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Abstract

The emergency drain tank (EDT) is safety feature for the molten salt reactor (MSR). If the fuel-
salt overheats, or in the event of a power breakdown, a freeze-plug melts and the fuel-salt enters the
emergency drain tank. The fuel-salt releases decay-heat and should be cooled towards the operating
temperature (725 °C). The cooling process should prevent the fuel-salt from boiling (1755 °C), and
prevent the hastelloy-N casing of the EDT from melting (1250—1350 °C). In the proposed cooling cycle
heat is generated in the EDT and drained in a heat-exchanger. First a visual model for the closed loop
is constructed. Secondly the model is defined mathematically by making use of a buoyancy - friction
relation, a thermodynamic balance and the closed loop constraints. Lastly a scipy.optimize.fsolve
based algorithm is used to solve for the coolant mass-flow rate and the EDT in-/outlet temperature.
Desirable solutions are a high mass-flow rate and low in-/outlet temperatures. Solutions are calculated
as function of the spatial loop parameters: the chimney height, the horizontal loop length and the heat-
exchanger length. And the thermodynamic parameters: the heat transfer coefficient and the external
temperature of the heat-exchanger. The process is repeated for different coolants: Propyleneglycol
with a mass-flow rate of 40 kg/s and temperatures close to 4.0 x 10> K, water with a mass-flow rate
of 31 kg/s and temperatures close to 4.0 x 102K, carbon dioxide with a mass-flow rate of 2.3 kg/s and
temperatures close to 5.0 x 10K and 1.0 x 10K, and air with a low mass-flow rate of 1.4 kg/s and in-
/outlet temperatures 3.5x 102K and 1.3 x 10K respectively. The parameters that influence the solutions

the most are the heat transfer coefficient and the heat-exchanger length
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Nomenclature

a thermal diffusivity (m? s™!)

b specific enthalpy (J kg™t kg™!)
0 internal heat production (J)

U dynamic viscosity (kg m™ s71)
% kinematic viscosity (J kg™ls)

0 density (kg/m3)

T pressure (kg m~! s72)

A cross sectional area (m?)

Cp specific heat capacity (J kg™! K1)

Dy, hydraulic diameter (m)

f Darcy friction factor (-)

g gravitational constant (m/s?)

h heat transfer coefficient (W m™2 K1)
k thermal conductivity (W m™ K1)
L. characteristic length (m)

m mass-flow rate (kg/s)

p pressure (kg m-1s-2)

Py wet perimeter (m)

Q heat transfer rate (W)

q’ heat flux (J/m?)

T temperature (K)

t time (s)

u specific internal energy (J kg™!)
v velocity (m/s)
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2 1. Introduction

1.1. Previous work

Molten salts reactors (MSRs) make use of a liquid salt in which fission, fertile and fissile material is
dissolved. The molten salt acts as fuel and as coolant within the nuclear reactor. Within the MSR the
fuel salt flows through the reactor after which it is transferred to the primary heat-exchanger where
the heat is transferred to a secondary molten salt coolant. The cooled fuel-salt enters the reactor again
and the process repeats itself, as shown in figure 1.1. Within the reactor graphite control rods act
as moderator which slow down high velocity neutrons in order to increase the likely hood of fission
[1]. Other types of MSRs are also studied. The molten salt fast reactor (MSFR) for instance, does
not make use of a solid moderator [2]. The different types of MSRs do however all need an adequate
safety system that cools and/or stores the fuel-salt if the fuel-salt overheats and/or the nuclear power
plant loses power for some reason. One of the safety features in the MSR design is the freeze-plug and

corresponding emergency drain tanks (EDTs).

] |
"' 1\\ Control
Ileacmr rods

Coolant salt

Reactor Generato E:—:erfgg:fl
* + Turbine
— {
Fuel salt » Pum.
gaooo P —— _. F Heat

Recuperator

exchanger

I
f Heat
Chemical
processing exchanger
\ plant —~—— * Compresso
— f
% Freeze —

© 7
Pump’

Pre
cooler

J |

Heat sink

Emergency dump tanks

Figure 1.1: Molten salt reactor with fuel/coolant salt loop, freeze-plug and emergency dump/drain tanks [1].

Within the design of the MSR the EDT system is an important safety feature. When the fuel-salt
overheats within the reactor it should be drained towards the EDT, and cooled. Both the drainage and
cooling system should work passively, meaning that no external interference is needed to drain the fuel

salt. Between the reactor and EDT, which structure is shown in figure 1.2a, a so called freeze-plug is
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located which melts when the reactor overheats, or when the system that cools the freeze-plug fails.
Because of the fact that the EDT is located below the reactor the fuel-salt will than drain towards
the EDT due to gravity, and therefore passively. For the EDT a hexagon shaped drain tank has been
suggested [3][4]. The EDT consists of a number of smaller hexagons unit cells, a single unit cell is
illustrated in figure 1.2b. The unit-cell consists of an outer fuel-salt layer, a metal casing, an inert-salt

layer, another metal casing and a coolant in the center.

Outlet
temperature

Tnert salt

—»
Metal

Inlet
temperature

(a) Structure of hexagonal EDT, top view. (b) Structure of EDT unit cell, top view.

Figure 1.2: Structures of EDT and unit cell, top view.

When the fuel-salt enters the EDT it generates a fraction of the nominal-power Q. in the form of
decay-heat. Because of the decay-heat, the fuel-salt will keep heating up if there is no adequate cooling
mechanism. The goal of the EDT, on a short time scale, is to keep the fuel-salt below its boiling point,
which is around 1755°C. When hastelloy-N the limiting factor becomes the melting point of the nickel
based alloy, which is in the 1250 — 1350°C range [5]. To make sure that the fuel-salt does not boil and
the hastelloy-N does not melt, the fuel-salt should be cooled fast enough to prevent this critical rise in
temperature. But, cooling the fuel-salt too fast will produce an isolating layer of frozen fuel-salt at the
outer-border of the outer metal-shell. On a longer time-scale the fuel-salt should be cooled towards a
safe operating temperature so it can again be reused in the reactor. The MSFR reactor proposed in
the SAMOFAR project operates at a temperature of 725°C.

Within the EDT the amount of decay-heat produced by the fuel-salt will decrease as a function of time
and is defined as: Q. () = x(£)Qtot., where y(f) is defined as the decay-heat fraction. The decay-heat
fraction is an empirically! determined relation that is shown in figure 1.3. The decay-heat fraction will
vary over time from: y(f=1s)=6.2%, to y(t =10 days) = 0.3%. The decay-heat will be most intense
during the first 0.1 days (2.4 hours). Within this time span of 2.4 hours the decay-heat will decrease,
from its initial 6.2%, to approximately 1%. An adequate cooling system should be able to process the
peak capacity during the first hours, and ensure appropriate cooling on the longer time scale in the

order of: 10 days.

IThe decay-heat fraction y(f) is not strictly empirical, the relation can be determined mathematically by taking the sum

of the individual exponential decay terms of the fission products.
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Figure 1.3: Decay-heat fraction as function of time [4].

Within previous work by C.Péniguel [6] a system was suggested, with the geometry described in figure
1.2, where the coolant of choice was air; the metal was chosen to be hastelloy-N. Within the air
cooled system, the inlet temperature of the air would be 20°C, the velocity of the flowing air would
be 1 m/s. The system was modeled as a function of time using different heat transfer coefficients.
Complications would arise when the heat transfer coefficients were chosen similar to that of an air
circuit, the temperature of the different materials: fuel-salt, inert-salt and hastelloy-N would keep on

increasing.

1.2. Current project

The suggested unit-cell geometry has been used as a starting point for further modelling. To study the
behaviour of different coolants, a closed loop cooling cycle has been chosen with a number of parameters
and in steady-state. The loop will transport the coolant from the EDT towards a heat-exchanger, in
which it is cooled. Using this closed loop model, an analytical model is used to describe the flow of
the coolant and its temperature profile within the loop. The analytical model is used to construct an
algorithm which calculates the mass-flow rate and the inlet temperature of the coolant. The solutions
for the mass-flow rate and the inlet temperature are fixed by the conditions caused by the loop model
and are used for further evaluations.

The inlet temperature can be used to describe the outlet temperature, which is the temperature of the
coolant that exits the EDT. To study the effect of using different parameters within the loop model,
the input values of these parameters are altered one by one. The parameters that are studied are the
heat transfer coefficient, the length and the external temperature of the heat-changer. Furthermore, the
horizontal length of the closed loop will be studied. Chaining the coolant also gives different values for
the mass-flow rate and the outlet temperature, this effect is studied as well. The effect of the parameters
and different coolants will be displayed and discussed.

To understand the analytical relations that are constructed using the loop model, the physical theory
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behind these relations is given in chapter two. Within this chapter the physical concepts for a flowing
fluid will be treated, as well as the relations considering the temperature profile. Furthermore, the main
type of heat transport will be discussed. The physical relations will be put to use in chapter three.
Using a closed loop model, and the relations found in the previous chapter, specific physical solutions
for the system will be determined. The physical solutions will be used to construct an algorithmic
model that ensures solutions for the values of the mass-flow rate and the inlet/outlet temperature. with
respect to the EDT. Chapter four, results, is dedicated to the solutions of the algorithm when different
parameter values and coolant types are chosen. The results are discussed in chapter five, after which

the study is concluded and recommendations are given in the sixth and final chapter.
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2.1. Governing equations concerning the flow

Using the Navier Stokes equations for the conservation of mass and momentum a flow can be described.
The equations are evaluated for a system which is in steady-state and by making use of a number of
simplifications. The results are further evaluated using the Boussinesq approximation, and a closed
loop condition. These steps lead to a workable formula which can be used for analytical purposes. The

used symbols are explained in the Nomenclature.

2.1.1. Navier-Stokes equations for the conservation of mass and momentum
A flowing fluid can be represented using the Navier Stokes'. The continuity equation represents the

conservation of mass and is formulated as the expression shown in equation 2.1:

op 1l -
i _V-m=0. 1
6t+A m=0 (2.1)

The conservation of momentum can be represented by equation 2.2:

10 s 1 - 2> 2 2 - -
Za(mHmV-(pmm)z—Vp+V-r+pg. (2.2)

Within a one-dimensional system that faces in the z-direction, the density p and the fluid velocity v are
cross-sectional averages [7]. The direction of U will face entirely in the z-direction, and can therefore
be expressed as v,. Using this information, equation 2.1 can be expressed without the nabla operator

V and becomes:
0p N 1 dring

=0, 2.3
ot A 0z (2:3)
which, in steady-state, becomes:
1 ony,
——==0, 24
A 0z (2:4)
and therefore:
o,
— =0. 2.5
9% (2.5)

When a closed loop is considered, the z-direction can be replaced by a loop parameter s which faces
in the direction of the loop. Because of the fact that equation 2.5 is no longer a vector function, the
equation can be rewritten in terms of the loop parameter by replacing z by s. This results in the

following equation:
Oritg
0s

=0. (2.6)

The same holds for the conservation of momentum described in equation 2.2, this equation can be

rewritten as:

10m, 1 am? op _ 155
= — =—LC _pg-= dpP,. 2.7
A 0Ot +pA2 0z 0z pg A pr w (2.7)

IThe Navier Stokes equation for the conservation of energy is discussed in section 2.2 equations. The entire derivation is

provided using the steps described in [7], which is a more detailed and complete derivation.
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The first three terms in equation 2.7 are rewritten in a scalar differential form. Furthermore, it is
assumed that the only friction is caused by the walls in contact with the fluid. The friction term 7 can

therefore be rewritten as a loop integral with respect to the walls. The friction term will evaluate to:

f dpP,=f Tty (2.8)
PLUT v 2DhAP ’
Using this relation equation 2.7 will become:
1amz+ 1 om; _ dp - m2 (2.9)
Aot pAZ 0z oz P87 opLazy '
which in steady-state becomes:
1 om?  ap 2
_— = - Ff—2 | 2.10
pA% 0z 2z P8 fZDhAZp (2.10)

Equation 2.10 can be written in terms of s using the same considerations that led to equation 2.6. This
results in the following equation:

1 om2  op 2
o2 as a5 PE&S

m. (2.11)
2.1.2. The Boussinesq approximation

Within a system where mass, momentum and energy are conserved, which is derived in section 2.1.1,
and temperature differences occur as function of the position; the Boussinesq approximation [8] can be
used to simplify, in this case, equation 2.10. The approximation states that variation in fluid properties,
except for the fluid density p, can be ignored. Furthermore, it is stated that the only non-constant
density terms are those which are multiplied by the gravitational constant operator §. The constant

density terms will be expressed as a reference density pg, the non-constant density terms will become:

o= pol1- B(T() - T)]. (2.12)

Evaluating equation 2.10 using the approximation described in equation 2.12 results in:

1 om?  ap m?
— =———po[1-B(T(s)-To)]|§ - f———, 2.13
o AZ s 35 po[1-B(T(s)-To)] & fZDhA2p0 (2.13)
using equation 2.5 the left-hand side of equation 2.13 will evaluate to zero? and become:
o _ [1-B(T®)-To)|g=f s (2.14)
as _Po i 2Dy A2%p¢° '

A further simplification can be made when a closed loop system is considered in the x and z-direction.
To fit both directions, which are assumed to be independent and to never change at the same time (the
fluid will always flow in the x or the z-direction, not in a combination of both directions), both directions
are fitted into the loop parameter s. Using this parameter, the gravitational constant operator § can

be written as a scalar for all the four possible directions of the mass-flow rate r:

2When the derivative of p is zero, the derivative of p? will also be zero using the chain/product-rule [9].
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Table 2.1: Orientation of gravitational constant as function of mass-flow rate rate direction.

Mass-flow rate direction | Value of g
+Z +g
-3 -g
+% 0
-x 0

The terms given in table 2.1 can be fitted into one expression where g is replaced by the dot product:

g(2-3). Using the loop-parameter s, and its consequences, equation 2.14 can be rewritten as:

2

s (2.15)

0
°° +po[1=B(T(s) - To)]g(2-9) = -fm

0s
When s forms a closed loop, and equation 2.15 is integrated with respect to s, the equation will evaluate

to:

p A A
f@ ds+j£po[1 B(T(s)-To)|gz-9ds = f fZDhApods (2.16)

the pressure-term: ¢ ap ds will evaluate to zero [10] and equation 2.16 will become:
12

y(po[l B(T(s)-Ty)|g(z- s)ds_f fmds (2.17)

2.2. Governing equations concerning the thermodynamics

The Navier stokes equation for the conservation of energy is evaluated for a system in steady-state.
By making use of several simplifications the equation can be written as a compact formula which can
be used for analytical purposes. Further on, convective heat transport will be discussed. Convective
heat transport forms the main type of heat transport when fluids are considered. The used symbols are

explained in the Nomenclature.

2.2.1. Navier Stokes equation for energy conservation

The Navier Stokes® equation for the conservation of energy [7] is described by:
0 -~ - N -
&(pu)+v'pui}=—V‘Z]'”+D—V-pi/’+v-(f' )+ 70-p8. (2.18)

This equation is reduced into one dimension. When there is no internal heat generation and friction is

negligible, the following relation remains:

dpu 6Apvx(u+ %)

A
ar © ox

=4 (2.19)

Using the fact that the part within the brackets can be rewritten as the specific enthalpy b, the following

one dimensional equation remains:
dph b, op
=g +A—,
or “ox 1T %:

3The entire derivation is provided using the steps described in [7], which is a more detailed and complete derivation.

(2.20)
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which in steady-state becomes:
d(mb) _
dx '

The specific enthalpy can be rewritten as function [11] of the specific heat capacity and the temperature:

(2.21)

dbh = ¢,dT. Using this expression for the specific enthalpy, and a simplification that states that the
mass-flow 1 will not depend on the position x, the following equation remains:

d(cp T) !

m——=gq. 2.22

praakl (2.22)

The specific heat capacity will be a function of T (and therefore a function of the loop parameter s),

by replacing the specific heat capacity term by an average specific heat capacity: {c,) the term can be

taken out of the differential. Furthermore, equation 2.22 can be written in terms of s using the same

considerations that led to equation 2.6, and 2.11. This results in the following equation:

ar
m — =g 2.2
(cp) ds q (2.23)

2.2.2. Convective heat transport

Within the field of thermodynamics, Newton’s law of cooling states that a temperature difference AT
ensures a heat transfer rate Q between two, or more, bodies which are in contact. The direction of the
heat transfer rate faces from a hot object towards a colder object. Furthermore, the heat transfer rate
is directly proportional to the temperature difference and scaled by the average heat transfer coefficient

(h) and the area of the body A. This results in the relation presented in equation 2.24:
Q=(mWAAT (D). (2.24)

The relation shown in equation 2.24 applies only for convective heat transport, and therefore for flowing
fluids [12]. Convective heat transport can be split into free convection and forced convection, a combi-
nation of both is also possible. Forced convection is considered to be non passive, an external source
forces a fluid to move along an object. Free, or natural, convection is considered to be a passive process
where density, pressure and temperature differences induce buoyancy effects which makes a fluid flow
naturally [13]. Within the field of convective heat transport the average Nusselt number (Nu) can be
introduced, which can be expressed as a function [14] of the heat transfer coefficient h:

1 (e hodxL, (hL,
N = — = ,
Nw=71 —% k

(2.25)

where L, and k are defined as the characteristic length and thermal conductivity respectively. The
characteristic length L. for a fluid that flows through a pipe will be the diameter of the pipe D.

Therefore equation 2.25 can be written as:

hD
Ny =P (2.26)
k
for a fluid that flows through a pipe. Equation 2.26 can be rewritten to the form:
Nuyk
(hy = MWk (2.27)

D
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The Nusselt number can be rewritten as a function of a set dimensionless numbers through empirical

relations, depending on the considered geometry. For free convective heat transport the average Nusselt

number will typically be a function of the Rayleigh Ra, and the Prandtl Pr number: f(Ra,Pr). If the

dominant type of heat transfer is considered to be forced convection, the average Nusselt number can

be rewritten as a function of at least the Reynolds Re and the Prandtl Pr number: f(Re, Pr). Both

functions depend on the considered system, and are found through experimental studies. The Prandtl

number can be described as:

Cplt
Pr=—,
Tk
the Reynolds number as:
L
Re=PVEc
U

and the Rayleigh number can be described as:

C;
Ra= &ATLi.

va

(2.28)

(2.29)

(2.30)
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3.1. Visual model representation

The model can be divided into three sub-models. First a visual model is constructed using a EDT unit-
cell as starting point. Around this unit-cell a loop will be constructed and visualised. The visualisation
is used to define variables, parameters and constants within the model. The visual model will form a
basis for the mathematical evaluation of the model. The mathematical expressions will be used in an

algorithm which calculates the variables presented within the visual model.

3.1.1. The emergency drain tank

The emergency drain tank consists of a number of hexagonal unit-cells. The total volume of fuel-
salt that enters the EDT is V;ot.. The total fission power of this fuel-salt is Qiot.. The total amount of
decay-heat is: Qqy,., which is a fraction of Q. and defined as: Q. = Qiot. x(2). When a single hexagonal
unit-cell is considered, the amount of heat produced per unit length can be calculated using equation
3.1:

Qth. Qtot.
qéh‘ = Qé’{l Atuel-salt = = Atuel-salt = X (1) = Afyel-salt- (3 1)
WOt. Vtot.

Using the geometry and dimensions shown in figure 3.1, equation 3.1 can be written as:

Afu/e\l salt
7 Se

Figure 3.1: The EDT unit cell, with a horizontal cross section top view (left) and a vertical cross section side view

(right). Including dimensions.

where the Agelsalt term can be expressed using the two outer radii of the hexagon [15]:

(r2 —ﬁ)%- (3.2)

Qtot.
Vtot.

. = X (1)

Equation 3.2 is the work formula used to calculate the amount of heat produced per unit length, per

unit-cell. The exact values of H, Ry, Ry, Rs, Vior. and Qyot. are given in Appendix C.
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3.1.2. The closed loop cooling cycle

To cool the fuel-salt layer of a unit-cell, presented in figure 3.1, a closed loop model is used. The coolant
flows through a closed loop with mass-flow rate rizg. The coolant will heat up in the EDT and cooled

down in the heat-exchanger. This model is illustrated in figure 3.2:

T(5)=Tout:
s=H+a+1L

Az =a

T(s) = Toue »
s=H

Chimney,

q ex.
(H+a +L)<s
<(H+a+L+1D

Az =1

T = Texe.
(H+a+L) <s
<H+a+L+1)

<
Q
>
S
S
<
)
R
N
=
S
Q)
=

Az=H

T(S)=Tin,
s=H+a+L+))

EDT,

Ax =1

Figure 3.2: Closed loop model including EDT unit cell and heat exchanger.

Within the closed loop, s stands for the loop parameter which faces parallel to the mass-flow rate ri;.
The loop parameter and mass-flow rate always face in a direction parallel to the direction of the loop
in a clockwise way. The height of the unit-cell H, shown in figure 3.1 (right), is considered to be a
constant within the model. The amount of heat per unit length that enters the loop through the EDT
is qéh_, which is defined and bound by the decay-heat fraction presented in figure 1.3. The other part
which adds height to the loop is the chimney length a, which is chosen to be a parameter within the
model. The horizontal length of the model is a parameter called L. The length of the heat-exchanger [,
is also a parameter and is chosen so that 0 << (H+a) is true. The amount of heat per unit length that
exits the loop through the heat-exchanger is ¢, , this is a function of the external temperature Toxt.
and the heat transfer coeflicient h of the heat-exchanger which are both considered to be parameters.
The pipe diameter D is considered to be a constant, and the same, within the entire loop. The coolant
temperature at s =0 is a variable called Ti,, the temperature will rise as function of Tj, and q,éh_
within the EDT towards Ty, and remain constant from s= H to s = H+ a+ L, where it will enter the
heat-exchanger. Within the heat-exchanger the coolant should be cooled to T, again to form a closed

loop.
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3.2. Analytical model

The visual model is used, in combination with the thermodynamic and flow equations, to construct a
mathematical model. The mathematical model can be divided into a first part where the temperature
as function of the loop parameter s can be evaluated. And a second part where the buoyancy - friction
relation, presented in section 2.1.2, can be evaluated using the analytic results of the thermodynamic
relation. The analytical model will form a basis for the algorithmic model which is used for further

calculations.

3.2.1. Thermodynamic relation
The system is considered to be in steady-state. Temperature differences will therefore only depend on
the position s within the loop and are a function of the heat production term qéh_, and extraction term

Gix.- Therefore the following equation remains to be solved:

o ar
1its{Cp) —— = iy + Gex. (3.3)

In order to solve equation 3.3 analytically, qéh. is chosen to be independent of s and uniformly distributed
over the EDT unit cell height H. Furthermore, the heat-exchanger term g, can be written as a
function of the heat-transfer coefficient h and a temperature difference AT using Newton’s law of

cooling. Equation 3.3 can therefore be rewritten as:
ms<cp>% = q,, +hDAT, (3.4)
which, when using Text., becomes:
ms<cp>% = Gy, + hD[T(8) = Text. |- (3.5)

Because of the fact that both parts of equation 3.5 are independent! the solution of equation 3.5 becomes
a combination the differential equations which are to be solved. The first part evaluates to:

q/
T(s)= —L s+ Ty, (3.6)
ris(cp)
which is the solution for: se [0, H|. Equation 3.6 can be used to express Toyt in terms of Ti,. The outlet

temperature will be equation 3.6 evaluated for s = H. The second solution therefore becomes:

q/
mc p>

which is the solution for: s€ [H,H+a+ L]. The third solution:

Tout

H+ Ty, (3.7)

T6) = Toxt, + (Tout ~ Texe ) exp | = — p>(H+“+”]eXp[ms<cp>] (3.8)

H+ Tip — Text, )exp[ (H+a+D)|exp|——], (3.9)

= Lext. + ( ms<cp>

msg (Cp> Hg{Cp)

I The two heat-exchanging parts can be solved independently because they act on different parts of the loop. Because the

system is a closed loop they do however provide each other with boundary conditions.
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which is the solution for for: s€ [H+a+L,H+a+L+1]. And the fourth solution:
T(s) = Tin, (3.10)

which is the solution for: se€ [H+ a+L+1,2(H+ a+L)]. Because of the fact that a closed loop in
steady-state is considered further conditions must be obeyed. The inlet-temperature Tj, at position
s =0 should, after passing through the EDT and the heat-exchanger, again be equal to Tj, at position
s=2(H+a+L). This means that the absolute value of the temperature difference over the EDT: |[ATgpT|
should equal the absolute temperature difference over the heat-exchanger: |ATey.|. Which results in the

following relation for the temperature differences:

q; q; a, hD
IATEDTI = 1ATex | = = H = (T = Toxt) + — s H = (s F o Ty = T Joxp | —— 1], (3.11)
rs{cp) Hs{Cp) ms{cp) ms{cp)
which can be further simplified to:
i,
(Tin_Text.)_( H + Tin — Text. )eXp[ l] 0. (3'12)

ms(cp) s< p>
3.2.2. Buoyancy - Friction relation
Using the Buoyancy - Friction relation presented in equation 2.17, the temperature relations found in

equations 3.6 - 3.10 and the dimensions presented in figure 3.2, a second relation can be derived:

2 m? 2(H+a+L) m?
-f———ds=- —f ds=- (H+a+L). 3.13
£ fZDhA.Do fZDhAPo 0 thAPo (3.13)
The left-hand side of equation 2.17 will evaluate 2 to:
s g qth
po[1=B(T(9) - To)|g(z- s = H|1 - B(0.5—— L H+ (Thn - To)) | +a[1- /5( Ho+ (T - To) |-
s s (Cp) (Cp)

-hD ]) ritg(cp)

1[1- B(Text. - To)] +ﬁ( D

o (Cp> + (T - Text‘))(l ~exp| e
[1-B(Tim—Ty) |- H-a)

(3.14)

When equations 3.13 and 3.14 are combined, and the hydraulic diameter Dy, is chosen to be the pipe
diameter D (which is assumed to be the same within the entire loop presented in figure 3.2 and defined
as D=2R;), the following relation remains:

)

ms
fDAPo

iy,

ths(cp

1= B(Text. — To)] +ﬁ(

9y,
ms{cp)

(H+a+1)=H|1-p(0.5 a1 - (=L H o+ (T - To)) |-

>H+(Tm To))

-hD l])ms<cp>+ (3.15)
ris(cp) hD

[1-B(Tin—To)|(I- H-a)

B 4 (Tin = T ))(1 exp |-
Cp

—-0.32

The expression that is used to calculate the Darcy friction factor is: f =0.0056 +0.5Re which is an

empirical relation for turbulent pipe flows [16].

2The complete derivation of equation 3.14 is given in appendix A.
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3.3. Algorithmic model and data generation
To solve equations 3.12 and A.8, an algorithm in Python is used. The strategy is to determine the
roots of system of equations formed by equations 3.12 and A.8 using a SciPy [17] root solving module

in Python. The following two dimensional functions are therefore introduced:

frig, Ton) = (Ton — T, t)—(ﬂH+T T, t)exp[ ~hD ] (3.16)
S 41n m ext. ms<cp> m ext. ms<cp> ’ .
and
(rits, Ton) = f s (H+a+L) +H l—ﬁ(OS&H+(T —T)) +
8 s» Lin DAPO . ms‘(Cp) in 0
Dy,

1- B[ g4 (T = To) )| = 1[1 = B(Texs, — To) ] +

a[ ﬁ(ms(cp) ( 0))] [1-B(Text. — To)] (317)

~hD_ ) 7hs(cp)

‘B(&+(Tin—Text‘))(l_eXp[ms<Cp> ]) hD

rs{cp)

[1-B(Tin—To)|(I- H-a)

The two functions f and g are presented to the scipy.optimize.fsolve module in a vector of the
form: [f,g]. Within the functions the variables ri1; and Ti, are vectorized to the form: [r, Tiy], which
will be named the standard-form. Furthermore, an initial-guess for both variables has to be presented

to the algorithm, schematically displayed in figure 3.3, in standard-form: [ris,, .., Ti ] in order for

inguess
the algorithm to work. The scipy.optimize.fsolve has a broad range of parameters that can be used
to gain more control over the process, the parameters that are used in the algorithm are: the tolerance
(chosen at 1x107!1) which ensures that the algorithm will terminate if the relative error between two
consecutive is at most the chosen tolerance, and the factor (chosen at 0.1) which determines the initial
step bound. The result will be a variable solution vector in standard-form: (7, Tin,,,]. The output so-
lutions are an approximation so that f(wy,,,, Tin,,,) =0 and g(ris,;, Tin,,,) = 0 (in the order of 10_67 which
is a is a realistic and small error in the proposed algorithm). The solutions (s, Tin,,;] are checked for
validity by filling them back into the functions f and g, these outputs should be approximately zero. If
the system of equations has multiple roots, the solution output will be the solution which is closed to

the initial guess [ris, .., Ti ]. The algorithm that is used by the scipy.optimize.fsolve module,

Nguess
is a modification of the Powell hybrid method called the MINPACK subroutine HYBRJ [18]. This is an
irritative method which calculates and uses the Jacobian of the function to determine the roots of an
arbitrary large system of equations. The Python code used to calculate the solutions rizg and Tj, of

functions f and g is presented in appendix B.

To generate data, the code is used to evaluate the effect of different coolants and parameters. The
strategy is to chose a coolant and determine a set of reference solutions with a fixed set of parameters.
After finding reference solutions the individual parameters are systematically altered in value. The val-
ues of interest will be the variable solution of 7 for different parameters and Toyt, which is a function

of the variable solution Tj, as described in equation 3.7. Solutions that are desirable are those which
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Python
SciPy

Module

Figure 3.3: Visual representation of the algorithmic model.

ensure a high mass-flow rate rig, and a low inlet/outlet temperature Tj, and Ty respectively. After
altering the set of individual parameters, the effect of altering multiple parameters at the same time is
studied. This process is repeated for a number of other coolants. Within the process of data generation,
the decay-heat fraction y(#) will be fixed at its peak value. When a coolant is considered, the degree
of freedom is the choice of parameter values. The parameter values will be altered using an iterative
process which ensures a set of solutions of functions f and g. These solutions can be represented as a
function: p(A) where the parameter that is altered is: A. Changing multiple parameters: A, B at the

same time will result in a function: p(A,B).
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4.1. Air cooled system

First a system using air as a coolant is studied. The physical properties of air are taken at the reference
temperature Ty = 20°C (293 K), a pressure of 1 bar and with no moisturisation. This results in the

following properties [19]:

Table 4.1: Physical constants air.

Constant Symbol | Unit
Reference

To K 293
temperature
Reference

00 kg/m3 | 1.2
density
Specific

p J/kegK | 1.0x103
heat capacity
Thermal
expansion B K-! 3.4x1073
coefficient
Dynamic

Y U Pas 1.8x107°

viscosity

4.1.1. Reference solutions

To gain insight in the effect of different parameters, a reference solution is calculated for the maximum
amount of decay-heat 6.2%, which is equivalent to: 0.19 GW. Within this reference solution the following

parameter values are chosen:

Table 4.2: Reference parameters air.

Parameters Symbol | Unit
Horizontal

L m 3
length
Chimney

a m 17
length
Heat Exchanger

l m 20
length
Heat transfer ,

h W/m“K | 30
coefficient
External

Text. K 293

temperature
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The heat transfer coefficient of 1.0 x 10> W/m?K (which is a value higher than that of an air to air
circuit proposed by C.Péniguel) is used to give generate solutions that are more realistic. Using a very
low heat transfer coefficient makes the values of Tj, and T,y rise towards infinity. For the reference
solution the chimney length a is chosen to be 17m. The chimney height has been chosen to be a realistic
value, choosing smaller values gives unrealistic solutions for Ti, and T,,¢. Choosing bigger values leaves
less space to compare the reference results to an upper limit for the chimney height, that has to be
realistic as well. The external temperature Tey. is chosen to be at room temperature. The length of the
heat-exchanger [ is chosen to be the maximal length allowed when using a =17. Lastly, the horizontal
length L is chosen to be the same as the height of the EDT within the reference solution. These choices

result in the following reference solutions:

Table 4.3: Reference solutions air.

Variable Symbol | Unit
Mass-flow
T kg/s | 1.4
rate
Inlet
Tin K 2.2x103
temperature
Outlet
Tout K 3.1x103
temperature

Using the reference parameters, the reference solutions as function of the decay-heat fraction y(f) can

be determined, these are the following:

1.4
3000 Tout
— Tin
1.24
2500 -
1.01
9 2000 -
£ 0.8 g
RS " 1500
0.6 1
1000 -
041 500 -
T T T T T r T : : - - - - -
0 1 2 3 4 5 6 0 1 2 3 4 5 6
X(%) X(%)
(a) Mass-flow rate as function of decay-heat (b) In-/outlet temperature as function of decay-heat
fraction. fraction.

Figure 4.1: Reference solutions for the mass-flow rate and the in-/outlet temperature as function of decay-heat

fraction for air.



20 4. Results

4.1.2. Altering the heat transfer coefficient

First the heat transfer coefficient h is altered, this is because of the fact that within the functions f and
g the heat transfer coefficient not only exists linearly, but also exists within the exponential term in both
equations. Because of the exponential, a small change in h will result in a relatively big change in the
functions f and g. The heat transfer coefficient is altered from the reference value of 1.0 x 10> W/m?K,
up to 1.0x 10> W/m?K. The upper limit of 1.0 x 103 W/m?K has been chosen to display the converging
like behaviour of the relations shown in figure 4.2. Using these boundaries the values of r1, Tjy and

Tout, as function of h are determined. This results in the following relations:

0.35
3000 Lo
0.30 1 Tin
2500 -
0.25 1
% 0.204 2000 -
El g
< c
‘€ 0.15 1500 -
0101 1000
0.05 1
500 1
0.00 T T T T T T T T T T T T
0 100 200 300 400 500 600 700 200 400 600 800 1000
h (W/m?K) h (W/m?2K)
(a) Mass-flow rate as function of heat transfer (b) In-/outlet temperature as function of heat transfer
coefficient. coefficient.

Figure 4.2: Solutions for the mass-flow rate and the in-/outlet temperature as function of the heat transfer coefficient

for air.

In a more practical sense the heat transfer coefficient can be altered by changing the values of thermal
conductivity k, the pipe diameter D and the average Nusselt number (Nu), as described in equation
2.27. Changing the type of fluid that flows through the heat-exchanger changes the value of k. The
Nusselt number can at least be changed by changing the Reynolds, Rayleigh and Prandtl numbers. In
order to change these numbers the properties which define them can be altered, these are mostly fluid

properties.

4.1.3. Altering the heat exchanger length

Another non-linear parameter is the heat-exchanger length [. Looking at the model presented in figure
3.2 the value of I can only be changed into values for which 0 << H+ a is true. If the heat-exchanger
would cover the entire right leg its length would be a function of the chimney length as follows: I(a) =
H+ a. The chimney length a will be altered from the reference length 17 m, which is equivalent to:
[=20 m, up to 4.2x 10> m, which is equivalent to: =4.2x 10> m [20] . Again the upper limit is chosen

to display the converging like behaviour of the relations shown in figure 4.3:
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1.415 A 3000 -
1.410 A 2500 A
1.405 A
& 2000 -
E 1.400 4 g
= =
‘€ 1.305 15007
1.390 A 1000 -
1.385 A
500 1
1.380 -
T T r r T T T r " T r r T r T r T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
I(m) 1 (m)
(a) Mass-flow rate as function of the heat-exchanger (b) In-/outlet temperature as function of the
length. heat-exchanger length.

Figure 4.3: Solutions for the mass-flow rate and the in-/outlet temperature as function of the heat-exchanger length

for air.

4.1.4. Altering the horizontal length

One of the parameters that only exists in a linear way within functions f and g is the horizontal length
L. While all other parameter values remain unchanged, the value of L is altered from 3m up to 420m.
The lower limit is the value which is used to evaluate the reference solution. The upper limit is chosen
to be very large in order to see the complete relation L has to the mass-flow rate . How L relates to

both m and T,y is displayed in figure 4.4:

1.4+ 4000 A
Tout
— Tin
1.2 3500 A
3000 -
Q 1.04
g 3
£ =~ 2500
0.8 1
2000 -
0.6 1
1500 -
T r T T T : : - - -
0 100 200 300 400 0 100 200 300 400
L (m) L (m)
(a) Mass-flow rate as function of the horizontal (b) In-/outlet temperature as function of the horizontal
length. length.

Figure 4.4: Solutions for the mass-flow rate and the in-/outlet temperature as function of the horizontal length for air.

4.1.5. Altering the external temperature of the heat-exchanger

Another parameter that only exists in a linear way within functions f and g is the external heat-
exchanger temperature Text.. While the other parameters remain fixed Teyt. is altered from -10°C up to
30°C. These very large boundaries are chosen because they represent realistic temperature differences
for the cooling fluid in the heat-exchanger. The behaviour of the solutions as function of Teyt. are the

following:
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(a) Mass-flow rate as function of the external (b) In-/outlet temperature as function of the external
temperature. temperature.

Figure 4.5: Solutions for the mass-flow rate and the in-/outlet temperature as function of the external temperature for

air.
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4.1.6. Altering the heat-exchanger length and the heat transfer coefficient
The heat transfer coefficient and heat-exchanger length are both of big influence to the values of riz and
Tin. Because of their influence a combination of these parameters was studied as well. The relation

between parameters I, h and the solutions ri1, Toy and Ty, are given in figure 4.14:

1000 4 143 10001 1700
800 1.42 800 { 1600
141
~ < 1500
<~ 600 £ 6001
£ 1.40 £
% § 1400
4001 1.39 400 {
138 1300
2001 200 {
137 1200
100 200 300 400 100 200 300 400
Itm) I(m)
(a) Relation between the heat-exchanger length [ (b) Relation between the heat-exchanger length [
(x-axis), the heat transfer coefficient h (y-axis) and the (x-axis), the heat transfer coefficient h (y-axis) and the
mass-flow rate m (color bar on the right in kg/s). outlet temperature Toyt (color bar on the right in K).

1000 -

800

600 q

h(W/m?K)

4001

200 -

T T T T
100 200 300 400
I(m)

(c) Relation between the heat-exchanger length [
(x-axis), the heat transfer coefficient h (y-axis) and the

inlet temperature Tj, (color bar on the right in K).

Figure 4.6: Solutions for the mass-flow rate, the outlet and the inlet temperature as function of heat-exchanger length

and heat transfer coefficient for air.

The lower and upper limits of [ and h are chosen the same as the limits used to evaluate the individual

solutions.
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4.2. Water cooled system
The second system that is studied is a system where water, rather than air, is used as a coolant. The
properties are found at a reference temperature Tp =20°C (293 K) and a pressure of 1 bar. Using this

information the following physical properties [19] can be found:

Table 4.4: Physical constants water.

Constant Symbol | Unit
Reference

To K 293
temperature
Reference

00 kg/m3 | 1.0x103
density
Boilin,

& Ty K 3.7x 102

point
Specific

p J/keK | 4.2x10°
heat capacity
Thermal
expansion B K-! 0.21x1073
coefficient
Dynamic

u Pas 1.0x1073

viscosity
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4.2.1. Reference solutions

The different parameters chosen for the reference solutions are presented in table 4.5. Furthermore, the

decay-heat will be considered to be at its maximum value.

Table 4.5: Reference parameters water.

Parameters | Symbol | Unit
Horizontal

L m 3
length
Chimney

a m 17
length
Heat

l m 20
Exchanger
Heat transfer

h W/m?K | 3.0x 103
coefficient
External

Text‘ OC 20
temperature

The heat transfer coefficient of 3.0x 10> W/m?K is considered to be a minimum value for a water to air
heat-exchanger [21]. The other reference parameters are chosen to be equal to those of the air cooled

system. These choices result in the following reference solutions:

Table 4.6: Reference solutions water.

Variable Symbol | Unit
Mass-flow
1) kg/s | 29
rate
Inlet
Tin K 1.1x10°
temperature
Outlet
Tout K 1.1x 103
temperature

Using the reference parameters, the reference solutions as function of the decay-heat fraction y(f) can

be determined, these are the following:



26 4. Results
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(a) Mass-flow rate as function of the decay-heat (b) In-/outlet temperature as function of decay-heat
fraction. fraction.

Figure 4.7: Reference solutions for the mass-flow rate and the in-/outlet temperature as function of the decay-heat

fraction for water.

4.2.2. Altering the heat transfer coefficient

Again the heat transfer coefficient h is altered first. This is for the same reason as the air cooled
system. The heat transfer coefficient is altered from the reference value of 3.0 x 10> W/m?K, up to
2.5x 103 W/m?K. The upper limit of 2.5 x 10> W/m?K has been chosen because it represents a tubular
system where coolant; water, is also cooled by water within the heat-exchanger [22]. Furthermore, the
choice of the upper limit ensures that the converging like behaviour can be seen within figure 4.8. Using
these boundaries, the values of m, Tout and Tout, as function of h, are determined. This results in the

following relations:

1100 A
28.95 1 Tout
1000 1 — Tn
28.90 900 4
— 800 1
Q -
E\ 28.85 4 &
= =~ 7004
&
28.80 600 1
500 1
28.75 1
400 -
r r T r - T r T r T
500 1000 1500 2000 2500 500 1000 1500 2000 2500
h (W/m?K) h (W/m?K)
(a) Mass-flow rate as function of the heat transfer (b) In-/outlet temperature as function of the heat
coefficient. transfer coefficient.

Figure 4.8: Solutions for the mass-flow rate and the in-/outlet temperature as function of the heat transfer coefficient

for water.

4.2.3. Altering the heat-exchanger length
The second parameter that will be altered is the heat-exchanger length I, this is yet again for the same

reason as for the air cooled system. The limits are chosen to be the same as the air cooled system, and
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for the same reasons. This results in the relations displayed in figure 4.9.
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30.50 1000 1 Tin
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(a) Mass-flow rate as function of the heat-exchanger (b) In-/outlet temperature as function of the
length. heat-exchanger length.

Figure 4.9: Solutions for the mass-flow rate and the in-/outlet temperature as function of the heat-exchanger length

for water.
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4.2.4. Altering the heat-exchanger length and the heat transfer coefficient
The studied parameters h and [ are combined to study their collective contribution to the solutions a1,

Tout and Ti,. This results in the following relations:

2500 A 2500 -
30.50 1000
2000 3025 2000 900
30.00 800
g <
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(a) Relation between the heat-exchanger length [ (b) Relation between the heat-exchanger length [
(x-axis), the heat transfer coefficient h (y-axis) and the (x-axis), the heat transfer coefficient h (y-axis) and the
mass-flow rate m (color bar on the right in kg/s). outlet temperature Toyut (color bar on the right in K).
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(c) Relation between the heat-exchanger length [
(x-axis), the heat transfer coefficient h (y-axis) and the

inlet temperature Tj, (color bar on the right in K).

Figure 4.10: Solutions for the mass-flow rate, the outlet and the inlet temperature as function of heat-exchanger

length and heat transfer coefficient for water.

The upper and lower limits are chosen for the same reason as described for the air cooled system.
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4.3. Propyleneglycol cooled system
The third system that is studied is a system where Propyleneglycol is used as a coolant. The properties
are found at a reference temperature Tp =25°C (298 K) and a pressure of 1 bar. Using this information

the following physical properties [23][24] can be found:

Table 4.7: Physical constants propyleneglycol.

Constant Symbol | Unit
Reference
To K 298
temperature
Reference
Lo kg/m3 | 1.1x103
density
Boilin,
& Ty K 4.6x10%
point
Specific 5
p J/kgK | 2.5%x10
heat capacity
Thermal
expansion B K™t 6.2x1074
coefficient
Dynamic

u Pas 44 %1073

viscosity
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4.3.1. Reference solutions

The different parameters chosen for the reference solutions are presented in table 4.8. Furthermore, the

decay-heat will be considered to be at its maximum value.

Table 4.8: Reference parameters propyleneglycol.

Parameters | Symbol | Unit
Horizontal

L m 3
length
Chimney

a m 17
length
Heat

l m 20
Exchanger
Heat transfer

h W/m?K | 5.0 x10?
coefficient
External

Text‘ OC 20
temperature

The heat transfer coefficient of 5.0x 102 W/m?K is considered [25] to be a minimum value for the overall
heat transfer for a tube heat-exchanger. The other reference parameters are chosen to be equal to those

of the air cooled system. These choices result in the following reference solutions:

Table 4.9: Reference solutions propyleneglycol.

Variable Symbol | Unit
Mass-flow
17 kg/s | 38
rate
Inlet
Tin K 7.6 x 10
temperature
Outlet ,
Tout K 7.7% 10
temperature

Using the reference parameters, the reference solutions as function of the decay-heat fraction y(f) can

be determined, these are the following:



4.3. Propyleneglycol cooled system

35 4

304

N
v
s

m (kg/s)

N
o
L

151

10 A

T

0 1 2 3 4 5 6

X(%)

(a) Mass-flow rate as function of the decay-heat

fraction.

T (K)

Tout

— Tin
700 A
600 -
500 -
400 A
300 A

0 1 2 3 4 5

X(%)

(b) In-/outlet temperature as function of decay-heat

fraction.

Figure 4.11: Reference solutions for the mass-flow rate and the in-/outlet temperature as function of the decay-heat

fraction for propyleneglycol.

4.3.2. Altering the heat transfer coefficient

The heat transfer coefficient is altered from the reference value of 5.0 x 10> W/m?K, up to 2.0 x 103

W/m?K. The upper limit of 2.0 x 10> W/m?K is considered to be an upper limit for tubular convective

heat transfer [25]. Using these boundaries, the values of m, Toys and Tout, as function of h, are

determined. This results in the following relations:
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Figure 4.12: Solutions for the mass-flow rate and the in-/outlet temperature as function of the heat transfer coefficient

for propyleneglycol.
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4.3.3. Altering the heat-exchanger length
The limits are chosen to be the same as the air/water cooled system, and for the same reasons. This

results in the relations displayed in figure 4.13.
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(a) Mass-flow rate as function of the heat-exchanger (b) In-/outlet temperature as function of the
length. heat-exchanger length.

Figure 4.13: Solutions for the mass-flow rate and the in-/outlet temperature as function of the heat-exchanger length

for propyleneglycol.
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4.3.4. Altering the heat-exchanger length and the heat transfer coefficient
The studied parameters h and [ are combined to study their collective contribution to the solutions a1,

Tout and Ti,. This results in the following relations:
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(a) Relation between the heat-exchanger length [ (b) Relation between the heat-exchanger length [
(x-axis), the heat transfer coefficient h (y-axis) and the (x-axis), the heat transfer coefficient h (y-axis) and the
mass-flow rate m (color bar on the right in kg/s). outlet temperature Toyut (color bar on the right in K).
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(c) Relation between the heat-exchanger length [
(x-axis), the heat transfer coefficient h (y-axis) and the

inlet temperature Tj, (color bar on the right in K).

Figure 4.14: Solutions for the mass-flow rate, the outlet and the inlet temperature as function of heat-exchanger

length and heat transfer coefficient for propyleneglycol.

The upper and lower limits are chosen for the same reason as described for the air/water cooled system.



34 4. Results

4.4. Carbon dioxide cooled system

The fourth system that is studied is a system where carbon dioxide is used as a coolant. The properties
are found at a reference temperature Tp =25°C (298 K) and a pressure of 1 bar. Using this information

the following physical properties [19] can be found:

Table 4.10: Physical constants carbon dioxide.

Constant Symbol | Unit
Reference
Ty K 298
temperature
Reference
Po kg/m3 | 1.8
density
Specific 5
Cp J/kegK | 0.85x10
heat capacity
Thermal
expansion B Kt 45%x 1074
coefficient
Dynamic
Y U Pas 15x 107
viscosity

4.4.1. Reference solutions

The different parameters are chosen to be the same as those for air, and are presented in table 4.11

Table 4.11: Reference parameters carbon dioxide.

Parameters | Symbol | Unit
Horizontal

L m 3
length
Chimney

a m 17
length
Heat

l m 20
Exchanger
Heat transfer

h W/m?K | 1.0x10?
coefficient
External

Toxt. °C 20
temperature

These choices result in the following reference solutions:
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Table 4.12: Reference solutions carbon dioxide.

Variable Symbol | Unit
Mass-flow
m kg/s | 2,2
rate
Inlet
Tin K 2.2x 103
temperature
Outlet
Tout K 3.0x103
temperature

Using the reference parameters, the reference solutions

be determined, these are the following:
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4.4.2. Altering the heat transfer coefficient

The heat transfer coefficient is altered from the reference value of 1.0 x 10> W/m?K, up to 1.0 x 103
W /m?K, the same as the air cooled system. Using these boundaries, the values of 71, Toys and Toys, as

function of h, are determined. This results in the following relations:
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2.22 L
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(a) Mass-flow rate as function of the heat transfer (b) In-/outlet temperature as function of the heat
coefficient. transfer coefficient.

Figure 4.16: Solutions for the mass-flow rate and the in-/outlet temperature as function of the heat transfer coefficient

for carbon dioxide.

4.4.3. Altering the heat-exchanger length

The limits are chosen to be the same as the air/water cooled system, and for the same reasons. This

results in the relations displayed in figure 4.17.
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Figure 4.17: Solutions for the mass-flow rate and the in-/outlet temperature as function of the heat-exchanger length

for carbon dioxide.

4.4.4. Altering the heat-exchanger length and the heat transfer coefficient

The studied parameters h and [ are combined to study their collective contribution to the solutions i,

Tout and Ti,. This results in the following relations:



36 4. Results

2000 A 1000
2750
1800 4 2.30
800 1 2500
1600 -
228 2250
< 1400 <
£ 2.26 E 6001 2000
S 12001 s
=z z 1750
1000 2.24 400 4
1500
8004
2.22 2004 1250
600
T . . . 2.20 . . . . 1000
100 200 300 400 0 100 200 300 400
I(m) 1(m)
(a) Relation between the heat-exchanger length [ (b) Relation between the heat-exchanger length [
(x-axis), the heat transfer coefficient h (y-axis) and the (x-axis), the heat transfer coefficient h (y-axis) and the
mass-flow rate m (color bar on the right in kg/s). outlet temperature Toyt (color bar on the right in K).

1000 2250
2000
800
1750
< 1500
& 600+
£
s 1250
=
400 1000
750
200
500
. . . .
0 100 200 300 400
I(m)

(c) Relation between the heat-exchanger length [
(x-axis), the heat transfer coefficient h (y-axis) and the

inlet temperature Tj, (color bar on the right in K).

Figure 4.18: Solutions for the mass-flow rate, the outlet and the inlet temperature as function of heat-exchanger

length and heat transfer coefficient for carbon dioxide.

The upper and lower limits are chosen for the same reason as described for the air /water cooled system.
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The results, which are given in chapter 4, are determined using the functions f and g. When a set
of parameter values are chosen, the solutions of these functions are the mass-flow rate rz and inlet
temperature Tj,, the outlet temperature is determined using Ti,. By altering the different parameters
in value and type, and by changing the type of coolant, the behaviour of the mass-flow rate and outlet
temperature was studied with respect to these choices. Good solutions for functions f and g should
ensure that both functions are approximately zero, when filled back into functions f and g. To display
the trustworthiness of the solutions: i, and Ti,, the solutions are filled back into functions f and g
for all the situations presented in chapter 4. This leads to the absolute error functions presented in
appendix D.

Most errors are in the order of 107%, or lower. These errors are very small in comparison to the order
of magnitude of the solutions for the mass-flow rate and inlet temperature, which are in the order of
107! up to 10', and 10? up to 10% receptively. Local error peaks that are bigger than 107°, as well as
the local error peak that are smaller, can be explained by the fact that in the scipy.optimize.fsolve
routine the initial guesses the same for all parameter values by making use of a for loop, as shown in
appendix B. More accurate solutions would probably follow if the algorithm had more accurate initial
guesses. The initial guesses that are used to generate the results, presented in chapter 4, are chosen
because they give relatively ‘good’ solutions for the different parameter values. The initial guess forms
an average initial guess for all the solutions, choosing a local initial guess that iterates inside the for
loop would solve this problem. The solutions for the external temperature for the air cooled system
are very large in comparison to other errors. The f function shows very large errors within the entire
defined parameter space. Because of the fact that this behaviour is unique for this particular parameter,

and function, it is hard to gain insight into the precise nature of these errors.

First of all it is noticed that the mass-flow behaves more or less like a square root function for increas-
ing decay-heat fractions. The in-/outlet temperatures decrease linearly as function of the decay-heat
fraction. The air cooled system shows very high values for the outlet temperature, the lowest value is
approximately 1.2 x 10® K. The inlet temperatures are lower, the lowest value is approximately 3.0 x 10
K. The in-/outlet temperatures are most sensitive for the heat transfer coefficient and heat-exchanger
length. The temperatures do however converge to values that are more or less of constant value. Choos-
ing values for the heat transfer coefficient that are bigger than approximately 6.0 x 10> W/m?K result
in no notable effect for the in-/outlet temperature. The increase of the mass-flow rate is most sen-
sitive for the heat transfer coefficient, an increasing heat-transfer coefficient results in the increase of
the mass-flow rate. The mass-flow rate also converges to a more and more constant value, the further
increase of the heat transfer coefficient results in no notable change in the mass-flow rate. Changing
the horizontal length and external temperature results in no desirable change for the mass-flow rate
and in-/outlet temperature. Altering both the heat transfer coefficient and the heat-exchanger length
at the same time results in maximum mass-flow rates up to 1.4 kg/s for high values of these parameters:

h>5.0x10> W/m?K, I >1.5x10?> m. The in-/outlet temperatures decrease very fast, to 3.5 x 102K and



38 5. Discussion

1.3 x 10° K respectively.

For the water cooled system the mass-flow rate slightly decreases for increasing heat transfer coefficient.
The decrease however, is very small (2.0 x 10! kg/s) with respect to the values of the mass-flow rate
(that are in the order of 2.9x 10! kg/s). It can therefore be concluded that there is no notable or desired
effect for the mass-flow rate as function of the heat transfer coefficient. The in-/outlet temperatures
decrease fast as function of the heat transfer coeflicient, the slope does however flat out for higher heat
transfer coefficients: h>1.5x10® W/m?K. The mass-flow shows more notable effects as function of the
heat-exchanger length. The mass-flow rate keeps increasing for values up to I = 1.5x 10% m after which it
starts decreasing. The increase of the mass-flow rate as function of the heat exchanger length (2.0 kg/s)
is more notable than the increase seen for the heat transfer coefficient. The in-/outlet temperatures
decrease very fast as function of the heat-exchanger length. For higher values of the heat exchanger
length (I >2.5x10% m) the temperatures will converge towards a more or less constant of value (ap-
proximately 3.5x 10? K). Increasing the value of heat-exchanger length beyond I = 2.5 x 10> m results in
no notable change in temperature. Altering the heat transfer coefficient and the heat-exchanger length
together, results in maximum values for the mass-flow (up to 31 kg/s rate for: I <1.0x 10> m and heat
transfer coefficients between (1.0 x 103 — 1.5 x 10%) W/ m2K. The in- /outlet temperature decreases very
fast towards approximately 4.0 x 102 K.

The propyleneglycol cooled system shows very similar behaviour in comparison to the water cooled sys-
tem. The decrease in mass-flow rate as function of the heat transfer coefficient is not notable (2.0 x 107
kg/s for mass-flow rates in the order of 3.8 x 10! kg/s ). The temperatures however, are significantly
lower as function of the heat transfer coefficient. Furthermore, it is noticed that the functions have a
less strong converging shape. The mass-flow rate increases as function of the heat-exchanger length for
values up to 1.0 x 102 m after which it starts decreasing. The behavior of the in-/outlet temperatures is
very similar to the water cooled system but the temperatures are significantly lower. The combination
of both parameters results in mass-flow rates up to 40 kg/s for [ <1.0x10! m and h = (6.0x10*-1.2x10%)
W /m?K. The in-/outlet temperatures decreases very fast towards approximately 4.0 x 10* K.

The carbon dioxide cooled system shows very similar behaviour in comparison to the air cooled system.
For the heat transfer coefficient it is notable that the mass-flow rate decreases. The in-/outlet temper-
ature converges to a lower value (approximately 2.0 x 10> K and 1.0x10% K respectively) in comparison
to the air cooled system. As function of the heat exchanger length the mass-flow rate increases slightly.
The temperatures decrease very fast towards approximately 1.0x 1.0 K and 1.0x10% K respectively. The
combination of both parameters shows increasing mass-flow rate values up to 2.3 kg/s for h=3.0x 103

W /m?K. The in-/outlet temperatures converge very fast towards approximately 3.5 x 10? K.
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6.1. Concluding remarks

The closed loop cooling cycle was constructed in order to find a more adequate cooling system for the
EDT of a molten salt reactor. The EDT is cooled by a coolant that flows through the cooling cycle a
coolant flows Analytical steady state solutions for the mass-flow rate and the in-/outlet temperature
were determined using an algorithm. By making use of the algorithm, the effect of different loop
parameters and coolants was studied. Desirable solutions are those which ensure a high mass-flow rate
and low in-/outlet temperatures. The generated results give insight in the relationship between these
solutions and the heat transfer coeflicient, the heat-exchanger length, the horizontal loop length and
the external temperature for different coolants.

For the decay-heat fraction is found that the mass-flow rates increases like a square root function while
the in-/outlet temperatures increase linearly for decay-heat fractions. Furthermore, the horizontal
length and the external temperature both show no notable or desirable effect on the mass-flow rate
and the in-/outlet temperature. The maximum mass-flow rate for the air cooled system is: 1.4 kg/s
for h>5.0x 10> W/m?K, I> 1.5 x 10?> m, the water cooled system has a maximum mass-flow rate of 31
kg/s for 1 <1.0x10%> m, h = (1.0 x 103 - 1.5 x 10%>) W/m?K, the propyleneglycol cooled system shows a
maximum mass-flow rate of 40 kg/s for I <1.0x 10! m and h = (6.0 x 10— 1.2 x 103) W/m?K and for the
carbon dioxide shows a maximum mass-flow rate of 2.3 kg/s for h=>3.0x 10> W/m?K. The in-/outlet
temperature for air: 3.5x10°K and 1.3x 103 K respectively, water: 4.0x10?> K, propyleneglycol: 4.0 x 10?
K and carbon dioxide: 5.0 x 10> K 1.0 x 10° K. The propyleneglycol shows the most desirable solutions,
it has the highest mass-flow rate and the lowest temperatures of the investigated coolants. Water also
has a desirable set of solutions with a high mass-flow rate and low temperatures. Carbon dioxide shows
desirable solutions in terms of the temperatures, but less desirable solutions for the mass-flow rate. The
mass-flow rate of air is the lowest of the four investigated coolants. The air temperatures are highest
in comparison to the other coolants. Furthermore, it is noticed that the parameters concerning the
heat-exchanger: the heat-transfer coefficient and the heat-exchanger length are of the biggest influence

in the proposed loop model.

6.2. Recommendations

The discussed closed loop cooling cycle forms an analytical basis for further investigation. Within the
current investigation multiple simplifications have been made in order to gain analytical solutions. The
heat production term in the EDT has been chosen to be independent of the height of the EDT. A more
realistic model takes into account that the heat-flux will decrease as function of the height because
of the increasing coolant temperature in the EDT. Furthermore, the friction factor and heat transfer
coeflicients have been estimated by looking at similar geometries and systems. By making use of more
advanced physical simulations the solutions will become more realistic. The analytical model could
form a mathematical basis for these simulations. In the model the altered parameters are not the only

values that can be changed. The values of the EDT height, the pipe diameter and/or the cell geometry
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can be changed as well. A parameter that could be investigated in a different way than shown in the
current investigation is the chimney height. The heat-exchanger length has been chosen to be the same
as the total height of closed loop, to create more buoyancy the exchanger could be placed as high as
possible (relative to the bottom of the EDT). Lastly, the effect of other coolants can be studied: gasses

under pressure or other type of cooling liquids.
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1= B(Toxt %H+ﬂ;§€5+ﬂh mnﬂl %p[s<w])

[1-B(Tin-To)|(I-H-a)

(A.5)

(A.6)

(A7)

(A.8)



Code

Presented functions to algorithm

def func(x): # Darcy friction factor
Re = x[0] * D_h / (mu * A) # Reynolds number
f =4 % (0.0014 4+ 0.125 * Rexx(—0.32)) # friction factor
I1 =H % (1 — beta * (0.5 % q / (x[0] % cp_0) * H+ (x[1] — T0))) #m
12 =a % (1 — beta * (q / (x[0] % ¢p_0) * H+ (x[1] — T0))) #m
I3 =0 #m
14 =—1 % (1 — beta * (T_ext — T0)) +
beta * (q / (x[0] * cp_0) + (x[1] — T ext)) *
(1 — np.exp(—h * D / (x[0] * e¢p_0) % 1)) % x[0] % cp. 0 / (h x D) #m

I5 = (1 — beta % (x[1] — T0)) = (1 —H—a) #m

16 =0 #m
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48 B. Code

Friction = —f % x[0]**2 * (H+ a + L) / D h #m

f =g % (rho_0 % A)xx2 % (I1 + I2 + I3 + I4 + I5 + 1I6) — Friction

g = (x[1] — T_ext) — (Hx*x q / (x[0] * cp_0) + x[1] — T_ext) =
np.exp(—h * D / (x[0] * cp_0) * 1)

return [, g] # z[0] = dot{m}, z[1] = T _in

Example code for solutions as functions of decay-heat fraction

M_sol = np.zeros(len(decay_ heat_fraction))

T in_sol = np.zeros(len(decay_ heat_ fraction))
T_out_sol = np.zeros(len(decay_heat_fraction))
f_check = np.zeros(len(decay__heat_fraction))

g_check = np.zeros(len(decay_ heat_fraction))

for i in range(0, len(decay_heat_fraction)):

q=QO0[i]

a = 17

H=3

L =3

l=H+ a

h = 500

M_sol[i], T_in_sol[i] = fsolve(func, x0=[le—2, led],
factor=0.1,

xtol=le—11)

T_out_sol[i] = T_in_sol[i] + H % q / (M_sol[i] * cp_0)

f check[i], g check[i] = np.abs(func ([M_sol[i], T _ in_sol[i]]))



Constant [4] | Symbol | Unit
Total fuel-salt

Viot. m3 18
volume
Inner fuel-salt

Ry m 37x1072
radius
Outer fuel-salt

Rs m 39x1072
radius
Nominal

Qtot. W 3.0x 10°
power
Pipe

P R m 13x1072

radius
EDT

H m 3.0
height
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50 D. Absolute error functions

D.1. Air cooled system
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D.1. Air cooled system
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D. Absolute error functions

D.2. Water cooled system
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D.3. Propyleneglycol cooled system
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D.3. Propyleneglycol cooled system
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D. Absolute error functions

D.4. Carbon dioxide cooled system
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