the frame of a SBO transient.
The flow rate of supercritical water was reduced during the transient and the response
of the system was investigated. A minimal flow rate was obtained such that the system

reaches an equilibrium, without compromising the structural material of the circuits.

Different intermediate salts were investigated starting from the same conditions (heat
exchanger height and water flow rate) and the final steady states of the system were

compared.

2.4.1 Modeling parameters
Pump trip

The decrease in flow rate has to be modeled in case of a pump trip. For the MSFR a time
constant 7 of 10 s of the pump coast down is assumed, which represents a pump with a
medium size flywheel [7]. The pump trip is simulated using the built-in component trip
in TRACE. The moment of inertia of the pump is tuned such that the initial exponential

decrease of the flow rate (e~*/7) fitted the desired curve at the beginning of the transient.
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Neutronics modeling

The power generated in a reactor is governed by neutron kinetics. The doppler effect in
the fuel, the fuel expansion effect, the delayed neutron precursors (dnp) and the neutron
generation time are the main responsible parameters of the free dynamics of the system.
The power of a MSR is therefore determined by these parameters, unless user controlled
reactivity (external reactivity) is inserted into the system. In a MSR the decay heat is

distributed along the whole primary circuit through the presence of fission products.

A delayed neutron precursors transport model for TRACE was developed by
Matteo Zanetti in the frame of a collaboration between PSI and Politecnico di Milano
(POLIMI). The neutron kinetics was implemented using a 0-D model, the precursors

transport features a 1-D model.

The distribution of dnp (divided in eight groups) in the primary circuit is computed
according to the parameters of the system: nominal power, prompt neutron lifetime,
decay constants of each dnp group, fluid velocities and volumes of the components. Once
the concentration of dnp reached an equilibrium state, the power computation module
can be activated. A user defined fraction of the nominal power (called decay power)
produced in the core is distributed through the primary circuit. A decay constant for

the decay heat is set by the user.

During steady state the total power delivered to the fluid is constant, but the distribution
changes slightly after the activation of the dnp model. In case of a transient such as a
pump trip the flow properties change as well as the temperatures. The flow properties

modify the dnp concentration while the feedback acts on the in-core delivered power.

Decay heat

A detailed analysis of the decay heat for a MSR is a complex task and is beyond the
scope of this thesis. The aim of this brief section is to describe the modeling of the decay

heat used for the analysis with TRACE and its impact on the behavior of the system.

In a MSR fission products are not confined to the core, but circulate through the primary
circuit with the salt. The heat produced by the decaying fission products is distributed
along the primary circuit, according to the salt volumes. In case of a loss-of-flow accident
in the primary circuit the distributed decay heat has a negative impact on the natural
circulation: the difference in density driving NC is slightly decreased with respect to
a system where the heat source is placed on the bottom of the circuit, since the fluid
is heated also on the upper part. Therefore an accurate modeling of the decay heat is

necessary to simulate the primary circuit of the MSR.
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The dnp transport model simulates the decay heat using two parameters set by the user:
the fraction of the total power corresponding to the decay power and its decay constant.
The power fraction is distributed in the primary circuit according to the salt volumes,
allowing the fluid to heat up outside the core. In case of a decrease in the prompt power
(e.g. transient) the decay power decreases exponentially (with the decay constant set
by the user) until the fraction of the new equilibrium power is reached, stabilizing the

power on a new state.

Three groups of decay constants were proposed for the MSFR, each with a different power
share [3] (listed in Tab. 2.4). Figure shows the evolution of the total decay power
with time, obtained by summation of the functions of the three decay groups. In the
dnp model a single decay constant and power fraction can be set. The fraction of power
considered as decay power is obtained by summing the three power share values (4.32%).
A conservative decay constant was chosen (listed in Tab. to model the decay power
evolution, such that the decay heat function 4.32%e~* implemented in TRACE always
overestimates the decay power evolution proposed in [3]. The consequences are described

in the next paragraph.

In this thesis work the neutronic of the system depends only on thermal hydraulic prop-
erties since no SCRAM is modeled (unprotected accidental conditions are investigated).
The total power produced is composed by the prompt power and the fraction considered
as decay power. In case of a loss-of-flow accident the prompt power produced in the
circuit decreases suddenly (an exhaustive analysis is provided in Section but the
decay heat mitigates the total power drop. A smaller decay constant induces the decay
power contribution to the total power to last longer, but the achieved equilibrium state
after the transient — where the decay power fraction is 4.32% of the total power — is not
influenced by the decay heat constant. Therefore a conservative choice for the decay
constant is not affecting the investigate final steady state.
TABLE 2.4. Decay heat constants and power fractions for modeling decay heat with

three groups. The last line lists the chosen value for the decay constant and power
fraction used in TRACE [3].

Decay heat group | A; [1/s] | Power fraction [%]

1 0.1973 | 1.17
2 0.0168 | 1.29
3 3.58E-4 | 1.86

TRACE 3.70E-4 | 4.32
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FIGURE 2.3. Decay power evolution with time modeled with three groups and with
one group

2.4.2 Results

2.4.2.1 Reactivity variation due to a change in dnp concentration

Delayed neutron precursors in circulating-fuel reactors are mainly produced in the core
and are transported with the primary salt. Depending on their decay constant and on
the salt in-core and out-of-core residence time, the emission of a neutron can take place
out of the core [9]. In nominal operation the reactor is in equilibrium and the reactivity
loss due to circulating dnp is balanced. A change of flow rate in the primary circuit

modifies the distribution of the dnp, acting therefore on the reactivity of the system.

An analytical analysis [3] is conducted to have a first insight of the above described
dnp model. For the modeled circuit the primary flow rate is changed and the effects on
reactivity and temperature are analyzed. Analytical results are compared to the findings

from TRACE simulation obtained with the dnp model.

The equation governing the variation of reactivity between the initial and final steady

state after a transient of a reactor is

dp = (g + ap)dTay + 6po + 0pext = 0. (2.1)

(g + ap)dTav indicates the reactivity variation due to a variation of the average core
temperature. (ag+ap) is the fuel feedback coefficient, oy is the fuel expansion coefficient
while ap is the Doppler feedback coefficient. dpg is the reactivity variation due to a

variation in velocity and ensuing out-of-core decay of delayed neutron precursors [3].
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In case of a transient with no external reactivity insertion, the change in the average

temperature of the core depends only on the reactivity change due to the dnp
(ad + aD)(STAV = —dpg. (2.2)

The reactivity contribution (0-D model) from the dnp can be expressed [3] as

8

_ eff 't
PO = Z A\ 1—e—XNTEC’ (23)
D

where 7 represents the group of precursors, ﬂéff is the fraction of dnp for each group, A;
the decay constant of dnp group ¢, Tgc is the out-of-core transit time and 7¢ is the core

transit time.

The equilibrium kinetic parameters used for this calculation are taken from [3] and are
listed in Tab. 2.5]

TABLE 2.5. Equilibrium kinetics safety parameters (8 groups) of the MSFR [3].

A[L/s] | Ber [pem]

gl 1.25E-02 | 22.8
o2 2.83E-02 | 50.0
g3 4.25E-02 | 41.6
o 1.33E-01 | 66.7
o5 2.92E-01 | 106.5
g’ 6.66E-01 | 18.5
g’ 1.63 23.4
gd 3.55 5.3
Total 334.8
neutron generation time |us| ‘ 0.95
Doppler coeff [pem /K] -3.25
Fuel exp coeff [pem /K] -3.01
Fuel coeff [pem /K] -6.26

A change in flow rate modifies the reactivity contribution from the delayed neutron
precursors and according to Eq. a change in the core average temperature is expected.

No other parameters can modify the core average temperature of the system.

Two simulations with a pump trip are conducted with TRACE. For both cases the
primary and intermediate circuit pump are tripped; different flow rates (1.1% and 1.6%
of the nominal flow rate) in the primary circuit at the end of the transient are set up.
The velocities obtained from the output of TRACE are used to calculated the in-core
and out-of-core residence time (using the dimensions of the pipes in Tab. , presented

in Tab. 2.6 The change in reactivity and the increase in core average temperature are
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calculated with Eq. The increase in core average temperature is obtained also from
TRACE.

Tab. presents the results obtained with the analytical approach as well as the results
from the simulations.

TABLE 2.6. Velocities in the primary circuit in case of a reduction in flow rate to 1.1%
and 1.6% of the nominal flow rate.

Mass flow rate fraction |- 100% | 1.1% | 1.6%
velocity HX [m/s| | 1.01 | 0.01 | 0.02
velocity inlet pipe [m/s| | 5.05 | 0.06 | 0.09
velocity outlet pipe [m/s| | 4.95 | 0.06 | 0.08
velocity core [m/s] | 2.08 | 0.02 | 0.03
velocity pump [m/s] | 4.95 | 0.06 | 0.08
TRG 5] |17 |1515] 1011
e ] | L7 | 1464 | 1048

TABLE 2.7. The variation of the reactivity as well as the difference of the core average
temperature with respect to the nominal flow rate. A comparison with the results
obtained with TRACE is shown.

Mass flow rate fraction |- 1.1% | 1.6%
Apo [pem| | 122 | 114
AT K] |20 |18
AT TRACE K] |35 |34

The core average temperature increase obtained with TRACE is larger by 70% than
the value expected from the analysis with the 0-D model. Different possible causes
were investigated. The 0-D model considers a constant concentration of delayed neutron
precursors over the core region. In a circulating-fuel reactor (and in the dnp model used
in TRACE) the distribution of dnp depends on the generation and decay of dnp in a
moving system. A higher concentration of dnp is expected towards the core outlet, since
the dnp are produced along the core and the decay constants are small enough to avoid
a complete decay in the core. This approximation underestimates the precursor loss
by 10% [11], therefore it can not be the main reason for the discrepancy. Numerical
reasons in the dnp solver are believed to be the cause for the different final core average

temperature (private communication with Matteo Zanetti).

The average core temperature increase obtained with TRACE is 35 K, for a final flow
rate in the primary circuit of 1.1% of the nominal value. During loss-of-flow accidents the
relevant parameters are the temperatures in the hot and cold leg of the system. In the
first case it should be limited in order to avoid high creep rates in structural materials,
while the temperature in the cold leg should be high enough not to reach the freezing

point. The difference in temperature between the hot and cold leg is expected to reach
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several hundreds of K in case of a station black out accident. An underestimation of
few degrees in the core average temperature is therefore not significantly affecting the

behavior of the system for a preliminary analysis,

2.4.2.2 General observations and phenomenological description

The behavior of the system designed with FliBe as intermediate salt during a SBO
accident is first investigated. A comparison of the systems with different secondary salts

is given in the last section.

The power generated in the primary circuit is limited by the effects of neutronics and by

the heat balance equation
Q =Tc, AT (2.4)

The minimal and maximal temperatures at the inlet and outlet of the core in the primary
circuit can not reach arbitrary values. The minimal temperature is the water inlet
temperature 800 K. For estimation purposes the core average temperature (fixed by the
neutronics) is assumed to be constant (973 K). Therefore the maximal temperature
difference can be estimated to 346 K, while the nominal value is 100 K. Equation

states that the maximal power produced in the primary system is

' r
Q@ _ AT To 546 .
Qo  AToTocpo Locpo

Assuming the final salt flow rate to be 1% of the nominal value and a constant heat
capacity (which is the case for the primary salt), the new power generated in the circuit

is maximal 3.46% of the nominal power.

The influence of the water circuit on the system is now investigated. During nominal
operation the water flow rate is kept constant, but needs to be adapted in view of a
SBO accident. The balance of plant is modeled with Fill-Break components, therefore a
pump trip can not be included into the model. The flow rate of the water circuit must be
defined manually, therefore in case of a SBO accident a decrease in flow rate and a final
value need to be modeled. The final steady state after the transient is the focal point
of the analysis. The water flow rate is reduced in short time after the pump trip to its
final value. Two values for the water flow rate at the end of the transient are simulated:
1% and 5% of the initial steady state flow rate. The primary and intermediate pumps
are tripped and no external reactivity is inserted, leaving the free dynamics to achieve a

new equilibrium state.
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The temperature evolution at the inlet and outlet of the heat exchanger, as well as the

core average temperature (Fig. [2.4]) are the first investigated parameters.

— Primary salt temperature, 1% water flow
------- Secondary salt temperature, 1% water flow
Primary salt temperature, 5% water flow
Secondary salt temperature, 5% water flow
----- Core average temperature, 1% water flow
—-— Core average temperature, 5% water flow
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FIGURE 2.4. Inlet and outlet temperatures evolution after a primary and intermediate

pump trip (time 0) of the primary salt in the primary heat exchanger. No external

reactivity was inserted. Value for two different water flow rates are shown. The core
average temperature is described by the dashed line.

The core average temperature increases by a similar amount for the case with 1% and
5% water flow rate (numerical values are listed in Tab. . The small differences are
caused by a slight different primary salt flow rate obtained through natural circulation
(1.1% of the nominal value for the 1% water flow rate case, 1.6% for the 5% water flow

rate), which determines the residence time of the salt in the core and out-of-core region.

A stronger NC is caused by a larger density difference between the hot and the cold leg
of the primary system, in fact the maximal temperature at the end of the transient is
obtained for a higher water flow rate. Since the core average temperature is fixed through
the neutronics, the minimal temperature in the cold leg is obtained for a higher water
flow rate. Numerical values of the flow rates, power and temperature in initial and final

steady state for the two different cases are listed in Tab. 2.8]

The power evolution for the two final water flow rates is shown in Fig. 2.5 A higher
power (which is the cause for a higher temperature in the cold leg and a stronger natural
circulation) is found for the case where water flows at a higher rate. The description
of the phenomena leading to a higher power produced for a higher water flow rate is

postponed after the analysis on the temperature distribution in the heat exchanger.

The temperature distribution of the fluids across both heat exchangers is determined by

the salt flow rates and the water flow rate. Figures and [2.6d present the temperature
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0.1

—— Power fraction, H=1.3 m, 1% water flow
— Power fraction, H=1.3 m, 5% water flow
----- Decay power fraction, H=1.3 m, 1% water flow[]

Decay power fraction, H=1.3 m, 5% water flow
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F1GURE 2.5. Normalized power evolution after a pump trip in primary and intermediate
circuit. The power evolution is plotted for two water flow rates. The fraction of the
power representing decay heat is presented with the dotted lines.

TABLE 2.8. Steady state conditions results after a SBO transient. Two final water flow
rates and two different heights between core and primary heat exchanger are simulated.
Values for flow rates are normalized to nominal steady state conditions.

nominal | 1% water flow | 5% water flow
Primary HX height [m] 1.3 ‘ 4.0 1.3 ‘ 4.0
power Q THE 2.19% | 2.24% | 6.33% | 7.03%
primary salt flow rate I'y - |- 1.14% | 1.68% | 1.64% | 2.75%
intermediate salt flow rate I'y  [-] | - 1.20% | 1.20% | 1.74% | 1.87%
AT primary salt K] | 97.1 187.8 | 131.6 | 376.3 | 251.3
AT avg core K] | - 372 352 |354 |320
AT intermediate salt K] | 82.2 151.9 | 1544 | 302.3 | 311.4
AT water [K] | 105.8 252.2 | 257.2 | 138.5 | 155.1

distribution of the primary and intermediate salt along the primary heat exchanger for
the two different water flow rates. In Figs. and the temperature distribution
of the intermediate salt and water along the intermediate heat exchanger is shown. The
primary salt cools down from left to right, the intermediate salt heats up from right
to left (counterflow arrangement). The area between the primary and intermediate salt

curves expresses the exchanged power, in fact Q =/ UTAAT(J:‘)d.%'.

In nominal conditions the lines are parallel and the heat flux is constant along the heat
exchanger. In case the flow rates deviate from their nominal values, the temperature

distribution curve of one salt tends to flattens on the other. The parameter describing
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which curve tends to approach the other is the ratio of I';c,;

Chepn .
= FCCZC [Toom i =1,2 (2.5)
r
where h stands for hot fluid, ¢ for cold fluid and ryom = % is the ratio in nominal
cCp,c)o

conditions (to normalize r), 1 represents the primary heat exchanger, 2 the intermediate.

The volumetric heat capacity pc, describes the ability of a given volume of a substance
to store internal energy while undergoing a given temperature changeﬂ This quantity
can be applied to a dynamic system by multiplying it with a volumetric flow rate V,
obtaining I'c,, which measures the increase in temperature of a stream subject to a heat

source (“thermal inertia of a flow”).

The effect of the ratio r is evident when comparing Figs. [2.6b] and 2.6d] In the first
case the temperature distribution of water (cold fluid) flattens on the curve of the salt
because the water flow rate is low (ry > 1). In the second case, where the water flow
rate increased by 5 times, the opposite is observed: the hot salt cools down until the

water inlet temperature is reached (r < 1).

The power difference in case of different in water flow rates can be described with the
help of the parameter r. The high water flow rate (ro < 1) determines a very low
intermediate salt outlet temperature (800 K) from the intermediate heat exchanger. The
temperature distribution in the primary heat exchanger tends again to the cold fluid
(intermediate salt), in fact 1 = 0.95. The outlet temperature of the primary salt tends
to be low, while the core average temperature is fixed by neutronics. Therefore the
temperature of the primary salt in the hot leg (at the outlet of the core) is high. A
high temperature difference between the inlet and outlet of the heat exchanger in the
primary circuit determines a high produced power (6.33% of the nominal power), since
the balance between the power produced in the core and the power exchanged in each

heat exchanger must be respected in steady state.

In case r2 > 1 (Fig. [2.6b) the intermediate salt outlet temperature does not tend to a
low value in the intermediate heat exchanger. Therefore the primary salt is not cooled as
in the previous case and the power produced in the core is lower (2.19% of the nominal

power). In this case r; = 0.94.

A change in flow rates of the salt does not affect the overall heat transfer coefficient of
both heat exchangers since the Nusselt number is virtually constant (due to the laminar

flow regime). The thermal resistance of supercritical water is negligible compared to

"http://en.wikipedia.org/wiki/Volumetric _heat capacity
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—&— Primary salt temperature, nominal conditions
—O— Intermediate salt temperature, nominal conditions
<~ Primary salt temperature, 1% water flow
< - Intermediate salt temperature, 1% water flow
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FIGURE 2.6. Temperature distribution along the primary heat exchanger (left) and
intermediate heat exchanger (right). The nominal case, the 1% and the 5% water flow
rate case are shown.

the resistance of the salt, therefore a variation in the water flow rate does not change

significantly the overall heat transfer coefficient of the intermediate HX.

The power exchanged by both heat exchangers could theoretically be calculated from

Eq. using the constant overall heat transfer coefficient and the logarithmic mean

temperature difference (Eq. [1.3). This is not possible anymore in the cases after the

transients: the temperatures at one side of the heat exchanger are very similar, therefore

the logarithmic mean temperature difference becomes very sensitive to small variations in

temperature. Numeric tolerance of TRACE of few degrees has virtually no influence on

the behavior of the system, but heavily affects ATi and therefore the power exchanged

calculated with this method. It is therefore not suitable to calculate the power exchanged

via Eq.
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2.4.2.3 Influence of natural circulation on system behavior

Core - Primary HX A second set of simulations are conducted with a different
relative height of the heat exchanger with respect to the core. The inlet and outlet
pipes are stretched to 4 m, while maintaining the same flow area (to keep the same
salt velocity). Table lists the flow rates in primary and intermediate circuit, for
1% and 5% water flow rate, for H=1.3 m and H=4.0 m. The temperature distribution

along primary and intermediate heat exchanger are compared for the case H = 1.3 m

and H =4 m in Figs. and [2.7D]

In Fig. 2.7 it can be seen that the curvature of the temperature distribution along the
primary heat exchanger changes from concave to convex. The ratio r; becomes positive.
The behavior of the system depends on the flow rate of the water circuit, therefore on

To:

e ro>1 (1% water flow rate), the temperature difference of the intermediate salt
between the inlet and outlet of the intermediate HX is limited (the salt does not
cool down excessively), as for the case with H = 1.3 m. The natural circulation
is improved in the primary circuit and r; > 1. The power increased slightly with
respect to the case with H = 1.3 m, but the temperature difference between hot
and cold leg in the primary circuit decreased by 30%, which is favorable in case of

accident.

e o<1 (5% water flow rate), the intermediate salt cools down reaching very low val-
ues (approximately 800 K). The intermediate cold salt flows through the primary
heat exchanger and cools the primary salt, but due to the improved natural circu-
lation in the primary circuit (r; > 1) the increase in primary salt temperature is
lower (more than 30%). The power produced in the core is higher (7.03% compared
to 6.33% of the nominal power) than for the case H = 1.3 m, nevertheless from a
safety point of view the relevant parameter are the temperatures, which tend to a

safer state

Primary HX - Intermediate HX  The height difference between the primary and
intermediate heat exchanger is doubled, reaching 8 m. The effects of improving the natu-
ral circulation in the intermediate circuit on the safety of the system is investigated. The
temperature distribution along primary and intermediate heat exchanger are compared
for the case H =4 m and H = 8 m in Figs. 2.7d and 2.7d]

The normalized flow rate of the intermediate salt increases from 1.20% to 1.46%. In

terms of I'c, ratio a decrease is observed (from 0.95 to 0.75) which flattens the curve of
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FIGURE 2.7. Temperature distribution along the primary heat exchanger (left) and

intermediate heat exchanger (right). Curves for two height differences between core

and HX (top), curves for two height differences between primary HX and intermediate
HX (bottom) are shown. The water flow rate is set at 1% of the nominal value.

the primary salt on the intermediates salt, while keeping the temperatures in the hot

and cold leg of the primary circuit almost constant to the case H =4 m (a decrease of

13 K, corresponding to 8%)

The power exchanged in the primary heat exchanger (see Fig. is almost confined
towards the inlet nozzle of the primary salt, while towards the outlet no temperature
difference can be observed between the primary and intermediate salt, therefore the
heat flux is virtually zero. Besides this, from Fig. it can be recognized that the
area between the two curves representing primary and intermediate salt is lower for the
H =8 m than H = 4 m case. The area represents the power exchanged and — since the

heat balance must be respected — the power produced in the core. In fact a decrease in
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power is observed (10% less, which corresponds to (0.4 MW).

The results for two height differences between primary and intermediate heat exchanger

are summarized in Tab. 2.9

TABLE 2.9. Effect of natural circulation improvement on the intermediate circuit on
the steady state conditions at the end of a SBO accident.

’ Intermediate HX height [m] ‘ 4.0 ‘ 8.0 ‘
power Q [ | 219% | 1.96%
primary salt flow rate 'y [ | 1.14% | 1.10%
intermediate salt flow rate Ty [-] | 1.20% | 1.46%
AT primary salt K] | 187.8 | 174.1
AT avg core K] | 37.5 37.4
AT intermediate salt [K] | 151.9 | 111.73
AT water K] | 252.2 | 223.5

2.4.2.4 Comparison between two different salts

Two different intermediate salts have been investigated: FliBe and FliNaK. The heat ex-
changer designed using the properties of FliNaK (see Tab. was modeled in TRACE
following the same procedure as for the case with FliBe. The primary circuit was not
modified while changing from the configuration with FliBe to FliNaK, since the primary
salt volume requirements for the heat exchanger are similar. The height difference be-
tween the core and primary heat exchanger is kept at 1.3 m. The height between primary

and intermediate heat exchanger is 4 m for both configurations.

The thermal expansion coefficient changes the density of the salt between the heat source
(bottom) and the heat sink (top), which drives natural circulation. FliNaK salt has a
higher expansion coefficient (0.642 kg/m?-K than FliBe (0.488 kg/m?-K), therefore for
the same temperature difference between hot and cold leg in the intermediate circuit the
natural circulation for FliNaK is enhanced with respect to FliBe. Table [2.10] presents
the results for the final steady state after a SBO accident. As expected from the thermal
expansion coefficients the normalized flow rate for the intermediate salt is higher for the

configuration with FliNaK.

The effects of a stronger NC in the intermediate circuit are similar as those described
in Tab. 2.9 for an enhanced NC due to an increased height difference between primary
and intermediate heat exchanger. The power produced in the primary circuit is lower
for the FliNaK case, due to an increase of the value r5. A large ro value avoids a low
outlet temperature of the intermediate salt form the intermediate heat exchanger, which

would lead to higher power production. The temperature difference of the intermediate



CHAPTER 2. MODELING AND ANALYSIS OF THE PRIMARY AND INTERMEDIATE
CIRCUIT OF THE MSFR IN STEADY STATE AND ACCIDENTAL CONDITIONS 75

salt between inlet and outlet of the (intermediate) heat exchanger decreases, which is

positive from a safety point of view.

The smaller increase in core average temperature is a consequence of the different design
of the heat exchanger (velocities and channel length in the HX). This aspect is less
relevant since the increase in core average temperature is negligible with respect to a
temperature difference of hundreds of K across the heat exchanger (respectively the
core).

TABLE 2.10. Effect of two different intermediate salts on the final steady state after a
SBO transient

Intermediate salt FliBe FliNaK
nominal ‘ SBO | nominal ‘ SBO
power Q |- 2.19% | - 2.01%
primary salt flow rate I'y -] |- 1.14% | - 1.15%
intermediate salt flow rate Iy |-] | - 1.20% | - 1.33%
AT primary salt K] | 97.8 187.8 | 98.0 170.7
AT avg core K] | - 375 |- 22.9
AT intermediate salt K] | 84.77 151.9 | 79.1 119.7
AT water K] | 113.9 252.2 | 107.2 121.5

2.5 Discussion and conclusions

The model presented in this chapter allows to simulate the thermal hydraulic behavior of
a simplified design of the primary and intermediate circuit of the MSFR. Steady state and
accidental condition were simulated with thermal hydraulic code TRACE. An available
neutronic model for the transport of delayed neutron precursors was implemented in
the code. This tool allowed to model the power variation during transients, coupling
neutronics and thermal hydraulics. Moreover it allowed to simulate the decay heat

distributed in the primary circuit.

The preliminary design of a printed circuit heat exchanger obtained in the previous
chapter was successfully modeled with TRACE. The results for steady state operation
agreed well (within 5%) with the expected results, providing a first code verification of

the developed model.

The behavior of the system (in particular the primary heat exchanger) was studied for a
station black out accident, where the primary and intermediate pump were tripped and
no SCRAM was performed. Different configurations for the primary and intermediate

circuit as well as the balance of plant were tested.
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The strengthening of the natural circulation in the primary circuit was analyzed by in-
creasing (to 4 m) the vertical distance between the core and the primary heat exchanger.
The temperature difference (inlet-outlet) of the primary salt decreased after the tran-
sient, with respect to the nominal height difference (to 1.3 m). A lower temperature
excursion improves the safety of the system, since freezing and boiling of the primary
salt can be more easily prevented. This improvement required an increased primary salt
volume (for the inlet and outlet pipes), nevertheless the constraints on the primary salt
volumes follow several years of neutronic studies. Changes of this type in the design of

the reactor should be therefore carefully investigated.

The effects of natural circulation in the intermediate circuit were tested by doubling the
height difference between the primary and intermediate heat exchanger. A higher flow
rate in the intermediate salt decreased slightly the power produced. The temperature
difference between the hot and cold leg of the primary and intermediate circuit decreased
as well, improving the safety of the system for this type of accident. A higher intermediate
salt volume increases the thermal capacity of the intermediate circuit, which is in general
favorable in case of accidents. A larger salt volume implies higher costs, which have not

been analyzed in this work.

The balance of plant was modeled with a simple circuit with supercritical water, where
the inlet temperature, pressure and flow rate are fixed in the intermediate heat exchanger.
Different flow rates at the end of the transient were investigated. A too high flow rate
causes an overcooling of the intermediate system, which increases the power production
in the primary circuit and a higher maximal temperature of the primary salt, with respect
to a lower water flow rate. In case of an unprotected loss-of-flow accident in the primary
circuit, the manual decrease in flow rates in the intermediate circuit and balance of plant

improves the safety of the system by reducing the power production.

Two different intermediate salts were investigated: FliBe and FliNaK. The configuration
with FliNaK as intermediate salt exhibits a better performance in case of SBO accident
through enhanced natural circulation, due to a larger thermal expansion coefficient. In
the configuration with FliNaK the temperature difference (hot leg — cold leg) decreases
for both primary and intermediate circuit, which is positive for safety. Moreover a slightly

lower power is produced in the core.

The behavior of the system depending on height difference for core — primary HX and
primary HX — intermediate HX, final water flow rates and different intermediate salt
can be summarized as follows in terms of I'c, ratio (r;). This parameter was defined
as the ratio between I';c,; for two fluids in a heat exchanger (i = 1,2 representing the
primary and intermediate HX), and describes the ratio between the “thermal inertia” of

two flows. A large ratio ro (obtained by improving the natural circulation of the salt in
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the intermediate circuit, and/or decreasing the water flow rate) seems to be favorable in
case of a SBO accident (decrease in produced power and in maximal temperature of the
primary salt). A large ratio r; > 1 is also favorable, since the temperature difference
(between hot and cold leg) is reduced in the primary circuit with respect to the cases with
r1 < 1, while the temperature difference between hot and cold leg in the intermediate

circuit remains constant.






Conclusions

Main results

The main goal of this thesis work was to develop a preliminary design of the primary
heat exchanger (HX) for the Molten Salt Fast Reactor (MSFR) and to investigate the

impact of the design on the reactor safety.

The main achievements of this work are here summarized:

e An assessment of currently available heat exchangers was performed for possible
applications to the MSFR. A preliminary choice was conducted by comparing tech-
nological limits and design characteristics of HXs with the characteristics of the
MSFR. Shell and tube heat exchanger (STHE) and printed circuit heat exchanger
(PCHE) were selected as suitable types for further investigation. The STHE is the
reference heat exchanger in the frame of power generation, while the PCHE is a

relatively new and promising technology in the frame of compact heat exchangers.

e A software tool was developed with MATLAB for the preliminary design of both
types of heat exchangers. The tool was applied to the constraints of the MSFR
design considering power, inlet and outlet temperatures of the primary salt, pres-
sure drops and salt volume. No configuration for the design of a STHE could
be found given the constraints. Several possible configurations were found for a
PCHE, featuring a high degree of compactness (121 MW /m?), high intermediate
salt outlet temperature (943 K) and relatively low pressure drops (4 bar) given the
constraints of the MSFR. A trade-off design between smallest pressure drop and

salt volume was selected for further investigations.

e The PCHE was modeled with the thermal hydraulic code TRACE in steady state
conditions. Results obtained with TRACE for flow parameters and heat transfer

coefficients showed good agreement (5% of discrepancy) with the predicted values
from the MATLAB model.

79
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e The capability of the MSFR to withstand an unprotected station black out (SBO)
using the primary heat exchanger was tested. The primary and intermediate circuit
together with a simple circuit for the power cycle were modeled using TRACE. The
primary circuit was modeled with a core where the fluids heats up, a pump, the
heat exchanger and the respective piping. The intermediate circuit was designed
similarly, with the primary heat exchanger acting as heat source and a intermediate
heat exchanger acting as heat sink. The power delivered to the salt in the primary

circuit is controlled by a point neutron kinetics / 1-D precursors transport model.

Effects of natural circulation (NC) on heat removal as well as temperature evolution
in the designed system were investigated. Different configurations for the vertical
displacement in the primary circuit (core — primary HX) and secondary circuit
(primary HX — secondary HX) were tested. The following main conclusions can be

drawn:

— A stronger natural circulation in the primary circuit (obtained through a
threefold vertical displacement between hot and cold well) decreases the max-
imal temperature reached by the primary salt (30%). The core average tem-
perature increase between initial and final steady state is determined by the
neutronics, and amounts to approximately 30 K, depending on the primary
salt flow rate. The intermediate salt temperatures are not significantly affected
by the change in flow rate in the primary circuit (less than 1% increase). The
power produced in the primary circuit increases slightly because heat removal
from primary circuit is improved. The temperature difference between hot
and cold leg in the primary circuit decreases, due to an almost constant pro-
duced power and a higher salt flow rate. Therefore the safety of the system

is improved.

— The NC in the intermediate circuit was improved by doubling the height differ-
ence between primary and intermediate HX. The flow rate in the intermediate
circuit increases by 25%. A higher flow rate in the intermediate circuit in-
creases the thermal capacity of the salt flow (I'cy), therefore the temperature
difference between the hot and cold leg of the intermediate circuit decreases,
for the same exchanged power. Furthermore, the temperature of the interme-
diate salt at the outlet of the intermediate heat exchanger is higher for the
case where natural circulation is improved in the intermediate circuit, again
due to a higher flow thermal capacity of the intermediate salt with respect to
water. As a consequence, the temperature difference ATy between primary
and intermediate salt in the primary heat exchanger decreases with respect
to a lower intermediate salt flow rate. This reduces the power exchanged be-

tween the salts, which determines (through the heat balance in the system)
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a decrease of the produced power. The maximal temperature in the primary

circuit is finally reduced, which is positive from a safety point of view.

— The water flow rate at the end of the transient influences the behavior of the
system. A high water flow rate decreases the intermediate salt temperature
at the outlet of the intermediate heat exchanger. A low intermediate salt
inlet temperature in the primary heat exchanger decreases the primary salt
temperature in the cold leg. As a consequence the core outlet temperature
rises, since the average temperature of the primary circuit is fixed by the neu-
tronics. Furthermore the flow rate in the primary circuit is increased through
a larger difference in the salt density between hot and cold well (stronger
natural circulation). A larger temperature decrement of the primary salt in
the heat exchanger and a higher primary salt flow rate determine a higher
power produced in the circuit. In fact the MSFR is a load follower reactor.
In case of a SBO accident a minimal water flow rate must be granted in order
to remove the decay heat produced in the primary circuit. The intermediate
salt must be cooled enough in the intermediate circuit in order to set up a
natural circulation, responsible for the stabilization of the temperatures in the

primary and intermediate circuit.

e Two configurations of the system have been investigated for two different interme-
diate salts: FliBe and FliNaK. A stronger natural circulation was observed for the
configuration with FliNaK, mainly due to a larger thermal expansion coefficient.
The temperature difference between hot leg and cold leg decreases for both primary

and intermediate circuit, which is desirable from a safety point of view.

Future work to be considered

In this thesis work a preliminary design of the primary heat exchanger of the MSFR was
investigated. An optimized design would require further studies on different branches.

The following fields emerged as particularly relevant.

The primary heat exchanger was designed based on the constraints derived from studies
on neutronics and core thermal hydraulics. These constraints were not modified even
if their impact on the safety of the system — in terms of pressure drop — and on the
effectiveness of the heat exchanger — in terms of intermediate salt outlet temperature —
is significant. An optimized design of the primary circuit would require a joint study on
neutronics, core and out-of-core thermal hydraulics, as well as on thermal efficiency of

the MSFR.
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A detailed analysis on the power generating circuit would be important in order to
optimize the design of the intermediate heat exchanger. As emerged from this thesis
work the heat removal from the intermediate circuit has a strong impact on temperature
evolution in the primary circuit, therefore on the safety of the system. Simulations with
a closed power generation circuit would allow a better evaluation of the impact of the

intermediate heat exchanger on the system.

In this thesis a simplified model of the primary circuit was presented. A detailed model
of the primary circuit would allow a more accurate evaluation of the thermal hydraulics

and therefore of the behavior of the system in accidental conditions.

For a better safety assessment, simulations of different accidental scenario (e.g. partial

pump coast-down, loss of heat sink, loss of flow in the primary circuit) would be needed.
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Acronyms and abbreviations

ANP
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CSP
DNP
EVOL
HTC
HX
IAPWS
FliBe
FliNaK
FP
STHE
PCHE
MSR
MSBR
MSFR
MSRE
ORNL
PFHE
PHE
POLIMI
PSI
RIA
SBO
TEMA
TRACE

Aircraft Nuclear Propulsion

Aircraft Reactor Experiment

Compact Heat Exchanger

Centre National de la Recherche Scientifique
Concentrated Solar Power

Delayed Neutron Precursors

Evaluation and Viability Of Liquid fuel fast reactor systems
Heat Transfer Coefficient

Heat Exchanger

International Association for the Properties of Water and Steam
LiF-BeF,

LiF-NaF-KF

Fission Products

Shell and Tube Heat Exchanger

Printed Circuit Heat Exchanger

Molten Salt Reactor

Molten Salt Breeding Reactor

Molten Salt Fast Reactor

Molten Salt Reactor Experiment

Oak Ridge National Laboratory

Plate Fin Heat Exchanger

Plate Heat Exchanger

Politecnico di Milano

Paul Scherrer Institute

Reactivity Induced Accident

Station Black Out
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Nomenclature

Latin symbols

ATy

Area

Baffle-cut

Heat capacity

Centerline tube limit
Hydraulic diameter

Shell diameter

Diameter

Tube inner diameter

Tube outer diameter

Fraction of tubes in crossflow
Friction factor

Thermal conductivity

Bypass correction factor
Configuration correction factor
Leakage correction factor
Length

Tube length

Tube pitch

Baffle spacing

Shell-to-baffle diametral clearance
Bundle-to-shell diametral clearance
Tube-to-baffle diametral clearance
Mass flux

Number of baffles

Nusselt number

Number of tubes

Number of tube passes

Tube pitch

Prandtl number

Power

Heat flux

Reynolds number

Sealing strips per crossflow row
Temperature

Average temperature

Plate thickness
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Greek symbols

Tube thickness

Heat transfer coefficient
Non-dimensional heat transfer coefficient
Volume

Volumetric flow rate

Velocity

Non-dimensional length

Feedback coeflicient

Pressure drop

Average temperature difference
Logarithmic mean temperature difference
Mass flow rate

Decay constant

Dynamic viscosity

Gradient

Density

Non-dimensional temperature

K

ke /s
1/s
Pa-s
1/m
kg/m?
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