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Those who fall in love with practice without science are like a sailor who steers a ship without a

helm or compass, and who never can be certain wither he is going.

Leonardo da Vinci

1t is easier to write ten volumes on theoretical principles than to put one principle into practice.

Leo Tolstoy
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Abstract

Forced convective heat transfer of nitrate salts at high Reynolds numbers and high heat

flux in a smooth and a spirally grooved tube

by Cathy Frantz

The forced convective heat transfer of a molten nitrate salt in a circular smooth tube and a spirally

grooved tube is experimentally investigated using a water-cooled induction heater.

The novel experimental setup is first validated using water as the main fluid, as its heat transfer
is well-known. The final experiments for both tubes are carried out with the so-called nitrate salt
“Solar Salt” (60% NaNO3z 40% KNOs) at fluid bulk temperatures ranging between 300 °C and
550 °C. Consequently, Prandtl numbers range from 10 to 3.7.

For the smooth tube experiments, the salt mass flow is varied to cover Reynolds numbers ranging
from 14000 up to 222000. Furthermore, the experiments are conducted with different heat fluxes
ranging between 330 kW/m? up to 930 kW/m?. To investigate the impact of local overheating of
the salt above its chemical stability limit (i.e. 600 °C), the mean Nusselt number is evaluated for
inner wall temperatures up to 633 °C. Mean Nusselt numbers are reported and compared to the

well-known Gnielinski correlation.

The measurements for the spirally grooved tube are carried out for a tube with a relative groove
height e/di=0.017, a relative groove pitch p/d; =0.913 and groove angle a=73.8° using the same
water-cooled induction heater setup. The data is provided for Reynolds numbers ranging between
11000 up to 285000 and for flux densities between 330 and 930 kW/m?. The setup achieves inner
wall temperatures up to 633 °C, thus providing data on the behavior of the forced convective heat
transfer as a function of inner wall temperature. The mean Nusselt number and friction factor as
a function of Reynolds and Prandtl number are reported and compared to the measurement results

yielded with the circular smooth tube as well as correlations and data from the literature.
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Kurzfassung

Erzwungene konvektive Wirmeiibertragung von Nitratsalzen bei hohen Reynoldszahlen
und hohen Wirmestromen in einem glatten und einem spiralformig gedrallten Rohr

von Cathy Frantz

Der erzwungene konvektive Warmeiibergang von fliissigem Nitratsalz in einem kreisformigen
Glattrohr und einem spiralformig mit Nuten versechenem Rohr wird experimentell mithilfe eines

Testaufbau mit einem wassergekiihlten Induktionsheizer untersucht.

Der neuartige Versuchsaufbau wird zunédchst mit Wasser als Warmeiibergangsmedium validiert,
da der erzwungene konvektive Wérmeiibergang von Wasser in Glattrohren bekannt ist. Die
Versuche fiir beide Rohrtypen werden anschlieBend mit dem bindren Nitratsalz "Solar Salt" (60%
NaNO; 40% KNOs3) bei mittleren Fluidtemperaturen zwischen 300 °C und 550 °C durchgefiihrt.
Folglich reichen die Prandtl-Zahlen von 10 bis 3.7.

Innerhalb der Glattrohrexperimente werden durch Variation des mittleren Salzmassenstroms
Reynoldszahlen von 14000 bis 222000 abgedeckt. Dariiber hinaus werden die Experimente mit
Wiérmestromen zwischen 330 kW/m? und 930 kW/m? durchgefiihrt. Um den Einfluss einer
lokalen Uberhitzung des Salzes iiber seine chemische Stabilititsgrenze (d.h. 600 °C) zu
untersuchen, wird die mittlere Nusselt-Zahl fiir Innenwandtemperaturen bis 633 °C ausgewertet.
Als Ergebnis wird die mittlere Nusselt-Zahl ermittelt und mit der aus der Literatur bekannten

Gnielinski-Korrelation verglichen.

Des Weiteren wird mit dem gleichen Aufbau der erzwungene konvektive Warmetibergang von
Solar Salt in einem spiralformig gedrallten Rohr mit einer relativen Drallhéhe e/di=0.017, einem
relativen Rippenabstand von p/di=0.913 und einem Drallwinkel a=73.8° untersucht. Die
Versuche werden flir Reynolds-Zahlen zwischen 11000 und 285000 und fiir Flussdichten
zwischen 330 kW/m?> und 930 kW/m? durchgefiihrt. Mit dem Aufbau werden
Innenwandtemperaturen von bis zu 633 °C erreicht, wodurch eine erweiterte Datenbasis {iber das
Verhalten des erzwungenen konvektiven Wérmelibergangs in Abhédngigkeit von der
Innenwandtemperatur gewonnen wird. Ergebnis der Untersuchung sind die mittlere Nusselt-Zahl
und der Widerstandsbeiwert in Abhéngigkeit von Reynolds- und Prandtl-Zahl und der Abgleich
mit den Messergebnissen aus den Glattrohrversuchen, sowie mit Korrelationen und Daten aus der

Literatur.
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Introduction 1

1 Introduction

Over the last 70 years, extensive operational experience has been accumulated with molten salts
as heat transfer fluid and storage medium in commercial heat-treating and industrial process plants
[2]. Common industrial applications include advanced nuclear reactors, chemical processing,
energy storage and concentrated solar power generation (CSP) [3]. Most recent project
developments in CSP systems suggest that central receiver systems with nitrate salts as a heat
transfer fluid have become an industry standard. Solar thermal power plants can play an important
role in the future international energy supply because of their ability to integrate cost-effective
thermal storage and thereby dispatch electricity on demand decoupled from the fluctuating solar
resource [4]. CSP systems consist of large reflectors, which concentrate sunlight on a heat
exchanger, the receiver. Inside the receiver, the solar salt flows through so-called absorber tubes
and is heated by the solar radiation. These plants most commonly use a binary mixture of 60 wt-%
sodium nitrate (NaNQ3) and 40 wt-% potassium nitrate (KNO3), commonly called “Solar Salt”.
This molten salt is solid at ambient temperature, non-toxic and non-flammable and has its melting
point at roughly 238 °C. Solar Salt exposes a low thermal conductivity, which minimizes heat
losses in thermal storage applications. However, the same property leads to low forced convective
heat transfer coefficients in heat exchangers, which reduces the allowable heat fluxes and

therefore increases heat exchanger area and investment costs.

To mitigate the low conductivity, high flow velocities are employed in nitrate salt tubular heat
exchangers, which causes high pressure drops and pumping costs. Central receivers with molten
salt as heat transfer fluid operate at relatively high Reynolds numbers; ranging from 10’000 to
more than 200000 [5]. Another approach to increase the heat transfer, besides increasing the bulk
fluid velocity in the absorber tubes, is to enhance the convective heat transfer by the usage of
passive augmentation methods [6]. Passive methods to enhance the forced convective heat
transfer in a tube have been employed in various industrial fields such as desalination or power
plant condensers and have been widely investigated in the literature [7]. The main idea behind the
different augmentation methods is the disturbance of the existing boundary layer, which — for the
right set of geometric parameters — can lead to an advantageous increase in heat transfer compared

to the increase in pressure drop.

The forced convective heat transfer in circular tubes has been extensively studied for common
fluids such as water, air or oil and general correlations exist for the Reynolds number and Prandtl
number region relevant for solar heat exchangers. However, the available experimental data on
the forced convective heat transfer of molten salt in circular tubes for Reynolds numbers above
50000 is rather limited (see chapter 3 ). Only two studies have experimentally investigated this
Reynolds number region. Both studies measured lower values than expected by general
correlations. The results of one of these studies would imply an underestimation of temperature
levels in heat exchanger tubes and molten salt between 20 K and up to more than 100 K, leading
to degradation, corrosion and ultimately premature failure of heat exchangers.
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For enhanced tubes, general correlations are also available for the relevant Reynolds number and
Prandtl number range. However, the available experimental data for molten salts is limited to
Reynolds numbers up to 30000. This is also considerably lower than the required Reynolds
number. Compared to the experimental data available for molten salt, the general correlations
overpredict the measured Nusselt number ratio by up to 90% and the friction factor ratio by up to

a factor of two.

Current state of the art molten salt systems based on nitrate salts are limited to an upper salt bulk
temperature of 565 °C and maximum film temperature of 600 °C [8]. This upper temperature limit
is set to minimize decomposition reactions of the salt, that affect both the thermal properties of
the salt and limit corrosion towards container materials [9]. However, a higher upper cycle
temperature promises to decrease the levelized cost of electricity (LCOE), mainly driven by
smaller storage and steam generator size, as well as a higher turbine efficiency [10]. There is
concern that higher bulk and film temperature may lead to localized decomposition of the nitrate
salt in the film region with formation of gaseous products. The gases might form a local vapor
layer with low thermal conductivity and could negatively impact the convective heat transfer of
Solar Salt in heat exchanger tubes. A decrease of convective heat transfer would then cause an
increase in film temperatures and would probably entail further acceleration of the decomposition
process. The geometry of enhanced tubes does not only cause a local increase of fluid velocity
but can also induce wakes and low-speed recirculation zones involving a local decrease in fluid
velocity [8]. This could cause local overheating, entail local salt degradation and consequently
negatively impact the overall convective heat transfer. Another important effect for both tube
types is the formation of an oxide-based corrosion layer on the metal surface in the heating zone
driven by the high film temperatures. This oxide layer would entail an increase in outer wall
temperatures of the heated section if the same heat rate is transferred to the fluid. So far no to little
experimental research data exists that specifically addresses the high temperature, high Reynolds

number forced convective heat transfer of Solar Salt in smooth and spirally grooved tubes.

Therefore, this study addresses the forced convective heat transfer of Solar Salt at Reynolds
numbers up to 200000 in circular smooth and an enhanced tube as well as the impact of film

temperatures above the chemical stability limit of Solar Salt of 600 °C stated in the literature.
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2  Fundamentals

This chapter introduces all energy transport mechanisms as well as key figures, which are relevant

in this work.

2.1 Conduction

Conduction is a mechanism of energy transport. In a solid, conduction is attributed to the atomic
activity in the form of lattice vibrations or lattice waves induced by atomic motion. According to
the second law of thermodynamics, heat always flows in the direction towards lower
temperatures. The thermal power transferred by thermal conduction is described by Fourier’s law.
Equation (2.1) shows the general form of Fourier’s law in cylindrical coordinates for an isotropic

material and Figure 2-1 shows the definition of the cylindrical coordinates.

S = AT = A(,OT .10T kaT) @1
=== e T ax '
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Figure 2-1: Definition of cylindrical coordinates

2.2 Convection

The convection heat transfer mechanisms can be categorized into two main mechanisms: the first
mechanism is caused by energy transfer due to random molecular motion — the so-called diffusion.
The second mechanism is the energy transferred by the macroscopic — the bulk — motion of the
fluid, where large number of molecules are moving collectively (advection). The total heat
transfer is composed of a superposition of energy transport by both the random motion of
molecules and by the bulk motion of the fluid. The combination of both transport mechanisms is
called convection. This work focusses on the convective heat transfer, which occurs between a
fluid in motion and a boundary surface, when both are at different temperatures.

Convective heat transfer can be classified according to the nature of the flow: the first class being
natural or free convection, where the flow along the boundary surface is induced by buoyancy

forces, caused by density differences due to temperature gradients within the fluid. The second
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class, which is of interest in this work, is called forced convection, where the flow is caused by

external means. In this case advection and diffusion of heat dominate over buoyancy forces.

In 1883, Reynolds [11] showed that two main forms of flow exist: laminar and turbulent flow. In
the case of laminar flow, the individual flow threads run side by side in an orderly fashion. In
turbulent flow, the individual flow threads are intertwined in a time-dependent, irregular manner,
and the individual fluid elements perform a three-dimensional, stochastic oscillating motion about
their mean flow path (see Figure 2-2). This mixing process increases the frictional resistance and
the heat exchange of turbulent flows. The transition from laminar to turbulent flow is commonly
described by the dimensionless Reynolds number. Reynolds was the first to state that laminar
flow becomes turbulent at a certain critical value of the Reynolds number. Equation (2.2) shows
the Reynolds number definition for tube flow.
u-d;

v

Re = (2.2)

In this equation # is the mean velocity of the flow over the cross-sectional area of the tube. It is
widely accepted that for Re > 10'000, fully developed turbulent flow conditions are present [12].
Another important dimensionless parameter is the Prandtl number as defined below:
Vep-Cp

P
r 7

~ = (23)
a - .

The Prandtl number is defined as the ratio of kinematic viscosity and thermal diffusivity. The
Prandtl number of gases is roughly 1. This means, that both momentum and heat dissipate at the
same rate. Solar Salt exposes a Prandtl number >1, hence heat diffuses slowly in this medium.

Finally, the Péclet number is used to describe the ratio of advective to diffusive heat transfer rates:
Pe = Re - Pr (2.4)
For Pe>>1, advective heat transfer is predominant over diffusive heat transfer.

Laminar flow can be described analytically, which allows the description of boundary layers, heat
transfer and friction factors through analytical correlations [13]. An exclusively analytical
treatment of the heat and mass transfer of a turbulent pipe flow failed so far because neither the
turbulent shear stresses, nor the turbulent heat flux density nor the turbulent diffusion flux density
can be determined in a purely theoretical way. Therefore, friction factors and heat transfer
properties of turbulent pipe flow must be analyzed based on experiments or numerically [13]. In
this work, flow conditions at Re > 10’000 are studied. Hence, all further considerations relate to

turbulent flow conditions.

Because of the viscosity of the fluid, no relative movement occurs between the fluid and the wall
at the contact location of fluid and wall. Consequently, a boundary layer forms in the direct
proximity of the wall in which the velocity is reduced from free stream velocity to the surface
velocity — the so-called velocity boundary layer. Likewise, a thermal boundary layer will form if
the surface and free stream temperature differs. The velocity boundary layer is characterized by
the presence of velocity gradients and shear stresses. The thermal boundary layer is characterized

by temperature gradients and heat transfer [14].
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Three different regions can be distinguished within the turbulent boundary layer as a function of
distance from the wall surface (see Figure 2-2). In the viscous sublayer, transport is dominated by
diffusion and the velocity profile is nearly linear. In the adjoining buffer layer diffusion and
turbulent mixing are comparable [14]. In the turbulent zone the transport is dominated by
turbulent mixing. In the viscous sublayer, friction is mainly caused by viscous forces, while in the
turbulent region friction is dominated by “apparent friction” caused by turbulent fluctuation
motion [15]. Compared to the flow situation at a flat plate described so far, the flow problem
through a pipe is not a flow with typical boundary layer character. Nevertheless, as with the flat
plate, the pipe flow has a two-layer structure with the turbulent region in the core flow and the

viscous sublayer near the wall.
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Figure 2-2: Velocity boundary layer development on a flat plate [14]

Furthermore, in the case of pipe flow, a distinction must be made between entrance length flow
conditions and fully developed flow conditions. On the bottom half, Figure 2-3 shows the
development of the velocity boundary layer in a tube, assuming a constant inlet velocity at tube
entrance (x=0) for turbulent flow. When fluid elements contact the boundary surface, they assume
zero velocity. The velocity boundary layer thickness gradually increases from the inlet to the
outlet. However, due to the limited diameter of the pipe, the velocity boundary layer cannot grow
infinitely, and a hydrodynamic developed flow occurs downstream of a position L, 5, where the
velocity profile no longer changes. The hydrodynamic entrance length for turbulent flow is
approximately independent of Reynolds number. For turbulent flow the hydrodynamic entrance

length L, j, is generally defined by equation (2.5) [12].

Le,h

10 <
d;

<60 (2.5)

On the top half, Figure 2-3 shows exemplary radial temperature profiles for inlet conditions, the
thermal inlet region and the thermally fully developed flow. Like the velocity boundary layer, the
thermal boundary layer also grows in the streamwise direction. Therefore, the temperature
gradients at »=r; decrease in the streamwise direction, hence reduce the heat transfer coefficient
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with increasing x. In the case of laminar flow, the thermal entrance length is defined as a function
of the hydrodynamic entrance length: Le ) jam = Len * Pr. From this, it is evident, that for highly
viscous fluids with Pr>100 (e.g., oils), the velocity profile is fully developed while the thermal
boundary layer is still under formation. For turbulent flow however, the thermal entrance length
is nearly independent of Pr [14]. As a first approximation it can therefore be assumed that the

thermal entrance length for turbulent flow equals to equation (2.6) [14].

Lo = 10 - d; (2.6)
Developing velocity and Fully developed velocity
thermal profile and thermal profile
.TU .Tl.l
T(’ T
— —
f T(rﬂx/ J»
——— e e =
—_— >
_> _>
—> >
Vav » Vave i Vay
— —> —_—

Hydrodynamically
<——-Hydrodynamic and thermal entrance region—-e—and thermally fully
developed region

Figure 2-3: Velocity (bottom) and thermal (top) boundary layer development in a tube
(laminar flow)

Regardless of the particular nature of the convection heat transfer mechanisms, the so-called
Newton’s law of cooling can be used to describe the local convective heat flux g, (e.g., equation
(2.7)) or the mean heat flux over the heating section g (equation (2.8)) at the boundary surface
between tube and fluid [12].

Gx = hx(Tei — Tsx) (2.7)
q = h,A9, (2.8)

_ (Tt,i - Ts,in) - (Tt,i - Ts,out)

Aﬁln B In ( Tt,i - Ts,in )
Tt,i - Ts,out
1 lheat
b = 7 f hydx
heat Jo

Where hy is the local heat transfer coefficient, h,, is the mean heat transfer coefficient (both

expressed in W/(m?K)) and Ay, is the logarithmic temperature difference [12].

In 1915, Wilhelm NuBelt introduced the concept of the dimensionless heat transfer. The Nusselt
number, named after him, plays a central role in this concept. For pipe flow, the dimensionless



Fundamentals 7

local Nusselt number Nu, is defined by equation (2.9), the mean Nusselt number Nu,, is defined
by equation (2.10):

hy - d;
Nuy = XA ! (2.9)
Ny, = hm/l' i (2.10)

In both equations A is the heat conductivity of the fluid. Several authors have proposed
correlations to compute the Nusselt number of turbulent fully developed flow in circular tubes as
a function of Prandtl and Reynolds number. The most well-known are the Gnielinski equation,
the Dittus-Boelter equation and the Sieder and Tate correlation (see Table 2-1: Convection
correlations for turbulent flow in a smooth circular tube). Although both the Dittus-Boelter and
the Sieder-Tate equation are mostly satisfactory and easily applied, they can result in large errors.
Such errors can be reduced using more recent, but more complex correlations ( [16], [17]). The
Gnielinski correlation is valid over a large Reynolds number range and includes a dependency of
heating length, as well as applied flux density. Properties should be evaluated at mean fluid

temperature. (except for the inner wall Prandtl number)

Author Correlation Validity range
Gnielinksi: N &/8-Re-Pr [1 0.1 < Pr <1000
Uy = 10* < Re < 10°
18], [19 7. 2/3 _ < <
[18], [19] 1+12.7-,/§/8(Pr 1) i/l<1

N ( 2r, )2/3] [ Pr ]0'11
lheat Prt,i

With: &€ = (1.8 - log;o Re — 1.5) 72

Dittus- Ny, = 0.023 - Re®/5 . prn 0.7 < Pr < 160
Boelter: [20], Re 210000
[14] With: n=0.4 for heating a fluid l/d; = 10
Sieder-Tate: a1/ p\"™ 0.7 < Pr <16'700
[21], [14] Nuy, = 0.027 - Re5 - Pr3 (E) Re = 10'000

i 1/d; > 10

Table 2-1: Convection correlations for turbulent flow in a smooth circular tube

Figure 2-4 shows the results obtained when applying the correlations listed in Table 2-1 for fully
developed flow at 10’000 < Re < 300°000, Pr = 11 and Pr = 4, as well as ATyj_gm = Ty —

Tsm = 1K; 50 K; 150 KI. The Gnielinski correlation predicts the highest Nusselt numbers. The
biggest deviations occur for a combination of high Reynolds number and high temperature
difference between film temperature and mean bulk temperature with up to +37% compared to
the Dittus-Boelter equation. The Sieder-Tate correlation predicts values up to 13% higher than

the values predicted by the Dittus-Boelter equation for high temperature gradients between fluid

"' Operational conditions for Solar Salt in a Solar Receiver (see chapter 3.1)
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and film temperature. This result shows that care must be taken when choosing a Nusselt number

correlation, as the different correlations yield a rather large range of predictions.

1200
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Nu,, predicted by author (-)
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Nu,, predicted by Dittus-Boelter (-)

o Gnielinski o Sieder -Tate

Figure 2-4: Comparison of prediction of mean Nusselt number by the Gnielinski and Sieder-
Tate correlation with the Dittus-Boelter equation for different assumptions of Re, Pr and film

temperatures [22]

2.3 Friction Factor

Beside the Nusselt number, the pressure difference required to sustain a certain flow through a
heat exchanger tube needs to be known. In tubular flow, most commonly the Moody (or Darcy)

dimensionless friction factor { is used for this purpose [23]:
dp
() d @.11)
p-u?/2

For fully developed laminar flow of an incompressible fluid, the friction factor can be analytically

(=

deduced. For fully developed turbulent flow, the available data ultimately relies on experimental
results. Figure 2-5 shows the friction factors over a wide Reynolds number range for different
surface conditions of the tube in a so-called Moody diagram. It can be observed that the friction
factor is the lowest for a smooth surface and increases for higher surface roughness of the tube.
In the current work, Reynolds numbers ranging roughly between 10000 and 300000 are of
interest. It can be observed, that for a smooth tube the dependency of the friction factor on
Reynolds number is more pronounced, than for a new or used drawn steel pipe with a relative

roughness of 0.001 or 0.01 respectively.
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Figure 2-5: Friction factor for fully developed flow in a circular tube [23]

2.4 Induction Heating

Induction heating is the process of heating electrically conductive materials by electromagnetic
induction. Applying an alternating voltage to an induction coil will result in an alternating current
(AC) in the coil circuit. This alternating coil current entails a time-variable magnetic field at the
same frequency as the coil current, which again induces eddy currents in an electrically
conductive workpiece — e.g., the test tube — placed inside the coil. Primarily, the induced eddy
currents produce heat in the workpiece by the Joule effect. In ferromagnetic materials, magnetic
hysteresis additionally generates heat — which is caused by friction between magnetic dipoles,

when ferromagnetic metals are magnetized first in one direction and then in another.

The eddy currents are oriented in the opposite direction of the coil current and have the same
frequency as the coil current. The magnitude of the eddy current is proportional to the strength of
the magnetic field, the area of the loop, the rate of change of flux and inversely proportional to
the resistivity of the material (see Figure 2-7). A given eddy current leads to a voltage drop U,

which is given by Ohm’s Law: U = RI. The corresponding heating rate is given by P = I?R.

The equations for the study of electromagnetic processes are the so-called Maxwell equations.
Ampeére’s circuital law relates the integrated magnetic field of a closed electrical path to the
electric current passing through the electrical path. The Faraday equation relates the electric field
intensity E in a closed curve and the time-varying magnetic flux density B. Gauss law for
magnetism states that the magnetic field B has divergence equal to zero, meaning the magnetic
field has no sources or sinks. Detailed information on the equations and their meaning can be
found in the relevant technical literature ( [24], [25], [26]).
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aD

Ampeére’s circuital law: VxH=];+ = (2.12)
. 0B

Maxwell-Faraday equation: VXE=— Er (2.13)

Gauss’s law: V- D = pcharge (2.14)

Gauss’s law for magnetism: V-B=0 (2.15)

An analytical solution that satisfies the equations system built by the Maxwell equations
(equations (2.12), (2.13), (2.14) and (2.15)) exists only for simple geometries, for material with
linear and isotropic properties and sinusoidal variation fields. In the case of cylindrical workpieces
heated by solenoidal inductors the analytical solutions of the electromagnetic problem lead to
quite complex formulas, which are generally evaluated using dimensionless diagrams. More

complex geometries are generally analyzed using numerical approaches.

Water-cooled solenoid coil

Induced current
in workpiece

Current / field

AC supply ——Magnetic field = = Coil current --+-+-+ Sleeve current

Figure 2-6: Schematic illustration of the Figure 2-7: Qualitative variation of the current, the
magnetic field and current induced by a  strength of the magnetic field and the eddy current
solenoid coil carrying an AC current in induced in a conductive workpiece (sleeve) induced

a cylindrical workpiece [24] by a solenoid coil carrying an AC current.

It is assumed that an infinitely long solid cylindrical bar of non-magnetic material and isotropic
properties is placed inside an infinitely long solenoid coil, through which flows an AC current at
very high frequency. The so-called skin-effect produces an uneven distribution of the current
density in the cross section of a workpiece: the current density in the workpiece decreases from
the surface towards the center. The magnetic field from the solenoid creates an eddy current in
the workpiece. This eddy-current runs in the opposite direction of the current in the solenoid (see
Figure 2-6). Consequently, the magnetic field which originates from the eddy current counter-
acts the process that has created it [27].

For a conducting semi-infinite body, which can be approximated as a cylinder of infinite radius,
the skin effect can be derived analytically from Maxwell’s equations (2.12) - (2.15). Based on
this formulation, the electromagnetic penetration depth 6 can be defined to characterize the
exponential attenuation of induced currents within the conductor, as commonly described in the
literature [25, 24].
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For the semi-infinite body it can be shown that the current density J reduces from the surface
towards the center following the exponential law [24], see equation (2.16). Since the volumetric
power density correlates with the current density according to equation (2.18), an analogous
correlation can be deduced for the volumetric power density (2.17). In both cases, § is the so-
called penetration depth in meters (2.19). It can be defined as the distance from the surface of the
conductor at which the current density is reduced to 1/e times lower than the current density at
the surface [26]. Figure 2-8 illustrates the distribution of the current density and power density

for the semi-infinite body as a function of relative distance from the surface.

Yy 2y
J =o€ 8 (2.16) w=we & (2.17)
— 2 2p
Wr, = Pelr, (2.18) §= |—1F (2.19)
21 f uoy

According to equation (2.19), the penetration depth depends on the electrical resistivity, the
relative magnetic permeability, and the applied frequency. Increasing excitation frequencies or
increasing magnetic permeabilities result in decreasing penetration depths and therefore in more
pronounced skin effects. It can be easily demonstrated that in the surface layer of thickness equal
to the penetration depth 86.5% of the total active power is dissipated like in a semi-infinite
conducting body. At lower frequencies, however, the distribution differs from the exponential
distribution, depending on the frequency, the material characteristics, and the geometry of the
body.
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Figure 2-8: Distribution of relative current Figure 2-9: Current density distribution J:/J;, in
density J/Jio and relative power density a solid cylinder as a function of normalised
w/W:, as a function of distance from the radius for different relative outer radius r,, The
workpiece surface for a semi-infinite body dashed line shows the distribution expected for
[26] a semi-infinite body [24]

In the case of an infinitely long non-magnetic cylindrical rod placed in an infinitely long solenoid,

the analytical solution of the Maxwell equations leads to complex formulas, which can be
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evaluated using dimensionless diagrams. Figure 2-9 shows the radial distribution of relative
induced current density as a function of 7,/8 and (1, —r)/8. The dotted lines indicate the

expected diagram for the previously discussed semi-infinite body.

It can be observed, that for small cylinder radius compared to the penetration depth & at low
relative radius of the workpiece, the decline in current density ratio is less pronounced as for a
semi-infinite body. The exponential distribution is reached in practice only for values of
75/6 = 6.

For thin-walled tubes of non-magnetic material the current density over the thickness of the tube
can be assumed to be uniform across the cylinder, because the field causing the current flux is the
applied magnetic field and to a lesser extent the reaction field of the current in the workpiece.
This assumption is reasonably accurate for d;/t, = 10 and t;/§ < 0.2 [24].

All considerations so far referred to non-magnetic materials; in ferromagnetic workpieces, the
current density distribution is influenced not only by the temperature dependent resistivity, but
also by the local value of magnetic permeability, which depends on temperature and local
magnetic field intensity. Below the Curie point, the power distribution in ferromagnetic materials

is highly non-uniform and undergoes a dramatic change above that temperature [26].
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3 State of the Art

This section first summarizes the boundary conditions prevalent in state-of-the-art central solar
receiver absorber tubes. These boundary conditions form the basis for the specifications of the
heat transfer measurement setup. In the following section a thorough literature review of
empirically deduced forced convective heat transfer for molten salt in cylindrical tubes is given.
This is followed by a literature review of nitrate salt forced convective heat transfer in spirally
grooved tubes. The next section gives a brief overview of the main decomposition reactions of
nitrate salts and the resulting mechanisms which could interfere with the convective heat transfer.

The last section gives a detailed literature review about the thermophysical properties of Solar
Salt.

3.1 Conditions in Central Solar Receiver Absorber
Tubes

Concentrating solar power (CSP) is a renewable energy technology, which converts slar radiation
into thermal energy by the means of optical concentration. Depending on the system
configuration, the generated thermal energy can be stored in low cost and highly efficient thermal
storage systems. Thereby, CSP is able to reliably provide dispatchable renewable energy at low
costs and can therefore be considered one of the backbones of future renewable energy systems

[4].

Salt Inlet

 Header tube

Solar_|
irradiated
area

Figure 3-1: Left: Solar Two molten salt Receiver, Daggett, California [28]; Right: Schematic
structure of receiver panel [2]

In a first step, the geometric and thermal specifications prevalent in molten salt receivers are
collected. For this purpose, the publicly available data of several different molten salt receivers is
analyzed: Solar Two [28], MSEE [29], Thémis [30], HPMS-I external receivers [10], CSP
Reference plant [31], Gemasolar [32], Crescent Dunes [33], NOOR III [34] and Atacama 1 [35]
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(see details in Appendix A). Most of these receivers use Solar Salt (60 wt-% NaNOs; 40 wt-%
KNO:s) as the heat transfer fluid. For this reason, this work focuses on the convective heat transfer
of Solar Salt. Absorber panels are manufactured in individual modules to facilitate handling
during fabrication, transportation, construction, and maintenance. Figure 3-1 shows the most
common design concept of the receiver panels: It consists of several vertically arranged parallel
cylindrical tubes, the so-called absorber tubes, that are connected to one header at the top and
bottom, respectively. Figure 3-1 on the right also highlights the solar irradiated area of the solar
receiver. In the investigated receivers, the full temperature gradient from 290 °C to 565 °C is not

realized in one panel, but the salt flow travels around the receiver in a serpentine fashion.

The absorber panels are typically supported at the top and are allowed unrestricted downwards
thermal expansion. The salt inlet temperature of today’s receivers ranges between 280 and 300 °C,
the salt outlet temperature between 550 and 565 °C. Because of the desired high transferred
thermal flux densities, the required tube wall thickness should be minimized to minimize thermal
stresses across the wall thickness of the tubes. This leads to employed tube dimensions ranging
from as low as an inner tube diameter di=18 mm and tube wall thickness /= 1.2 mm [28] up to
di=50 mm [31]. The irradiated absorber lengths range between 10 and 30 m and one panel can
consist of more than 100 parallel tubes [10].

The absorber panels are designed to withstand high flux densities up to roughly 1 MW/m? [5].
The allowable flux densities depend on two main factors: 1) the peak allowable flux density as a
result of the thermo-mechanical fatigue and creep analysis; and 2) the tolerable maximum film
temperatures to limit corrosion and salt degradation in the absorber tubes [36]. The allowable flux
density is a result of each specific receiver design, salt temperature and cooling rates by the salt.
This is because only half of the absorber tube is directly irradiated, while the other half is protected
by the backwall insulation. In addition, the applied flux is non-uniform over the irradiated height
of the absorber tube: to optimize the optical performance of the surrounding heliostat field,
heliostats tend to aim more towards the center of the receiver, generally causing lower applied

flux at the beginning and end of the irradiated height .

shows the results of an exemplary simulation of the allowable flux density as a function of salt
temperature at full salt mass flow rate as well as the simulated achievable mean flux densities for

a respective 140 MWy, and 700 MWy, external receiver for design point mass flow [38], [10].

The allowable thermal flux density ( 4 ) is roughly constant at a value around 900 to 1000 kW/m?
at a bulk salt temperature ranging from 290 to 450 °C and then decreases sharply down to 300
kW/m? at an outlet temperature of 565 °C. The drop of the allowable flux density above 450 °C
is caused by the choice of a maximum allowable film temperature of commonly 600 °C [36]. The
600 °C limit was chosen in the design of the Solar Two test receiver (1995) to limit the corrosion
rates of the absorber tubes in contact with the high temperature salt [36]. It has been demonstrated
at laboratory scale that higher cycle temperatures can be achieved, while maintaining moderate
salt degradation rates, by increasing the oxygen partial pressure [39].

In this work, film temperatures of at least 600 °C and higher shall be investigated. For mass flow
rates lower than the design point mass flow the allowable flux density would decrease [36]. Beside
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the dependency of the allowable flux density on salt temperature and salt flow bulk velocity, the
applied flux density on the absorber tubes varies with the incidence angle of the radiation over

the circumference of the absorber tube.
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Figure 3-2: Exemplary mean and peak flux density of a 140 and 700 MWy, external receiver
(operation with full solar load) [10]

This is because only half of the absorber tube is directly irradiated, while the other half is protected
by the backwall insulation. In addition, the applied flux is non-uniform over the irradiated height
of the absorber tube: to optimize the optical performance of the surrounding heliostat field,
heliostats tend to aim more towards the center of the receiver, generally causing lower applied
flux at the beginning and end of the irradiated height [37].

All investigated solar receivers expose an irradiated length to tube diameter ratio of more than
100. Hence, hydrodynamically fully developed flow conditions should be assumed in the absorber
tubes. Even though one could argue that the thermal boundary layer cannot be regarded as fully
developed in a varying flux boundary condition, it is also assumed that thermally fully developed

conditions are present.

Above temperatures of roughly 400 °C, Solar Salt is chemically active (see chapter 3.4). The
highest salt bulk and film temperatures occur in the last panel. Commercial receivers usually use
an average salt velocity in the tube of roughly 3 m/s. With an irradiated absorber height of

maximum 30 m, this would lead to a total residence time of the salt in one panel of 10 seconds.

Table 3-1 summarizes the conditions prevalent in the investigated central solar receiver absorber

tubes.
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Parameter

State-of-the-art Solar Tower plant

Heat transfer fluid:

Solar Salt (60 wt-% NaNOs; 40 wt-% KNO3)

Bulk salt temperature:

290 °C - 565 °C

Salt film temperature:

600 °C

Reynolds number:

290 °C: 10000 — 100000

565 °C: 10000 — 270000

Orientation of flow: Vertical
Irradiated absorber length: 15-30m
Absorber tube dimensions: DN20 — DN60

Thermal heat flux to fluid:

100 — 1000 kW/m?

Absorbed flux profile:

Axially and circumferentially varying

Flow profile:

Hydrodynamic and thermally fully developed flow

Estimation of average residence time of

~10s

Solar Salt in the irradiated section of the

last panel:

Table 3-1: State of the art conditions in Central Solar Receiver Absorber Tubes

3.2 Forced Convective Heat Transfer in Circular
Smooth Tubes

In the past, several studies have experimentally deduced the forced convective heat transfer of
molten salts in smooth-circular tubes. Most setups consist of a single tube that is electrically
heated. Some setups also use a double-tube setup, in which the outer tube carries a heating or
cooling fluid and the investigated fluid flows in the inner circular tube. The following paragraph
gives an overview of the work performed on molten salts published in the literature. The content
of this section builds on the previously published article by Frantz et al. [22].

Hoffman [40] investigated the heat transfer of NaOH in circular tubes for the Reynolds number
range of Re=6000-12000 and found that the experimental data lie approximately 9% below the
values predicted by the Dittus-Boelter equation. Grele and Gedeon [41] investigated the same
molten salt from Re=5300 to 30000 both during a cooling and a heating experiment. They found
that the results of the heating experiment were about 20% higher than the data predicted by the
Dittus-Boelter correlation, while the data from the cooling tests was in good agreement with

correlations.

Hoffman et al. [42] investigated the forced convective heat transfer in circular tubes of the molten
salt FLiNaK (46.5% LiF, 11.5 % NaF, 42% KF) for Reynolds numbers between 2300 and 9500.
They observed that the measured heat transfer was up to a factor of two lower than the values
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expected by the Dittus-Boelter equation. Grele et al. [43] analyzed the same salt for Reynolds
numbers between 2000 and 20000 and heat fluxes up to 1261 kW/m?. They observed average heat
transfer coefficients that were roughly a third of the values calculated from the Dittus-Boelter
correlation. Vriesema [44] evaluated the forced convective heat transfer of FLiNaK for Reynolds
numbers between 14000 and 93000. He also found that the Dittus-Boelter correlation
overestimates the heat transfer by ~17%. Both Grele et al. [43] and Hoffman et al. [42] observed
the formation of a high thermal resistance corrosive layer during their tests. Hoffmann et al. [42]
identified the composition, thickness and thermal conductivity of the layer and were able to show
that good agreement is found between predictions and measurements, when the thermal resistance
of the corrosion layer is considered. Ambrosek et al. [45] re-evaluated the work performed by
Grele et al. [43], Hoffman et al. [42] and Vriesema et al. [44] in 2009. They found that a deviating
thermal conductivity of the heat transfer fluid was the source of the lower measured heat transfer
[45]. Ignat’ev et al. [46] investigated the heat transfer for low turbulent region Reynolds numbers
of FLiNaK and found good agreement (< £10%) between the Sieder-Tate correlation and their

measurements.

Cooke et al. [47] investigated the convective heat transfer of the fluoride eutectic LiF-BeF,-ThFs-
UF4 and measured roughly -13% lower values than those predicted by the Dittus-Boelter
correlation. As the authors could not ascribe this deviation to a low conductance surface film,
they argued that although the results are within the uncertainty band of the Dittus-Bolter equation,
the results could be linked to a delay in the transition to turbulent flow. Silverman et al. [48]
measured the heat transfer of a fluoride salt similar to the one investigated by Cooke (LiF-BeF»-
ThF»-UF4) and of NaBFs-NaF. For both salts, they found satisfactory agreement with the
empirical Sieder-Tate correlation for Re>15000.

Bin et al. [49] measured the heat transfer of LiNOs for Re=17000 up to 45000 and found
satisfactory agreement of £15% between their measurement results and the Gnielinski correlation.
Using the same experimental setup, Yu-Ting et al. [50] measured the heat transfer of the same
molten salt for Re ranging between 4100-9850. They found a deviation lower than +15.3% of the

values predicted by the Gnielinski correlation.

Hoffman et al. [51] furthermore investigated the convective heat transfer of the nitrate salt mixture
HITEC (NaNO;-NaNO3-KNOs3) over a Reynolds number range of 4850 up to 24710. They found
that the forced convective heat transfer of HITEC in a circular tube can be described by the Dittus-
Boelter equation. Furthermore, they compared their data to the measurements obtained previously
by Kirst and Nagle with HITEC (Re: 2000-30000) [52]. They found good agreement of their data
with the Kirst and Nagle [52] data in the transition flow regime. However, for Re>10000,
considerable deviations from the Dittus-Boelter equation are found (> +20%), that could not be
assigned to a cause. More recently, Wu et al. [53] published their results on the convective heat
transfer of HITEC in circular tubes. They found that the Dittus-Boelter equation predicts the
Nusselt number with maximum deviation of +25%. Chen et al. [54] analyzed the Nusselt-number
of HITEC salt in a salt-to-oil concentric tube heat exchanger, where the molten salt flows through
the inner tube and is cooled by the oil for Reynolds numbers ranging between 10000 to 50000.
They found good agreement with the Gnielinski correlation. In 2020, Kuchibhotla et al. [3]
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published a literature review on the experimental data of forced convective heat transfer of molten
salts which includes some of the authors listed above. He et al. [55] studied HITEC in a large-
scale shell-in-tube heat exchanger. In this experiment, four measurement points are published for
the tube-side heat transfer for Reynolds numbers ranging between 10000 up to 19000 and a fitted

curve is deduced. The measured points were within £20% of the fitted curve.

Xingyang et al. [56] analyzed the local and mean Nusselt number for a nonuniform heated circular
tube with HITEC. They achieved this nonuniform heating by applying a copper coating over half
the circumference of the tube. By varying the coating thickness, flux density ratios of 2 and 5.7
between upper and lower half of the tube are achieved. They observed that the variation of heat
flux ratio had only little effect on the mean Nusselt number. The adapted correlation shows a
maximum deviation of 10.4% from the experimental data and yields between 5% to 9% lower
values than the original Sieder-Tate correlation. This is all fairly close to the overall uncertainty
of the Nu number of 7.7% stated by Xiangyang et al [56]. Also, it must be noted, that a decrease
in Prandtl number did not decrease the Nusselt number for all their experiments, which is non-
typical and is not further addressed by the authors. The measurement data of Xingyang et al. [56]
hence suggest, that nonuniform heating of the tube does not lead to unexpected variations in heat

transfer compared to uniform heating.

Jiangfeng et al. [57] observed a remarkable decrease of the heat transfer performance during their
experiments with HITEC for inner wall temperatures above ~500 °C: they measured the heat
transfer up to film temperatures of 600 °C. Compared to their previous values at lower film
temperatures, they recorded 15% to 40% lower measured values compared to expectations.
Indeed, the maximum recommended operation temperature of HITEC salt is 538 °C. Above this
temperature, the salt is no longer chemically stable and decomposes. Jiangfeng et al. [57]
concluded that local decomposition of the salt was probably causing the decrease in heat transfer.

However, this hypothesis was not verified by an analysis of the salt.

Das et al. [58] analyzed the heat transfer of Solar Salt in an innovative experimental setup: A
cartridge heater is inserted into a tube. The Solar Salt then flows through the annular section
between cartridge heater and tube. The tests were carried out for Reynolds numbers up to 200000
and for various heat fluxes up to more than 1000 kW/m?. They found that the measurements at
Reynolds numbers comparable to previous literature data were in good agreement. However, for
higher Reynolds numbers they found that the measured data were up to more than 3.5 times lower
than the values predicted by the Gnielinski correlation. Also, they observed a significant trend
with heat flux: for the maximum heat flux, the measured Nusselt number was up to 1.5 times

lower than the prediction [58].

In summary, some authors have mentioned effects, that can impact the convective heat transfer
in a manner that deviates from standard correlations, such as non-wetting of metallic surfaces, the
formation of a low-conductance film or the chemical degradation of the molten salt. However,
the first two effects have not been observed by most authors during the experiments with nitrate
salts. Hence, it can be argued that most of the authors conclude that molten salts behave like

normal fluids and that the heat transfer can be predicted with standard correlations such as the
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Gnielinski correlation, which has been deduced for 10*< Re < 10°, 0.1 < Pr < 1000 and di/lnear < 1
[18] (see chapter 2.2).

Solar Salt has a low thermal conductivity ranging between ~0,4 and 0,5 W/m/K, which is
favorable for storage design. However, this property presents a challenge to heat exchanger and
receiver design: the low conductivity results in low heat transfer coefficients from the tube wall
to the fluid, thus limiting the allowable heat flux. However, high heat fluxes up to > 1 MW/m? are
desirable to minimize heat exchanger size and thus heat exchanger costs. Therefore, high fluid
velocities are commonly employed in nitrate salt tubular heat exchangers. Central receivers using
molten salt as a heat transfer fluid operate at relatively high Reynolds numbers; ranging from
10000 to more than 200000 (see chapter 3.1). However, the available experimental data on the
forced convective heat transfer of molten salt in circular tubes for Reynolds numbers above 50000
is sparse (see Figure 3-3). The only studies that have experimentally investigated this Reynolds
number region are the ones performed by Das et al. [58] and Vriesema [44], who both measured
significantly lower values than expected. Especially the results of Das et al. would imply drastic
underestimation of temperature levels in absorber tubes and molten salt, leading to degradation,
corrosion, and ultimately premature failure of receivers. In addition, the findings of Jianfeng et
al. show that local salt degradation due to film temperatures above the chemical stability of the

molten salt can lead to a lowering of the heat transfer.

For this reason, this thesis investigates the forced convective heat transfer of Solar Salt at
Reynolds numbers up to 200000 as well as the impact of film temperatures above the chemical
stability limit of Solar Salt of 600°C stated in the literature.
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Figure 3-3: Reynolds number range of experimental data for the forced convective heat
transfer of molten salts in circular tubes by author and salt type. The dashed box represents

the receiver design space [22]

3.3 Forced Convective Heat Transfer in Enhanced
Tubes

The content of this section builds on the previously published article by Frantz et al. [59]. For
today’s engineering practice, sixteen different enhancement techniques have been identified [60].
These techniques can be broadly classified in passive and active methods. Passive methods to
enhance the forced convective heat transfer in a tube have been employed in various industrial
fields such as desalination or power plant condensers and have been widely investigated in the
literature [7]. Two main passive approaches can be distinguished: 1) Methods implying the
deformation of the tube (rough surfaces or extended surfaces trough transverse or helical ribs or
fins); 2) insertion of structures into the tube that disturb the fluid flow (displaced enhancement
devices or swirl flow devices, such as twisted tapes or wire coils) [61]. The main idea behind
these approaches is the disturbance of the existing boundary layer, increase of heat transfer area,
increased turbulence of the flow or a combination of all three, which leads to an increased heat-
transfer performance. The most successful technique, mainly because of its effectiveness and
simplicity in application, has been augmentation through surface modification [61]. Here the
surface roughness of the tube is increased by forming repeated grooves in the tube. These grooves
create a disturbance of the laminar sublayer in the near-wall turbulent flow and as a consequence
increase the forced convective heat transfer. The most common groove pattern for large scale
production is a helical groove pattern because it allows a continuous fabrication process through
rolling or indenting [62]. Figure 3-4 shows the definition of the main geometric parameters groove
height e, groove pitch p, helix angle of groove a and contact angle of the roughness profile £5.
Generally, both the Nusselt number and the friction factor increase for decreasing groove pitch p,

increasing groove height e and higher helix angles a. Of these three factors, the groove height e
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has the strongest impact [62]. The groove height affects the separation of the boundary layer by
vortex and jet generation. The groove pitch restraints the boundary layer development and thus
leads to thinner boundary layers. However, it was observed that for small pitches sluggish and
stagnant vortex can occur, which lowers the heat transfer [63]. Other factors, such as groove shape

or groove width are found to play a minor role in the heat transfer increase [64].

[t

I

Figure 3-4: Left: Geometry definition of spirally grooved tube; Right: Specimen of the test tube
used in this work [59]

Numerous investigations have been published in the past about the heat transfer and friction factor
of fluids in enhanced tubes [65]. As the present experimental results are generated for single-
phase forced convective flow in a rough surface or corrugated tube [7], the presented literature is
limited to the work performed on this type of enhancement. Furthermore, the published work on
wire coil inserts is included because several authors consider that wire coil inserts disturb
turbulent flow in an analogous fashion to grooved tubes ( [66], [62]). In a first step an overview
over past and current research involving all fluids is given. In a second step the available research

on the enhanced heat transfer using molten salts is presented and analyzed in more detail.

In 1971, Webb et al. [67] published correlations based on experimental data for transverse
grooves, while Gee and Webb [68] presented correlations for helical ribs in 1980. In 1982, Li et
al. [69] developed correlations for helical ribs which also include the impact of groove pitch
length and groove angle. In 1996, Ravigururajan and Bergles [62] developed general correlations
for the friction factor and heat-transfer coefficient for single-phase turbulent flow in internally
augmented tubes. They verified their correlations for a wide range of tube parameters with
e/d;=0.01 to 0.2; p/d;=0.1 to 7.0 and a/90=0.3 to 1.0 using experimental data from seventeen
authors (>1650 datapoints for pressure drop, 1800 data points for heat transfer). The collected
experimental data were collected for Re numbers ranging between 5000 up to 250000 and Pr
ranging between 0.66 up to 37.6. Most of the studies of the database used water or air as the
working fluid. Their deduced correlation predicts 96% of the friction factor database and 99% of
the Nusselt number database to within +50%. 77% of the friction factor and 69% of the Nusselt
number database are predicted within £20% [62]. The following two equations show the resulting

correlations for the expected ratios of friction factor {,/{, and Nusselt number Nu,/Nu, [7]:
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Where f is the contact angle in degrees of the roughness profile relative to the flow direction and

is taken as 90° (semi-circular profiles [62]) and n denotes the number of spiral rib starts.

In 2005, Garcia et al. [70] presented experimentally deduced correlations for the convective heat
transfer and friction factor for flow enhancement using wire coil inserts in laminar-transition-
turbulent regimes for Prandtl numbers ranging between 2.8 and 150 and Reynolds numbers
ranging from 80 to 90000. They were able to show that wire coil inserts maximize their impact in
transitional flow regimes [70]. In 2015, Ji et al. [71] published a review on the available literature
on single-phase heat transfer enhancement techniques of liquid laminar and turbulent pipe flow.
They summarized the work of a total of 13 authors, which have published experimental data on
the thermo-hydraulic performance of corrugated tubes for Reynolds numbers ranging between
100 and 100000 between the years of 1977 and 2015. The review also contained the work of two
authors who evaluated wire coil inserts. The experimental data were obtained with setups using
water or oil. The evaluation of the thermo-hydraulic performance was performed following the
approach proposed by Fan et al [72]. Ji et al. [71] summarized that an enhanced heat transfer of
corrugated tubes can regularly be obtained with an identical pressure drop. The wire coil inserts
in this study showed enhanced heat transfer per identical pumping power or identical pressure
drop. In 2017, Ji et al. [73] performed a detailed review on several types of enhancement
techniques for laminar and turbulent air flow. The reviewed data for wire coil inserts included six
studies for Reynolds numbers ranging between Re=100 and 45000. Ji et al. summarized that heat
transfer augmentation ratios through inserts for gases are in the range of 2-4 and friction factor
increment ratios are higher than the heat transfer [73]. Furthermore, Ji et al. [73] summarized the
work of 11 authors who studied the thermo-hydraulic performance of different corrugated tubes
over a Reynolds number ranging between 2000 and 100000. Ji et al. [73] found that an enhanced
heat transfer of corrugated tubes can regularly be obtained with the identical pressure drop and
that the heat transfer ratios for gases are very similar to liquids, while pressure drop penalties for
gases are considerably higher. The next paragraphs give an overview over the available

experimental and simulation data on molten salt in corrugated tubes.

In 2013, Jiangfeng et al. [57] published their results of the convective heat transfer of the ternary
nitrate salt HITEC (NaNOs;—NaNO,—KNO;, 7-40-53 wt.%) for salt temperatures ranging
between 250 and 500 °C and for Reynolds numbers between 10000 and 30000. They compared
their results of a smooth tube to three different transversely grooved tubes (0/90°=1) with groove
heights of e/d;=0.038; 0.046 and 0.092 and a relative groove pitch p/d;=0.738. They fitted a

correlation to their measurement data, which indicates that the Nusselt number can be increased
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1.8 times for e/d;=0.092. No measurements of the pressure difference are published. The same
year, Jiangfeng et al. [74] published results of the convective heat transfer of the same molten salt
for Reynolds numbers between 5000 and 15000 for spirally grooved tubes. Their measurement
campaign was performed on four different tubes with a pitch angle of 78°, relative groove pitch
of p/d;=0.738 and the following relative groove heights: e/d;=0.024, 0.031, 0.038 and 0.048.
They found that the measured Nusselt number increases up to 1.4-1.7 times compared to a smooth
tube for the highest relative groove height. An updated correlation for their measurement data
was published by Jiangfeng in 2015 [75]. No pressure difference is published. Also, the same
year, Chen et al. [76] published their results on enhanced tubes with HITEC salt for the Reynolds
number range 10000-30000. They analyzed three transversally grooved tubes (o/90°=1) with a
relative groove pitch ranging between p/d;=0.31-1 and relative groove heights ranging between
0.55 and 0.75. They found that no relevant increase of the Nusselt number is found for a relative
groove pitch p/d;=1. For the two tubes with lower relative tube pitch, they fitted two correlations
over their measurement data; they found an increase of 1.2 to 1.3 times of the Nusselt number
relative to a smooth tube. They also deduced a general correlation, but this correlation does not
account for the impact of groove pitch on the Nusselt number, so it will not be further considered.
They also compared the measured pressure difference of the different tubes and fitted correlations
for each tube. It can be found that the friction factor is increased by a factor of 1.07 to 1.19.
Xiangyang et al. [77] developed a CFD model for transversely grooved tubes and validated the
model using experimental data obtained with the nitrate salt HITEC. The final simulation studied
the heat transfer of different transversely grooved tubes (a/90°=1) for three relative groove
heights under non-uniform radiation and deduced a correlation for the Nusselt number.
Furthermore, they varied the groove width and confirmed that the impact of groove width a on
the Nusselt number was lower than the impact of the groove height e.

Figure 3-5 shows the ratios of Nusselt number (left) and friction factor (right) deduced by the
above-mentioned authors compared to the general correlations from Ravigururajan. The
respective ratios are deduced using the author correlations (see Table 3-2) compared to the Sieder-
Tate-correlation [21]. In this analysis the impact of the ratio of dynamic viscosity
i/ uw)® o/ (/)0 1s neglected, as its impact is lower than a few percent. It can be observed
that the general correlation of Ravigururajan overpredicts the measured Nusselt number ratio by
15% up to 90%. Better agreement of the general correlation of Ravigururajan to the specific
correlations is found for the data of the relative friction factor of the simulation of Xiangyang et
al. The friction factor ratio of the experimental data of Chen et al, however is overpredicted by a
factor 1.7 up to 2.3.
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Figure 3-5: Left: Nusselt number ratio Nu, /Nu, of different authors [57], [75], [76], [77]
compared to the respective ratios predicted by the general correlation of Ravigururajan [7]
(equation (3.2)). Right: friction factor ratio {a/C0 of different authors [76] and [77] compared to
the respective ratios predicted by the general correlation of Ravigururajan [7] (equation (3.1))

(adapted from [59])
Source Correlation author a/90° e/d; p/d;
1 0.038 0.738
Jiangfeng, [57] 0796  5.1/3 260318
Nu, _ 00301Re07 - priv3 (1+ 27) 1 0.046 | 0.738
Nu, 0.027Re08 - pr1/3
1 0.092 0.738
0.867 0.048 0.738
2¢\>08 0.867 0.038 0.738
_ 0.798 . p,-1/3 €
Jiangfeng, [75] Nu, _002762Re Prif3(1+27)
Nu, 0.027Re08 . pr1/3 0.867 0.031 0.738
0.867 0.024 0.738
—0.029-Pr1/3
Nug _ g, % _ O14ReDIOHT T 1 0.047 1.000
Nug >Jo  0.13Re~0028.pr1/3
Nug _ 0.03524Re®®-pri/3 ¢, 0.28Re”00%
Chen, [76] N = 0027ReVS P 7. = 013Re 007 1 0.034 0.563
Nug _ 0.03213Re°'5-Pr1/3; G _ 0.54—Re__°'12 1 0.034 0313
Nug 0.027Re®8-pr1/3 > ¢, 0.13Re~0028
1 0.046 0.819
Xiangyang, [77] Simulation results 1 0.059 0.819
1 0.072 0.819

Table 3-2: Correlations and geometric specifications from literature

Based on the available experimental data the following conclusions can be made: general
correlations are available for the relevant Reynolds and Prandtl number ranges. However, the
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available experimental data for molten salts is limited to Reynolds numbers up to 30000. This is
considerably lower than the Reynolds number used for example in concentrating solar power
(CSP) applications, which are commonly operated at Reynolds numbers ranging between 10000
and more than 200000 [58]. Also, respective to heat transfer enhancements with structured tubes,
compared to the experimental data, the general correlation of Ravigururajan overpredicts the
measured Nusselt number ratio of other authors by up to 90% and the friction factor ratio by up
to more than a factor of two.

3.4 Solar Salt Decomposition

The nitrate salt most used in CSP applications is the binary mixture of sodium nitrate (NaNO3)
and potassium nitrate (KNOs) (see chapter 3.3). Both components are usually obtained from
natural resources found in the form of salar brines or are produced synthetically [78], [79]. They
are solid at ambient temperature, non-toxic and non-flammable. They are common components
of fertilizers and explosives and show therefore a good availability in large quantities at low cost.
The eutectic mixture of NaNO; and KNOj; is found over a broad band ranging between 46 and
54 wt-% NaNOs. Even though the eutectic mixture exposes a lower melting point (~222 °C), the
common mixture — known as Solar Salt — generally consists of 60 wt-% NaNOs and
40% wt-% KNO;. This composition has a slightly higher melting point (~238 °C), but the higher
content of the lower cost component NaNQj leads to a significant reduction in cost of the mixture
[80], [4].

Current state-of-the-art molten salt systems based on nitrate salts are limited to an upper salt
temperature of 565°C [8]. This upper temperature limit is defined to minimize decomposition
reactions of the salt that affect both the thermal properties of the salt and limit corrosion towards
container materials [9]. However, a higher upper cycle temperature promises to decrease the
levelized cost of electricity (LCOE), mainly driven by smaller storage and steam generator size,
as well as a higher turbine efficiency [10]. The decomposition mechanisms of nitrate salts at high
temperatures are complex, but can be broken down to a few main reactions, which will be shortly

described in this section.

Above 400 °C the first reaction is the equilibrium reaction between nitrate and nitrite ions with
gaseous oxygen (3.3) [81]. This reaction is observed at every scale from lab to large-scale tank

and is reversible [9].

1
NO3 = NO; +30, (3.3)

There is consensus in the literature, that a nitrate-nitrite equilibrium is established at 560 °C in air
at ambient pressure at about 95 mol% N O3 and 5 mol% NO; [82]. An increase in salt temperature
shifts this equilibrium more towards the nitrite side, leading to mostly gaseous oxygen formation.
If the salt is exposed to a step change in temperature, the time required to establish a new

equilibrium nitrite concentration is on the order of several hours, based on the quantity of salt
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[83], [9]. Several authors furthermore showed that an increase in oxygen partial pressure shifts
the reaction equilibrium to the nitrate side [84], [9].

Above 550 °C, further decomposition of the nitrite ion is known to occur [81]. Several reaction
mechanisms of this decomposition have been published. All of them propose the formation of
oxide ions together with different gaseous species, such as nitric oxide, nitrogen dioxide (e.g.,
NO, NO»), oxygen or nitrogen. One of the proposed reactions is the formation of an oxide ion that

is dissolved in the melt and different nitrous gases from the nitrite ion according to reaction (3.4)

[9].

2NO; = 02~ + NO(g) + NO,(9) (3.4)

The oxide ions are dissolved in the molten salt, while the nitrous gases leave the salt. The reverse
reaction proceeds only at a limited rate [83]. As discussed previously, the decomposition of the
salt is temperature dependent. In the heated section of tubular flow, it is assumed that the
decomposition process accelerates when the salt moves from the bulk region to the higher
temperature film region and that the decomposition process then slows when the salt moves from
the film region back to the bulk region [83]. The results of So6tz et al. [82] suggest that the
formation of oxides via equation (3.4) is faster than with the pathway described by equation (3.3).

One concern is that localized decomposition of the nitrate salt in the film region with formation
of gaseous products would form a local gas layer with low thermal conductivity and that this layer
would negatively impact the convective heat transfer of Solar Salt in heat exchanger tubes. A
decrease of convective heat transfer would then again lead to an increase in film temperatures and

would probably entail further acceleration of the decomposition process.

Another important effect is the formation of an oxide-based corrosion layer on the metal surface
in the heating zone driven by the high film temperatures. Indeed, numerous studies have been
published in the past investigating the corrosion rates of different stainless steels and nickel base
alloys in Solar Salt (see Figure 3-6). The corrosion mechanisms that occur are numerous and

complex and are discussed in more depth in the relevant literature [85], [86].
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Figure 3-6: Corrosion rates of several Ni-base alloys (left) and austenitic steels (right) in Solar

Salt as a fucntion of temperature [86]

Metallic corrosion and passivation of the steel surface generally proceeds via the oxidation of the
metallic Fe, Cr or Ni with available nitrate ions. This process is believed to accelerate with the
presence of oxide ions and possibly nitrite ions from reaction (3.4). Above roughly 500 °C the
passivation is aggravated because of the thermal decomposition of nitrates. In addition, the
thermal conductivity of the oxide layer is highly influenced by the porous structure of the oxide
scale, as well as its composition. The formation of an oxide scale having a low thermal
conductivity in the heating zone would decrease the overall heat transfer coefficient of the tube.
This again would entail an increase in outer wall temperatures of the heated section if the same
heat rate passes into the fluid. This effect was observed by some authors while performing heat

transfer measurements with fluoride salts (see chapter 3.2).

Several authors have stated measured thermal conductivities of iron oxide scales ranging from 1
to 4 W/(m-K), [87], [88]. This is significantly lower than the expected thermal conductivity of the
test tube (steel type 1.4748, 1; =15... 25 W/(m-K), see chapter B.2). Furthermore, the uncertainty
of the thermal conductivity of the used stainless steel is later on assumed to be £4% (see
appendix B.2). The overall heat transfer coefficient of a stainless-steel tube with an oxide layer
can be calculated using equation (3.5), where t,,;qe 1S the thickness of the oxide scale. It can
easily be calculated that for a tube of the dimensions later on used in the experiment (see chapter
4.2), a corrosive scale thickness of 1 pm or 26 um leads to an increase of the overall thermal
resistance of +4% if a thermal conductivity of 1 W/m/K, respectively 4 W/m/K is assumed for
the thermal conductivity of the corrosive layer. In experimental design and testing conditions it

should therefore be made sure that the expected thickness of the oxide scale is minimized.

1
Uoxidizea =
T; + Coxi T
rin (F7284) (1 4 g () (3-5)
onide : /1t




28 State of the Art

3.5 Material Properties

The thermophysical properties of Solar Salt, water and tube material have a considerable impact
on heat transfer and thus on the evaluation of the Nusselt number. The thermophysical properties
of water and the tube material are relatively well known and can be found in appendix B.1. The
next section presents the results of a thorough literature review on the thermophysical properties
of Solar Salt and outlines the selection process and deduction of correlations. The section is

derived from the article that was published in advance of this dissertation [22].

Solar Salt (60 wt% NaNO3, 40 wt% KNOs3) is chemically active above temperatures of roughly
450 °C, undergoing a variety of reactions depending on the temperature and the composition of
the cover gas (see chapter 3.4). This contributes to somewhat scattering information about the
thermophysical properties of Solar Salt in the literature. However, precise knowledge of the
thermophysical properties — such as specific heat capacity, density, dynamic viscosity, and
thermal conductivity — is crucial for the design of processes using Solar Salt either as a storage or
heat transfer medium and are also relevant assumptions to deduce the heat transfer properties. For

all following calculations a composition tolerance of +1 wt-% is assumed.

Table 3-3 summarizes the basic properties of Solar Salt used in the following sections.

Property Value

Molar mass NaNO3 84.99 g/mol
Molar mass KNO3 101.10 g/mol
Molar mass Solar Salt 90.78 g/mol

Mole fraction NaNOs in Solar Salt 64.08 %

Mole fraction KNOj; in Solar Salt 35.92 %

Table 3-3: Basic properties Solar Salt
Specific heat capacity

Several literature values have been reported in the past for the specific heat capacity of Solar Salt.
In general, the authors use a differential scanning calorimetry (DSC) or a modulated DSC
(MDSC) to obtain their results [89]. Experimentally, different dependencies of cy(T) have been
found in the liquid state, ranging from increasing, to constant, to decreasing with salt temperature

[90]. Three main factors influence the quality of the heat capacity measurements [91]:

- Side reactions, such as endothermic evaporation, salt-gas phase interactions (oxygen,
release, NOy release), salt decomposition (formation of nitrites) or interaction with

crucible materials

- Due of the low surface tension of Solar Salt, the salt tends to wet any available surface as
long as its temperature exceeds the melting point of the salt. This leads to so-called “salt

creeping” and can lead to loss of salt mass during the DSC measurements

- Uncertainty of the used measurement equipment (DSC ~ £10%, MDSC ~ £5% [92])
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The specific heat capacity of the single salts, ¢.g., NaNOs and KNOs, and of the mixtures in the
liquid state is typically constant [93] whereas an increasing cp(T) behavior is more typical of
weakly interacting liquids. However, nitrates belong to the class of strongly interacting liquids
[90]. A decreasing heat capacity with temperature is not viable from a thermodynamic point of
view [93].

In 2018, D’Aguanno et al. investigated the thermostatic properties of Solar Salt by combining
classical molecular dynamics (MD) simulations and DSC experiments and found that the heat
capacity is principally independent of temperature [90]. This finding is empirically supported by
the measurement data acquired by Rogers and Janz [94] by DSC in 1982 for various compositions
of NaNOs;-KNOs from 250 up to 430 °C (see Figure 3-7).

This also holds true for the values published by Bradshaw et al. in 1987 for c,(T) of Solar Salt
from 250 to 400 °C [80]. Both publications show no systematic temperature dependence of cp(T)
outside the stated measurement uncertainty. Mufioz-Sanchez et al. [89] conducted a round-robin
test involving 8 partners in 2017 with the aim to deduce ¢,(T) of one common Solar Salt sample
using a standardized sample preparation procedure. The authors state a measurement reading
uncertainty of ranging between 30 and 100 J/kg/K over all measurements. When taking account
of the respective measurement uncertainty, the given results do not contradict a constant cp(T)
assumption. In 2021, Jung et al. [95] published their results on a Calvet-type DSC in which they
confirmed a constant heat capacity between 249 °C and 483 °C.
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Figure 3-7: Specific heat capacity as a function of temperature for different compositions of
NaNO3-KNOs [94]

Table 3-4 summarizes the reported mean specific heat capacities of the the authors cited above.
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Author Reported mean specific
heat capacity
Rogers & Jans, 1982, [94] 1584 +83 J/kg/K
D'Aguanno 2017 (empirical), [90] 1518 £152 J/kg/K
Bradshaw, 1987, [80] 1541 £154 J/kg/K
Munoz-Sanchez 2017, Partner 1 ASTM E1269, [89] 1610 +£70 J/kg/K
Munoz-Sanchez 2017, Partner 3 ASTM E1269, [89] 1477 +68 J/kg/K
Munoz-Sanchez 2017, Partner 5 ASTM E1269, [89] 1553 £50 J/kg/K
Munoz-Sanchez 2017, Partner 6 ASTM E1269, [89] 1533 +38 J/kg/K
Munoz-Sanchez 2017, Partner 1 MSDC Dynamic, [89] 1494 +45 J/kg/K
Munoz-Sanchez 2017, Partner 1 MSDC Isotherm, [89] 1497 +£34 J/kg/K
Munoz-Sanchez 2017, Partner 1 MSDC Isoth.short, [89] 1540 +£30 J/kg/K
Munoz-Sanchez 2017, Partner 2 MSDC Dynamic, [89] 1450 +£15 J/kg/K
Munoz-Sanchez 2017, Partner 8 MSDC Isotherm, [89] 1497 +£34 J/kg/K
Jung 2021, [95] 1545 £31 J/kg/K

Table 3-4: Reported mean specific heat capacities by several authors

Based on this review of the literature, a temperature-independent specific heat capacity is assumed
in this work. Under this assumption, the mean average of the given measurements of Jung et al.,
Bradshaw et al., D’ Aguanno et al., Rogers & Janz and of each partner measurement set of Mufioz-

Sanchez et al. is calculated:

Cps = 1529]/kg /K (3.6)

Figure 3-8 summarizes all published data of Solar Salt as a function of temperature.

Bonk et al. [91] find that the variation in composition of KNO3 and NaNOs has a negligible effect
of less than 0.1% on the specific heat capacity. Another source of uncertainty is the presence of
nitrite ions in Solar Salt at operation temperatures larger than 400 °C. After prolonged times at
high temperature, an approximate value of Xy, = 5 mol% can be expected [96] according to
equation (3.3). Using the assumption of a constant molar heat capacity, the impact of formation
of KNO, and NaNO: can be estimated. An increase of up to 2% of the specific heat capacity can
be found when assuming a composition of 64 mol-% NaNOs, 31 mol-% KNO; and 5 mol-%
KNO:..

In a final step, the combined measurement uncertainty of the mean specific heat capacity Oc, s is

C_p,S,u.a. 5p,S,scat. C_p,S,comp

calculated as o ¢ = \/02 + o2 + 02 = 51]J/kg /K. Where JgpSu_a_ is the

experimental standard deviation of the mean specific heat capacity (~21 J/kg/K), assuming the
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measurement uncertainty stated by the authors. For authors that do not state a measurement

uncertainty, a conservative default value of +10% is assumed. acgp scar. 18 the experimental

cat.

standard deviation resulting from the variations of the calculated mean between all authors

(~43 J/kg/K) and aczphomp is the expected uncertainty caused by the uncertainty of the
composition of the salt (~17 J/kg/K).
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Figure 3-8: Specific heat capacity Solar Salt — Left: Values from the literature as a function of
temperature; Right: Mean specific heat capacity over the full temperature range by author.
For values marked with (*) no uncertainty of measurement is stated and +10% is assumed

(adapted from [22])

The only measurement data available for the full liquid range up to 540 °C have been published
by Jung et al. [95]. Compared to the constant value of c,(T), c, = 1545 J/kg/K, measured in a
temperature range of T = 240 to 483 °C, they measured an increase of up to 45 J/kg/K at 540°C.
They attribute this 3 % increase to nitrite formation. The necessary time for nitrite formation is in
the order of several hours to several days. In this work however, the dwell time of the solar salt
in the heating section of the tube is much lower, hence it is assumed that the enthalpy of formation
of nitrite does not play a role in the present heat transfer experiment. Therefore, it is assumed in

this work that the specific heat capacity remains constant up to 550 °C.

Density

Janz et al. recommended density values for Solar Salt for temperatures up to 450 °C for various
compositions of NaNO; and KNOs in 1972 [97]. The values for single salts were revised by Janz
et al. in 1988, leading to slightly lower density values [1]. The results published by Nissen et al.
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[98] for the density of a 50 mol-% to 50 mol-% NaNO3-KNO; mixture from 300 °C to 600 °C are
widely used for Solar Salt. Bauer et al. conducted a critical review of the available density
correlations for Solar Salt and suggested an improved correlation, which accounts both for the
updated single salt density values by Janz [97] and also for nitrite formation at high temperature
operation. Their work demonstrates that the density of Solar Salt can be calculated using a
quasilinear volumetric additivity rule (VAR) [99]. The correlation proposed by Bauer et al. [99]
using the VAR method (see equation (3.7)) will be used for the calculation of the salt density.

ps(T)[kg/m3] = 2118 — 0.7185 - (T /°C) (3.7)

Figure 3-9 summarizes the densities proposed by the different authors as well as the finally used
correlation in this work.
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Figure 3-9: Density of Solar Salt as a function of temperature for various authors [22]

The variation in composition of KNO; and NaNOs has a negligible effect of less than 0.1% on
the density of Solar Salt as it was found by Bonk et al. [91]. Bauer et al. showed that for a nitrite
content of 5 mol-%, the density values are reduced by roughly 0.3%. The uncertainty of salt
absolute temperature measurement leads to an uncertainty of ~0.2% for o7=5 K. As a result, the

final relative uncertainty of the salt density is §p; = 0.4 %.

Thermal conductivity

While several authors have published data on the pure salts NaNO3z and KNO3, the available data
on the thermal conductivity of the Solar Salt mixture is poor [100]. Bauer et al. [91] summarized
in a review that the thermal conductivity of the KNO3-NaNQO; system depends on the composition

and that all authors, except one [101], found an approximately linear dependency on the
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composition [102], [103], [104]. In 2015, Zhao et al. [105] deduced a theoretical model for
predicting the thermal conductivity of binary molten salts based on the properties of the single
salts. Comparison with existing literature data showed that the theoretical correlations predict the
thermal conductivity of NaNO3-KNO3; mixtures within standard errors of 4.15% [100]. The

following formulas show the formula proposed by Zhao et al.: where Axyo, is the thermal

conductivity, pxno,the density and wyy,, are the mass fraction of the single salt respectively.

P2 PNano; “ WKNO, 1/3
b2 (E) b PKNO; " WNaNO,
Ag = A Al 1- (—) + g :
s NaNO; ( 0 ) /11va1v03 b a 14 PNaNo; - WKNO,
1+|(5——=2-1 74 PkNO; * WNaNoO,
KNO3 a

For the calculation of the density of the single salts, the values published by Janz et al in 1988 are
used [1]. The single salt thermal conductivity is calculated using the correlation published by Zao
et al. [100]. The resulting curve of A, decreases linearly as a function of temperature and can be
described by equation (3.8):

A,(T) = —2.2849 - 10~* - T(°C) + 0.54692 (3-8)
Empirical data on the single salt properties only exist for temperatures ranging between 250 °C
and 500 °C [91]. The thermal conductivity for temperatures exceeding this interval is
extrapolated. Bonk et al. analyzed the impact of composition errors on the thermal conductivity.
They found that the expected deviation is below +0.2% [91].

Dynamic viscosity

Solar Salt can be considered a Newtonian fluid and typically shows low viscosity, similar to
values of water at room temperature [91]. A correlation for the dynamic viscosity proposed by
Nissen et al. [98] in 1982, based on measurements performed on an equimolar NaNO3-KNO3
composition is widely used for CSP applications [106]. Janz et al. [1] published several
correlations for various compositions of NaNO3-KNOs as a function of temperature in 1988.
These correlations show a non-trivial course relative to composition, which is also a function of
temperature. In 2019, Tasidou et al. [107] conducted a literature review of the available
measurement data for the single salts NaNO; and KNO;3; and proposed updated equations for the
single salts with an enlarged temperature validity interval accounting for measurement data up to
450 °C for NaNOs and 700 °C for KNOs. The researchers found that deviations of newer viscosity
data deviated less than 1% of the reference equations proposed by Janz [107]. For this evaluation
the expressions for KNO3-NaNOs compositions published by Janz will be used to minimize errors
due to assumptions about mixing effects [1]. The correlation for Solar Salt is obtained through
linear interpolation of 50 mol-% NaNO; — 50 mol-% KNO3 and 75 mol-% NaNO; — 25 mol-%
KNO;. The resulting values are fitted using the least square method to yield the formula described
by equation (3.9) for the dynamic viscosity of Solar Salt. The maximum deviation between fit and
original values is less than 0.1%.

16990.8686) (3.9)

ns(T/K) = 0.08703 - exp( R
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Figure 3-10 shows the used correlation, the values commonly used by Nissen et al. [98] and the
values deduced from the correlations given by Murgulescu et al. [108]. Considerable deviation
between the Nissen correlation and the correlation deduced based on the Janz values can be found
especially at temperatures lower than 300°C and higher than 500°C, which can not entirely be
explained by the deviating composition of salt. Further research is necessary to investigate

dynamic viscosity data above 450 °C.
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Figure 3-10: Dynamic viscosity of nitrate salt as a function of salt temperature: data marked
with (*) are for equimolar NaNQO;-KNOj3; other data are for Solar Salt [22]

Specific electrical resistivity

For the characterization of the behavior of the salt in the magnetic field, the specific electrical
resistivity is of interest. Janz published correlations for the specific electrical conductance of
different mixing ratios of NaNO; and KNO; [97]. The specific electrical resistivity for the present
mixture of 60% NaNOs and 40% KNOs is calculated by forming the reciprocal value of the
electrical conductance and by linear interpolation of the correlations for 72% NaNOs and 46%
NaNOs (see Figure 3-11). The deduced correlation for the specific electrical resistivity for Solar

Salt is given by formula (3.10):

per(T/°C) = —1.66221e — 15 T> + 4.31898¢ — 12 - T* — 4.5824¢ — 9 - T3 (3.10)
+2.52147¢e — 6 -T? — 7.42531e — 4 - T + 1.02204e — 1
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It must be emphasized that the data published by Janz is only valid for the two mixing ratios of
72% NaNO; and 46% NaNOs.a temperature range of 287°C to 397 °C, all values shown outside

of this range are hence extrapolations.
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Figure 3-11: Specific electrical resistivity for two different compositions of NaNO3 and

KNO;3 according to [97] and Solar Salt as a function of temperature
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4 Experimental Setup and Evaluation

An exclusively analytical treatment of the heat and mass transfer of a turbulent pipe flow failed
so far because neither the turbulent shear stresses, nor the turbulent heat flux density nor the
turbulent diffusion flux density can be determined in a purely theoretical way. For this reason, the
heat transfer of turbulent pipe flow must be analyzed based on experiments [13]. This chapter
first gives an insight into the selection process of the heating concept. Then the final experimental
setup is described and the mathematical basis for the deduction of the Nusselt number deduced
by the measurements and the reference Nusselt number as well as the friction factor is given. In

a final section, the test procedure and measurement plan are described.

4.1 Selection of Heating Concept

Several different heating concepts for the test section are considered: a) Joule heating,
b) impedance heating, c) heating cartridge, d) induction heater and e) using a secondary medium.

The following performance criteras were selected in order to evaluate the different concepts:
e Re numbers between 10000 — 200000 achievable (yes/no)
e Flux densities between 100 — 1000 kW/m? achievable (yes/no)
e Applicability with enhanced tubes (yes/no)

o Theoretically achievable measurement uncertainty and main uncertainty impact

parameter
e Feasibility

Most of the experimental setups found in literature use a Joule heating concept for the heating
section (see chapter 3.2): a small electric potential difference is applied over the length of the
desired heating section, which leads to an electrical current and heating of the tube. The initial
concept of the heating section of the tube was conceived using a DC constant current source. In
addition to the possibility to measure the heat input into the salt through mass flow and
temperature gradient measurement measurement (calorimetric method), this approach offers the
possibility to measure the power input to the salt through potential difference and electric current
measurement (electrical method). This type of measurement generally leads to good measurement
uncertainty, especially at high Reynolds numbers, where mass flows are high, and thus
temperature gradients in the salt inlet and outlet are decreased. To achieve the flux densities
ranging between 100 and 1000 kW/m? as present in solar absorber tubes, an applied potential
difference ranging between 4 and 12 V would have been necessary (leading to roughly 2500 A of
current passing through the tube). One concern with this approach is that an electrolysis current
is generated at the tube to salt boundary by the potential difference, accelerating the
decomposition reactions of the salt and the formation of an oxide scale and possibly impacting

the convective heat transfer (see chapter 3.4).
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The first question is whether ion conduction takes place if a potential difference is applied over
the length of a tube through which an electrolyte flows. In a classical electrolysis setup, a potential
difference is applied to two electrodes (cathode and anode) which are separated by an electrolyte.
In the case of the pipe, however, the tube represents a single electrode over which the potential
difference decreases continuously from one end to the other. In the case of the pipe it can be
argued that no electrolysis reactions would take place because the local potential difference is not
high enough. To confirm the single electrode concept in principle, a simple experiment was
carried out using a wire to represent the tube and a saline solution to represent the salt: A single
NiCr (NiCr6015) wire is placed in a saline solution (Water + NaCl) to which a DC potential
difference is applied and both the potential difference and the current through the wire is measured

(for more details see appendix C.1).

Figure 4-1 shows an exemplary picture of the single electrode water test at the outermost side of
the wire respectively. As in the classical electrode setup', it is observed that hydrogen is formed
on the cathode side and probably some oxidized nickel species on the anode side. It could also be
seen that the reaction intensity is the strongest at the respective outermost side of the wire and
decreases continuously towards the center of the wire. The presence of hydrogen was

demonstrated by an oxyhydrogen test, which produced the expected characteristic sound.
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Figure 4-1: Hydrogen and nickel oxide formation in single electrode water test

Figure 4-2 shows the measurement results of the single electrode water test. The graph on the left
shows that the measured current increases linearly with the applied current — following Ohm’s
law. Also, it can be seen that the measured current increases with higher salt content in the saline
solution. The graph on the right shows the measured current minus the measured current for the
pure water setup as a function of salt content in the solution. The measured additional current
increases linearly with the salt content in the water. These two graphs show in addition to the
qualitative findings discussed beforehand, that ion conduction is taking place in the single
electrode setup. It can be concluded that electrolysis reactions can occur in principle in a heat

transfer setup with molten salt using a DC current.

T A two-electrode setup was also tested using the same wire, but as the results of this setup are well-
known, it will not be discussed in detail in this work
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Figure 4-2: Measurement results of single electrode water test. Left: Total measured current as a
function of applied potential difference for three different saline solutions. Right: Measured

additional current as a function of salt concentration for different applied voltages

For electrolysis reactions to occur, a minimum voltage is required between anode and cathode,
the so-called decomposition potential. This behavior is associated with the passage of charges
through the phase boundary. For most electrolysis reactions the decomposition potential lies
within 1 to 4 V [109]. The decomposition potential of a system with Solar Salt must be determined
experimentally. For this purpose, a cyclic voltammetry experiment is selected. Cyclic
voltammetry is an analytical method that is commonly used to examine various electrode
processes. In cyclic voltammetry, first a linearly increasing and then a decreasing potential is
applied to a pair of electrodes immersed in an electrolyte. This process is repeated several times,

while the current and applied potential differences are measured as a function of time [109].

Figure 4-3 shows the results of a cyclic voltammetry experiment carried out with Solar Salt at
290 °C and 560 °C respectively and two Alloy625 electrodes (more details on the experimental
setup can be found in appendix C.2). The 290 °C case shows that a current can be measured first
at an applied potential difference of 2 V. Here, a first redox reaction seems to take place, which
is however inhibited. At roughly 3.6 V potential difference the current increases in a linear
fashion. At 560 °C, the decomposition potential is found at roughly 1.1 V. It can be noticed, that
above the decomposition potential the current shows an approximately linear dependency on the
applied potential difference. This linear behavior is generally a sign, that the total resistance of
the system is dominated by the electrical resistivity of the fluid and that the redox reactions are
not a limiting factor in the system at the applied potential differences. Also, it can be noticed, that
the slope of the current increases at higher temperatures. This is probably caused by the lower

electrical resistivity of the salt at higher temperatures (see chapter 3.5)
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Figure 4-3: Results of cyclic voltammetry experiment with Alloy625 electrodes and Solar Salt

Figure 4-4 shows on the left a representative picture of the Alloy625 electrodes before and after
roughly 20 minutes of cyclic voltammetry tests. The formation of a black oxide layer on the anode
is observed. In one of the experiments, this layer flaked off completely after air-cooling of the
electrodes to ambient temperature. Figure 4-4 on the right shows the Solar Salt after an
experiment at 290 °C and 560 °C before complete freezing.
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Figure 4-4: Left: Alloy625 electrodes before and after cyclic voltammetry test; Right: Solar Salt
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In both cases black particles — probably some oxidized metallic species — can be observed in the
salt. From these measurements it can be deduced that the application of potential differences
above roughly 3.6 V for 290 °C or 1.1 V for 560 °C would provoke redox reactions with
formation of a corrosive layer on the electrodes. Also salt decomposition with gaseous oxygen or
NOx formation is possible. As already discussed in chapter 3.4, these effects are suspected to be
the source of a decreased heat transfer and should not be additionally provoked in the heat transfer

test setup.

However, lowering the applied potential difference below these values proves technically
challenging as on one hand the necessary currents to reach 1 MW/m? of heat flux are of the order
of magnitude of ~7 kA and at the same time the heating section length has to be reduced (<0.25

m) while wall thickness and diameter of the test tube (50 mm) have to be increased strongly to
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reduce the resistance of the tube (>20 mm tube thickness). This again would lead to intolerable
high outer wall tube temperatures, strong dependency of measurement uncertainty on tube thermal

conductivity and complex electrical contacting.

When an alternating voltage is applied to the electrodes of an electrochemical cell, the so-called
electrochemical double layer is formed at the solid-liquid phase boundary by the migration of
oppositely charged ions. If an alternating voltage is applied, the double layers at the electrodes
are recharged in the rhythm of the alternating voltage. This corresponds to the charging and
discharging of capacitors. Consequently, an alternating current can flow without the need for
charge to pass through the electrode/electrolyte solution phase boundaries [109]. Ion conduction

can be completely inhibited by the application of high frequency.

In a setup with an induction heater, a high frequency alternating current (AC) is generated in a
solenoid coil, which surrounds the tube with the heat transfer fluid [83]. This alternating coil
current causes eddy currents in the test tube and heats the workpiece by the Joule effect. With this
method flux densities of 1 MW/m? can be easily achieved [26]. Also, as with the Direct Joule
heating concept, the heating power transferred to the tube can be measured by electrical power
measurement, which leads to low measurement uncertainty. In addition, the method is applicable
to enhanced tubes, analogeous to direct joule heating concepts. Finally, induction heating

equipment is commercially available and equipment costs are reasonable.

Another approach for the heating section of heat transfer measurement setups is the usage of a
secondary fluid. In this approach the test tube is heated using a secondary fluid, which is heated
to a certain temperature, required to achieve a certain heat flux through the test tube wall. Chen
et al. employed this approach in his measurements with the ternary nitrate salt HITEC up to
temperatures of 300 °C [54]. Yu-ting et al. used a setup using a cooling oil for the heat transfer
measurement of LiNOs up to molten salt temperatures of ~400 °C [50]. In order to achieve the
desired heat fluxes up to 900 kW/m? and Solar Salt temperatures bulk temperatures around
550 °C, tube outer wall temperatures > 650 °C are necessary in the present setup. Such high
temperatures make designs with a secondary fluid and a concentric tube at the required
temperatures challenging. Reason for this, is the limited available secondary liquid fluids, that are
chemically stable at these temperatures (e.g. sodium, lead-bismuth). The necessary security
equipment and necessary measures to prevent corrosion ( [110], [111]) make the setup apparatus
complex. Another important downside of this appraoch, is that the heat input into the salt has to
be measured using the calorimetric method. This leads to the necessity of long heating sections

in order to assure high temperature gradients in the Solar Salt also at high Reynolds numbers.

Das et al. [58] used a cartridge heater placed at the inside of a tube in order to measure the forced
convective heat transfer. This setup allows the required high flux densities and power input
measurement through electric power input measurement. However, with this setup, ultimately the
heat transfer in annular flow is measured and has to be transferred to the heat transfer in tube flow

using secondary effect corrections [58].

Table 4-1 shows an overview of the advantages and disadvantages of the different heating

concepts. Based on this overview, the concept using an induction heater is selected as the most
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promising concept as all required boundary conditions can be achieved, (flux density,
applicability with enhanced tubes, required Reynolds numbers, tubular flow), relatively good

measurement uncertainty can be reached, and the equipment complexity is justifiable.
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4.2 Experimental Setup

As discussed in the previous section, a cylindrical induction heater setup is chosen as a heating
concept.

Figure 4-5 shows the schematic representation of the main test section. The main fluid enters the
main test section on the left, where it first flows through a DN50 (ID: 52.48 mm, t: 3.91 mm) tube
across a static mixer. After a reducer the medium flows through the hydrodynamic entrance
section. As the velocity boundary layer is fully developed in solar receivers (see chapter 3.1) the
hydrodynamic entrance length is chosen with a ratio of length to inner diameter of L, 5, /d; = 55.
Hence it can be assumed that the velocity boundary layer is fully developed before entering the
heating section (see chapter 2.2.). After the hydrodynamic entrance length follows the heating
section, which is heated by a solenoid induction heating coil (L., /d; = 20). After the heating
section, the flow passes through a diverter to a DN50 tube comprising another static mixer. The
main flow bulk temperature measurement is done by 3 type N thermocouples at the inlet and 3
type N thermocouples at the outlet of the test setup. These sensors are in direct contact with the
main fluid flow. Both sets of thermocouples are preceded by a static mixer to achieve a uniform
bulk temperature measurement. The thermocouples are immersed over a length of ~ 37 mm,
which equals roughly 12 times the thermocouple diameter. In the heating section, 32 type N
thermocouples are welded to the outer tube wall by a micro laser beam weld to maximize the
thermal contact between thermocouple and tube. For these thermocouples, firstly, a small
diameter (0.5 mm) was chosen, and the sensors were oriented so that they were at a right angle to
the induced current direction. Furthermore, they were galvanically separated from the rest of the
sensors. With this approach, the impact of the electromagnetic field can be inhibited. The
placement of the thermocouples can be found in appendix F.1. The whole test section is insulated

using 300 mm of refractory ceramic fiber mats.

Main fluid
inlet

;> ..... Vool P

Main fluid
outlet]

To
A - - = J =dsoH=s

nduction

| Hydrodynami
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Figure 4-5: Schematic representation of the main test section

The austenitic stainless steel of the type 1.4878 is selected as tube material for the test section.
Several studies on the corrosion rates in Solar Salt exist for this material for different immersion
times, temperatures, and salt impurities, as summarized in Figure 4-6. For a test duration of 600

hours and a corrosion rate of roughly 40 um/year one can expect a corrosion layer < 3 um. This
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was deemed acceptable. In addition, the austenite stainless steel is a paramagnetic material. This
leads to a lower efficiency of the induction heating process. On the other hand, more importantly
no non-linear effects of the magnetic properties have to be expected (see chapter 2.4). The
selection of the spirally grooved tube geometry and measurement of the as-built geometric

properties can be found in appendix 0.
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Figure 4-6: Overview of corrosion rates of steel types 1.4878 and 1.4541 in Solar Salt as a

function of immersion time of different authors [112], [113], [114]

The solenoid induction heater must be water-cooled to prevent overheating at high flux densities.
A frequency of 8600 Hz was chosen for the induction heater, yielding theoretical penetration
depth in a semi-infinite body of 4.6-5.6 mm (see also chapter 2.4). The inlet and outlet cooling
water temperature is measured each by 3 type K FEP" -insulated thermocouples. The cooling
water mass flow is measured by a Heinrichs TMU-010 Coriolis sensor. The active current of the
induction heater is measured using a Chauvin-Arnoux MA-200 Rogowski coil, the active voltage
by an R&S RT-ZI10 passive probe. Both signals are monitored and processed using an R&S
RTH1002 oscilloscope. The whole test section is insulated using silica fiber wool. Table 4-2
summarizes the specifications and uncertainties related to geometric properties of the tube.

Further pictures and technical drawings of the test setup can be found in appendix D.

All used thermocouples are calibrated with their respective evaluation unit (thermal line + SPS)
using an Ametek ATC650B dry block calibrator. For calibration, the readings of a PT1000
temperature reference sensor (model STS-100 A 901) is used. The calibrator and PT1000 sensor

WFEP: Fluorinated ethylene propylene
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are calibrated and adjusted prior to thermocouple calibration by an accredited institution
(ISO17025, DANAK). The calibrator has a combined uncertainty tested by the manufacturer as
+0.11 K (k=2), this translates to a Gaussian uncertainty of .4;iprator = 10.055 K. To minimize

uncertainties, pairs of thermocouples which measure a temperature difference are calibrated

simultaneously.

Parameter Smooth tube test setup Spirally grooved tube test
setup

Outer diameter tube d,, 26.9 £0.3 mm

Tube wall thickness t, 2.0 £0.1 mm

Groove height e / 0.4 mm £0.05 mm

Pitch length p / 20.9 mm +0.1 mm

Pitch angle o / 73.8°

Hydrodynamic entrance length 1250 mm

Heating length ljqq; 470 mm +18 mm

Thickness of insulation between induction
. 15 mm +£5 mm
heater and tube test section t;,

Outer insulation thickness ~300 mm

Number of turns of solenoidal heating coil 40

Inner radius of solenoidal heating coil
30 mm

Tind

Table 4-2: Geometric specification main test section

The molten salt test setup utilizes the test infrastructure of the DLR TESIS:com plant (Cologne)
(see Figure 4-7 and Figure 4-8: molten salt test setup with generator, induction heater and heat
rejection) [115]. The testing infrastructure consists of two molten salt tanks, each able to hold 20 t
of Solar Salt. The salt can be heated or cooled to the desired temperature before passing through
a test bench. Each molten salt tank is equipped with an E+H Micropilot FMR54 radar level sensor,
which has been calibrated using a Coriolis sensor and water. The tank deformation at higher
temperature has been accounted for using a detailed FEM simulation of the tank and the salt to
precisely track the salt inventory. In addition, the solar salt mass flow is measured using three
serially placed FLEXIM WI-400 ultrasonic clamp-on mass flow sensor. The salt mass flow
measurement system has been validated with Solar Salt up to 400 °C using a high temperature
KROHNE Optimass 6400 Coriolis sensor. A generator provides the power to the induction heater.
The induction heater is also cooled by the cooling water circuit. The cooling water circuit rejects
heat by a water-to-air cooler. The pressure is measured at the inlet and at the outlet of the
TESIS:com test section (see Figure D-4 in appendix D). The pressure measurement at the inlet is
composed of a vertically connected tube in which an air blanket acts as a thermal insulation

between the molten salt and the diaphragm seal of the pressure transmitter (Endress & Hauser
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PMP 75). The pressure transmitter and the diaphragm seal are thermally disconnected by an oil-
filled capillary tube. The used oil is only stable up to 400 °C. The outlet pressure is measured with
a Gems Sensors & Controls 3500 Series pressure sensor. Again, an air cushion is used to protect
the sensor from the high salt temperatures.

Measurements with water as the main fluid are used to validate the measurement setup for the
forced convective heat transfer of Solar Salt in a smooth tube. For the water setup, the smooth
tube test section is integrated to a water setup. The water tests are conducted prior to the molten
salt tests. The water validation test setup uses the same data acquisition system as the final molten
salt system. More information on the water test setup can be found in appendix D. The main water
flow in the water setup is measured by a Proline Promass 83F Coriolis Sensor by Endress+Hauser.
The measurement equipment uncertainty of the Coriolis sensor of 8;_meqs=+0.15%, as stated by
the manufacurer is experimentally confirmed using a platform scale IKT 150K1L by KERN &
Sohn GmbH.
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—— Cooling water Generator
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Figure 4-7: Simplified piping and instrumentation diagram of the experimental system Solar
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Figure 4-8: molten salt test setup with generator, induction heater and heat rejection
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4.3 Deduction of Nusselt Number

The Nusselt number cannot be measured directly but must be derived from several measured
variables. This chapter describes the derivation of the Nusselt number from the measured values.
This chapter is adapted from an article that was published beforehand by the author [22]. Applying
the energy balance to the differential control volume shown in Figure 4-9 leads to the following
general form of the heat equation [14]. Where A; is the thermal conductivity of the tube, p; is the
density of the tube and ¢, ; is the specific heat capacity of the tube. w is the volumetric heating
density in W/m?. The definition of the coordinates r,8 and x can be found in Figure 2-1 and

Figure 4-9.

10 (/’l aTt)_l_ 10 (/’l aTt)+ d (A aTt>+ B dT; (4.1)
ror T or ) T 2a0\ Mt e ) Tox Mt ey ) TV T Peet Ty,

Cooling water | o, - Differential
heater i Control volume

L Test tube

Insulation

Induction
heater

Figure 4-9: Position and boundary condition of differential control volume dr - rd8 - dx

Stationary conditions can be assumed as the test procedure is designed to ensure steady state
conditions. For more details see appendix G.2 and chapter 4.6. Regarding the induction heating,
a thin-walled cylinder relative to its diameter d, /t = 10 and the penetration depth ¢, /6 < 0.2 of
the magnetic field is assumed. Hence, a constant volumetric heating density w is assumed over
the radial direction of the tube. This also applies axially as the cylindrical induction heater’s
diameter is approximately one order of magnitude smaller than its length which leads to a
homogeneous magnetic field. Furthermore, heat conduction in circumferential direction in the
tube can be omitted because of the symmetric heating of the system. Heat conduction in the axial
direction in the tube wall at the boundary was found to be several orders of magnitudes lower

than the power transferred in radial direction, therefore it will be neglected. Furthermore, heat
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conduction in flow direction can be neglected, because the Péclet number is >>1 over the full
range of experiments. Finally, a radially constant thermal conductivity A, is assumed.
Consequently, the general equation (4.1) can be simplified to the following heat balance:

li(rdTax) LA (4.2)
dr

rdr A -

After variable separation and solving the integrations, the general solution for the temperature

distribution in the test tube becomes:
w-r?

42,

Tex(r) =— + CyIn(r) + C,

To obtain the two constants of integration C; and C, the two boundary conditions are applied:
Heat losses through the insulation of the tube to the induction heater (equation (4.3)) and

convective heat transfer to the molten salt at the inner side of the tube (equation (4.4)).

(4.3)

= {ins

d
= E T« ()

=T,

= _hs,x : (Tt,x (T = Ti) - Ts,x) 4.4

d
= E T« ()

T=Tri

The heat losses to the induction heater through the tube insulation §;,,¢ are measured using the
temperature difference between the tube outer wall T; , , and the mean cooling water temperature

T,,, of the induction heater.

Aisol =
Gins = ————— (Teox — T, 4.5)
ins - In (r;I;d) ( t cw)

Applying the boundary conditions and solving for T ,.(r) leads to the following expression:

w-r? —dins " To W'ro2 1 W Ti Qins'To W~T02 W~Ti2
@) =- + + 1 +—]- -
« A ( Ae 22¢ ) n(r) hsx 2 T 2.1 ] 42¢
—Gins Ty W T2
- < l;i °+ tho )ln(r,-) + Ty

The temperature of the tube will be measured at the location r=r, in order not to disturb the inner
fluid flow. Hence the temperature at Ti(r=r,) is inserted and the equation is solved for a .

b - 2A¢ [W(T‘O2 - T'iz) - ZroC'Iins] (4.6)

X T [4At(Tt,0'x — Tsx) + 21,10 (:—‘Z) (2Gins — wrp) + w(rZ — riz)]

With the general definition for the local Nusselt number [19]:

hsx - 21 4.7)

Nug, = 7
S
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The final expression for the local Nusselt number becomes:

4/115 [W(Toz - riz) - Zro(?ins]

= — - — (4.8)
Ag - [4/1t(Tt,o,x — Tsx) + 21,10 (r—‘l’) (24ins — wr,) + w(rZ — 7 )]

All material properties of the salt are evaluated at mean bulk salt temperature. The mean Nusselt
number is defined as follows. Ax is the length of one discrete element of the heating length and

ny is the number of measurement points along the heating length.

lheat T
Nu, ,dx 1
Nuy,, = Jo sxdx Z Nu,, - Ax (4.9)
1

lheat lheat

The volumetric inductive heating density of the tube is defined with w = P,/V;. Two
measurement approaches are used to deduce the power transferred by the induction heater to the

tube: the “calorimetric method” and the “electrical method”.

4.3.1 Calorimetric method

The first approach measures the volumetric heating density of the tube and considers the energy
balance of the main fluid flow. This approach will be referred to as the “calorimetric method”.
For the calorimetric method, the energy balance over the molten salt is set up for the control

volume shown in Figure 4-10. Steady state conditions are assumed.

I : : 4.1
Ptc,gll =ms- Cp,s(Ts) : (Ts,out - Ts,in) + Qins + Qt,oo ( 0)

Here, mi1g is the salt mass flow, c_p,s(Y_"s) is the specific heat capacity of Solar Salt at mean bulk
salt temperature and (TS,Out — Ts,l-n) is the temperature gradient between bulk salt outlet and inlet

temperature in the test section. Q;, is the thermal power which is transferred from the test tube
to the inductor coil by heat conduction through the insulation in the gap between induction heater
and test tube. Qt’oo are the thermal losses from the test tube to the ambient, other than the heat

losses to the inductor coil.
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Figure 4-10: Heat flows and system boundaries of the energy balance according to the

“calorimetric method” [22]

To decrease systematic measurement errors, the temperature gradient across the testing section is
measured in the main fluid and the cooling water before and after the heating interval. These data
are obtained during the homogenization period, which is conducted before and after each heating
interval and in which the test section is flown through with the respective salt mass flow but the
tube is not heated by the induction heater (see chapter 4.6). With this method the thermal losses
over the test section Qt,oo to ambient can be deduced and thus transient effects and systematic
errors can be minimized. For the evaluation, a temperature difference AT, ¢ is calculated that
leads to the losses to ambient Qt'oo = 0 using the measurement data from the periods without
heating (Pt = 0):

o L=
mg - Cp,s (Ts) : (Ts,out - Ts,in + ATcalib,s) + Qins + Qt,oo =0 VP —0 411
© ATqiips = _Ls_ - (Ts out — Ts in) o i
' ms ' Ep,s (Ts) ’ ’

For the water tests the temperature difference between cooling water and main water before and
after heating at a stationary state is lower than AT = 20 K. Assuming the heating length lica, the
wall thickness of the insulation and conductivity of the insulation, this leads to an exchanged
power between cooling circuit and main circuit of less than 5 W. This would theoretically lead to
a temperature difference of below 0.01 K in the cooling water circuit and well below 0.002 K
even at the lowest water mass flows in the main water circuit. As a result, the impact of the heat

flow between cooling water and main water flow can be neglected for the calibration of the water

setup Qins|Ptel=0 = 0.

For the salt setup, the expected transferred power between cooling water and salt ranges between
50 W (at 300 °C salt temperature) and 100 W (at 550 °C salt temperature). This corresponds to a
temperature difference ranging between 0.07 K and 0.13 K in the cooling water circuit and a
temperature difference ranging between 0.05 K and 0.1 K for the molten salt circuit when
assuming a mass flow of 0.8 kg/s. Therefore, the heating losses to the induction heating coil are
considered during the homogenization periods.
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The heat losses between the test tube and the inductor coil are calculated by solving the Fourier
equation for a cylindrical body. The heat losses to the induction heater Q;,,; represent less than
1% of the power transferred to the salt and low values of the partial derivative dNu/0Q;,5 lead
to a low impact on the overall uncertainty of the Nusselt number, for these reasons an average
cooling water temperature (T, = 1/6 - (Zkzl___3 Tew,ing + 2k=1.3 Tcw,outk) is used to calculate
Qins~

Ains

T‘.
r, +In (24)

Qins = - 277, lpear - (Tt,o - Tcw) (4.12)
In a final step, the relation for the power transferred to the tube based on the calorimetric method
is given by equation (4.13).

Ptc,gll = Ths ' C_p,s(Ts) ' (Ts,out - Ts,in + ATcalib,s) + Qins (4-13)

4.3.2 FElectrical method

The second method measures the power transferred by the induction heater to the tube by
regarding the energy balance of the cooling water loop combined with the measurement of the
active power. This approach will be referred to as the “electrical method”. In a first step, the
energy balance in the control volume shown in Figure 4-11 is formed based on the principle of
energy conservation and assuming steady state conditions.

Pc,el + Qins - mCW ' Ep,cw (Tcw) ' (Tcw,out - Tcw,in) - Qc,oo =0 (4-14)

Here, P, ¢; is the thermal power transferred to the induction coil trough ohmic losses produced by
the induction heating process. Q;s is the thermal power which is transferred from the test tube to
the inductor coil by heat conduction through the insulation in the gap between induction heater
and test tube. ey - Cpew (Tew) - (Tew,out — Tew,in) is the thermal power removed from the
inductor coil by the cooling water and QC,OO are the thermal losses from the induction coil to
ambient through the outer insulation. Because of the water cooling, the temperature gradient
between ambient and induction coil is not very high (< 40 K). Assuming a silica fibre insulation
around the induction heater with a thickness of >100 mm leads to heat fluxes of < 35 W/m? or,
considering the area, less than 10 W over the heating section. Consequently, the losses to ambient

will be neglected further on.
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Figure 4-11: Heat flows and system boundaries of the energy balance according to the

“electrical method”

Next, the measured active power across the induction heater P, equals the sum of the active
power induced by the induction heater in the test tube Py ¢, the active power transferred to the
induction coil over the heating section P, o) and the active power induced by the induction heater
in the main fluid Pg ¢ (e.g. Solar Salt or water).

<

—
Pe = Pt,el + Pcel + Psel (4.15)

with: Pe; = Urms * Irums - €0S (@)

Solar Salt is a poor electrical conductor — although much better than water — consequently P =0
is assumed in the following (for more details see appendix G). Urpys is the root mean square
potential difference between inlet and outlet of the induction coil and Iy is the root mean square
current through the induction heater. ¢ is the phase angle between the induction coil current and

voltage, cos(¢) is the so-called power factor of the induction coil.

The heat flow Q;ps between the test tube and the inductor coil is derived analogeously to the
calorimetric method, described in detail in the section above. Inserting equation (4.15) into
equation (4.14) and rearranging for Py ] leads to the relationship for the active power transferred
into the test tube:

Ains

P&l = Urms - Irms - €0s(9) — mcw - Epew(Tew) * (Tew,out = Tew,in) + TN
To - In (T)

271y - lyeat (4‘ 16)

: (Tt,o - Tcw)

Unfortunately, the measurement of the phase angle with the oscilloscope suffered of low
reproducibility. Therefore, the power factor of the induction heater system is deduced by equating
the thermal power transferred to the tube using the electrical method and the calorimetric method,

thus solving Pte’él =P{ ‘elll ; leading to the expression for the power factor.

cos(p)
_ 7'hs : CTp,s (Ts) : (Ts,out - Ts,in + ATcaLlib,s) + mCW : C_p,CW (TCW) : (TCW,out - TCW,in)

(4.17)

URMS ' IRMS
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4.4 Reference Nusselt Number

The Nusselt number derived from the experiments will be compared to the Nusselt number
calculated from known correlations. This chapter describes the calculation of the reference
Nusselt number. In this work, the Nusselt number based on measured parameters will be

compared to the correlation proposed by Gnielinski [18]:

N £/8-Re - Pr [1 L1 <2ri)2/3] [ Pr ]0'”
u = =—
PREE T 1 v 127 JE/8(Pr2t — 1) 3\ «x Pry;

§ = (1.8 -log o(Re) — 1.5)72

. : - Ty out+Ts i .
All salt properties are evaluated at mean fluid temperature T ,, = (S‘”“Z—“") For the calculation

of the film Prandtl number Pry ;, the inner wall temperature Ty ; of the tube has to be deduced. The

Prandtl number is defined as a function of the mean inner wall temperature

Pry; = f(Tt,i)

S 1 l
Wlth Tt,i = lheat . foheat Tt,i,xdx

Furthermore, it is defined:

Nu,, - 4
ZTL'
_ (Tt,i - Ts,in) - (Tt,i - Ts,out)

ATypq = /
o9 ] Tt,i - Ts,in
n|{=———
Tt,i - Ts,out

Here, g is the thermal flux density transferred to the salt and ATy, 4 is the logarithmic temperature

ds = Ay - ATlog = > ATlog

difference. When combining with the equation for Nu, gz and rearranging for T, ; this yields the

correlation for Ty ;:

Ts,out"@m/q Ts,in'@m/ g
7o Ts,out . eTsout @m/qs _ Ts,in . eTsin'@m/qs (4.18)
ti —

eTsout@m/ds — pTsin'@m/qs

The thermal entrance length has a relevant impact on the Nusselt number based on measured
parameters. However, in the measurement setup the first few millimeters of the entrance length
will not be evaluated. To enable a correct comparison, the mean Nusselt number deduced from

the experiments is compared to the expected mean Nusselt number over the test section:

Num,REF,0..x0 NUmREFxq..lpeqr

lheat 1 Xo 1 lheat 1
Ny rer = J T Nuy gpp dx = _[ — Nuy gpp dx + f I —x Nu, ggp dx
0 heat 0 X0 Xo heat — X0

Solving the integral leads to the following reference correlation for the mean expected Nusselt
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number in the test section. The measured mean Nusselt number described in the previous

paragraph will be compared to the values obtained with equation (4.19).

1 §/8-Re-Pr pr ] s 4.19
Ny rer xg.dnear = love — %ol 14127 ’_5/8(131*2/3 D [Wu] [(2n)2/3( [lheat — i/x_o) — X+ lheat] ( )

4.5 Deduction of Friction Factor

The measured pressure difference is defined as follows:

Aps,total = DPs,0 — Ds,i (4.20)

The pressure difference measurement measures not only the pressure difference between the inlet
and outlet of the test tube, but the section in between includes several components (tubing,
reducers, static mixers, elbows; for details see appendix G.3). The overall pressure difference can

also be written as:
Aps,total = Aps,t + Apper

where Apg ; is the pressure difference in the test tube and Ap,,, is the sum of pressure differences

of all peripheral components. The detailed deduction of Ap,, can be found in appendix G.3.

The friction factor ¢ of the test section is deduced by rearranging the general correlation for

pressure difference of single-phase flow in a tube [19].

A - 41y Aps totar — Ap er )’ 4m? - (rp — tt)s " Ps
_ (8ps) 4 _( :

4.21)

2 2 2
lepsus lymg

Where I is the total length of the test tube, including the hydrodynamic entrance length. The final
goal is to deduce the ratio of friction factor between the smooth and the spirally grooved tube.
The friction factor ratio is defined as the ratio between the deduced friction factor of the grooved
tube {_ and the smooth tube ¢ . The geometric terms 4m? - (r, — t;)° /1, can be reduced as they
are constant in both tubes. It must be noted that the inner diameter of the tube is not physically

constant for both setups, but by convention.

<(Aps,total B Apper) ’ ps>
g

$a (4.22)

0 <(Aps,total B Apper) ’ ps>
0

g
The term p,/m’ can be reduced in the calculations, where the friction factor of the smooth tube
is calculated using deduced correlations. For calculations employing pairs of measurement

results, ps/m? is not exactly the same and is considered as a part of the uncertainty calculation.
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4.6 Test Procedure and Measurement Plan

In a first step, the test section is integrated into a setup which uses water as the main fluid. The
measurement campaign with water is used to validate the test setup. This can be done because the
forced convective heat transfer of water in a smooth tube is relatively well-known [18]. A
description of the water setup can be found in chapter 4.2 and appendix D. The measurement
campaign with water starts at the beginning of the day with the initial homogenization phase. A
constant mass flow is set through the test setup until a constant temperature difference forms over
the test track. As the water temperatures are relatively close to the ambient temperature (max.
40 °C), the homogenization period is less than the periods necessary for the salt setup. After the
initial homogenization phase follows the calibration phase. Then during the heating, the desired
main water mass flow for the measuring point is set. After the calibration phase follows the
heating phase in which the induction heater is activated, while maintaining the same main water
mass flow. After the heating period follows another calibration phase analogous to the calibration
phase prior to the heating phase. The last three phases are repeated for each measurement point.
A detailed description of the test procedure can be found in . An overview of the different main

water mass flows and heat fluxes for the water tests can be found in appendix D.

After completion of the validation measurements with water as the main fluid the smooth tube
test section is transferred to the molten salt setup. A description of the molten salt setup can be
found in chapter 4.2 and appendix D. To minimize transient heat loss effects on the measurement
results, the TESIS:com plant and its salt inventory as well as the test setup is heated to the desired
salt temperature using an electrical trace heating system. Three main salt temperatures are selected
for the test campaign: 300 °C, 400 °C and 550 °C. The salt temperature is adapted during the
“Electrical heating phase”, usually over the course of one or two days. Analogous to the water
tests, an initial homogenization phase precedes all tests. This phase lasts at least 60 minutes (see
appendix G.2 for discussion). Analogous to the water tests, the initial homogenization phase is
followed by the calibration phase before heating, the heating phase and the calibration phase after
heating at the respective main mass flow 7ig, main fluid temperature T and heat flux §,. After
completion of those three phases, the set points of either main mass flow or heat flux is changed,
and the next measurement point is measured. During one test day, the inlet salt temperature is
kept constant. The molten salt is pumped from one tank of the TESIS:com plant into the second
tank to enable mass flow measurement using the radar level sensors. A detailed description of the
test procedure can be found in . After completion of the test campaign with the smooth tube, the
tests are repeated with the spirally grooved tube. A goal test matrix is shown in Table 4-3. An
overview of measured ranges of main measurement quantities and derived quantities can be found
in Table 4-4.
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Goal main mass flow

Goal main salt

Goal main salt

Goal main salt

m temperature: temperature: temperature:
s T, =300°C T, =400°C T, =550°C
Goal heat flux gs:
~ 0.8 kg/s
300, 600 kW/m?
Goal heat flux gs:
~ 2.1kg/s
Goal heat flux ¢g: 300, 600 kW/m?
~ 3.4 kg/s
300, 600, 900 kW/m? Goal heat flux gs:
~ 4.7 kg/s
300, 600, 900 kW/m?
Goal heat flux gs:
~ 6 kg/s

300, 600, 900 kW/m?

Table 4-3: Goal test matrix molten salt test setup with smooth and spirally grooved tube

Item

Water Setup

Solar Salt Setup

Measured quantities

Main fluid mass flow: mg

0.94 —3.18 kg/s

0.558 — 5.813 kg/s

Cooling water mass flow: M,

0.157 — 0.160 kgs

0.172 - 0.174 kg/s

Main fluid inlet temperature: Tg;, 11-46°C 296 — 554 °C
Main fluid temperature gradient: AT 1-7K 1-30K
Outer wall temperature: Ty, 80-150°C 333 - 667 °C
Cooling water inlet temperature: Tey in 24 -28 °C 24 -28 °C
Cooling water temperature gradient: AT, 7-16 K 5-15K
RMS voltage Urms 290 -445V 252 -461V
RMS current Ixyg 548 — 831 A 465 —-841 A

Derived quantities

Heat flux to main fluid:

420 - 970 kW/m?

330 - 930 kW/m?

Power transferred to main fluid:

14.0-32.5 kW

11.0-32.0 kW

Inner wall tube temperature: T ;

48 -90 °C

317-633 °C

Reynolds number:

43600 — 298300

13720 - 284000

Prandtl number:

39-8.7

3.7-10.0

Table 4-4: Overview of range of main measurement quantities and derived quantities




Experimental Setup and Evaluation 57

4.7 Uncertainty analysis

The combined standard measurement uncertainty is computed using the method of propagation
of uncertainty using the definitions of JCGM 100:2008 [116]. For this purpose, the partial

derivative of each measured quantity is computed and the overall uncertainty is calculated based

dy
0x4

. .. 2 2
on the following general definition: oyy_—fee,x,.x,) = \/( ) o + ...+(a’37y) -oZ. A coverage

factor of k=1 is assumed for all values cited in this work, unless otherwise specified. The
assumptions taken for the uncertainty analysis can be found in the appendix chapter F. As
described in chapter 4.3, the power transferred to the main fluid can be deduced based on the
measurement of the mass flow and temperature gradient in the main fluid — called the calorimetric
method or by building the energy balance over the measurements of the induction heating power
and the power transferred to the cooling water — called the electrical method. The equations (4.23)
and (4.24) show the dependency of the uncertainty of the mean Nusselt number deduced from the

calorimetric energy balance and the electrical energy balance respectively.

, ; 4.23
UI\CI?le = f(ms; Cp,s ATs; Tio; Tsins Qinss Ao Ass Tos t Lheat) ( )
(4.24)

el _ . PP . . . . . ). cd e e e
O-Num - f(IRMS' URMS' @; Mcw; Cp,CW: ATCW: ATsv Tt,ox Ts,inx Qins: At: /15: Tos tt: lheat)

The mean Nusselt number uncertainty for the calorimetric method is relatively high for high
Reynolds numbers because of the low temperature gradient AT, while the impact of the
uncertainty of this gradient on the mean Nusselt number deduced with the electrical method is
very low (<0.1%). For this reason, the uncertainty of the Nusselt numbers deduced with the
electrical method is generally lower. Therefore, mainly the results yielded with the electrical
method are presented in chapter 5 . The values from the calorimetric method are used for
plausibility checks. The content of the following subsection is adapted from an article published

in advance of this dissertation: [22].

4.7.1 Results Uncertainty Analysis of the Water Setup

In the water tests, the relative mean Nusselt number uncertainty ranges between £6% and +31%
for the calorimetric method and between +7% and £16% for the electrical method. A summary of
the combined uncertainty for each measurand is found in Table 4-5.

The uncertainty for the calorimetric method is dominated by the uncertainty of the main flow
temperature gradient oar,, this makes up for 33% to 83% of Uﬁ%lm. The very high fractions are
reached for the tests with the highest Reynolds numbers, because of the resulting low temperature
gradients in the water. The uncertainty of the thermal conductivity of the tube o, represents the
second largest contributor to the overall uncertainty with 8% to 20%. Other contributors to the
uncertainty are the tube thickness t; (5% - 13%), the thermal conductivity of the salt 15 (1% -
11%), the tube outer wall temperature T, (1% - 10%), the heating length l},04; (2% - 12%), and

the tube outer radius 1;, (1% - 3%). All other parameters (1, ¢, 5, T 15 Qins) make up for less than
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1% of the Nusselt number uncertainty. Figure 4-12 shows the distribution of uncertainty

contributions for an exemplary measurement point'".

The uncertainty for the electrical method is dominated by the power measurement Pgl;, which
makes up for 31% to 48% of aﬁ,ﬁim. The power measurement uncertainty is strongly dominated

by the conservatively chosen uncertainty of the phase angle (see chapter F.3) which accounts for
roughly 72% of o peL - Then follow the RMS current uncertainty, which accounts for about 26%,

and the RMS voltage uncertainty, which covers about 1%. All other contributors to o such as

P
the cooling water massflow, heat capacity and temperature gradient as well as Q;,,; amount to a
contribution of less than 1%. As for the calorimetric method, the uncertainty of the thermal
conductivity of the tube oy, represents the second largest contributor to the overall uncertainty of
a,%m with 14% up to 31%. The tube thickness t, amounts for 9% to 20%, the thermal
conductivity of the salt A¢ for 2% to 9%, the tube outer wall temperature T} , for 3% to 11%, the
heating length I}, for 6% to 10% and the tube outer radius 7, for 2% to 4%. All other parameters

(AT, T in, Qins) contribute less than 1% to the Nusselt number uncertainty a,\%m. Figure 4-13

shows the distribution of uncertainty contributions to Uﬁzm for the same measurement point as in

Figure 4-12.

Figure 4-12: Exemplary distribution of Figure 4-13: Exemplary distribution of
uncertainty contributions of Nugal for water  uncertainty contributions of o Nugl for water
test (calorimetric method, test case test (electrical method, test case
WAT m2 q700 ) WAT m2 _q700 V)

From this analysis, it becomes obvious that the electrical method is better suited for measurements
at high Reynolds numbers because the achieved temperature difference in the main flow AT has

a negligible impact on the overall uncertainty. This is of special importance for the water setup,

IV Test identification: WAT m2 q700, for more details see appendix D.3
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because at Reynolds numbers comparable to the maximum Reynolds number of Solar Salt at
560 °C only a third to roughly half of the temperature gradient which can be achieved with Solar
Salt is expected for the tests with water. This is because Solar Salt possesses roughly double the

density, a quarter of the specific heat capacity and half the kinematic viscosity compared to water.

Item Range Uncertainty

Main fluid mass flow: mg 0.944 —3.184 kg/s | £0.2%

Cooling water mass flow: m,, 0.157-0.160 kg/s | £0.06%

Main fluid inlet temperature: Ty; 10 —46 °C +0.1 K

Main fluid temperature difference ATy 1-7K +0.1-02K

Outer wall temperature T, 80 —-150°C +1-3K

Cooling water temperature difference: 7-16K +0.1 K

AT,

RMS voltage Uppys 290-445V +0.2%

RMS current Igps 547 -830 A +1%

Phase angle: ¢ 83.3° +0.12°

Combined measurement uncertainty Nu, Calorimetric method: £6% .. £31%
Electrical method: £7% and £16

Table 4-5: Summary of combined measurement uncertainty of the water setup

4.7.2 Results Uncertainty Analysis of the Solar Salt Setup

In the Solar Salt tests, the relative mean Nusselt number uncertainty ranges between £7% and
+41% for the calorimetric method and between £6% and +13% for the electrical method. A

summary of the combined uncertainty for each measurand is found in Table 4-5.

The uncertainty for the calorimetric method of% is dominated by the power measurement Pf%
m )

(68% to 99%). The power measurement itself is composed of the uncertainty of mass flow o, ,
the temperature gradient oar, and specific heat capacity Ocps- The mass flow measurement
uncertainty strongly depends on the achieved height difference in the salt tank (see appendix F.2).
The impact of the temperature gradient uncertainty is a function of the achieved temperature
gradient in the salt AT;. When both are combined, the mass flow uncertainty and temperature
gradient uncertainty make up for 54% to 98% of the power measurement uncertainty. The rest of
the power measurement uncertainty is caused by the uncertainty of the specific heat capacity. The
remaining contributors to the combined Nusselt number uncertainty G,\C,%lm are the thermal
conductivity of the tube gy, (<1% to 6%) the tube thickness t; (<1% to 4%) the thermal
conductivity of the salt A; (<1% to 9%), the tube outer wall temperature T, , (<1% to 15%), the
heating length lj,eq; (<1% to 14%) and the thermal losses through the insulation Q;,s (<1 to 3%).
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All other parameters (7,, Ts ;) account for less than 1% of the Nusselt number uncertainty. Figure

4-14 shows the distribution of uncertainty contributions for an exemplary measurement point".

The uncertainty for the electrical method is as well dominated by the power measurement PZ.;,
which makes up for 53% to 70% of aﬁﬁlm. Similar to the water setup, the power measurement

uncertainty is strongly dominated by the uncertainty of the phase angle (see chapter F.3) which
accounts for roughly 80% to 90% of Opel » followed by the RMS current uncertainty, which

accounts for about 9% to 14% and the RMS voltage uncertainty, which covers about 1%. All
other contributors to Opel » such as the cooling water mass flow, heat capacity and temperature
te

gradient as well as Q;,,; amount to a contribution of less than 1%. The remaining contributors to
1

Um
to 13%) the tube thickness t; (<1% to 9%) the thermal conductivity of the salt 1; (<4% to 14%),
the tube outer wall temperature T, , (1% to 11%), the heating length lp.4¢ (12%) and the thermal

the combined Nusselt number uncertainty og;, are the thermal conductivity of the tube a3, (<1%

losses through the insulation Q;,s (<1 to 3%). All other parameters (AT, T i, Qins) make up for

less than 1% of the Nusselt number uncertainty Gﬂlum. Figure 4-15 shows the distribution of

uncertainty contributions to G,’Q,lum for the same measurement point as in Figure 4-14.

Figure 4-14: Exemplary distribution of Figure 4-15: Exemplary distribution of
uncertainty contributions of o Nugal for salt uncertainty contributions of o Nug! for water
test ¥ (calorimetric method, test case test ¥ (electrical method, test case
SALT SG T300 m3 q700) SALT SG T300_m3 q700)

V Test identification: SALT SG T300 m3 700, for more details see appendix chapter D.2
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Item

Range

Uncertainty

Main fluid mass flow: my

Cooling water mass flow: m,,

Main fluid inlet temperature: Ty ;

Main fluid temperature gradient AT
Outer wall temperature T ,

Cooling water temperature gradient: AT,
RMS voltage Ugps

RMS current Izys

Phase angle: ¢

0.56 — 5.81 kg/s
0.172 - 0.174 kg/s

296 — 554 °C
1-30K
333 - 667 °C
5-15K
252-461V
465 -841 A
83.6°

+2%—15%
+0.06%
+0.2°C
+0.2-05K
+1-9K
+0.1K
+0.2%
+1%

+0.2°

Table 4-6: Summary of combined measurement uncertainty of the Solar Salt setup
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5 Results and Discussion

In this chapter first the results of the validation campaign with the smooth tube and water are
presented. In a next section, the results of the Nusselt number measurement campaigns with Solar
Salt and a smooth tube are shown and discussed. In a final section, the results of both the Nusselt
number and the friction factor of the spirally grooved tube measurement campaign with Solar Salt

are presented and discussed.

5.1 Validation experiments with water

Measurements with water as the main fluid are used to validate the measurement setup for the
forced convective heat transfer of Solar Salt in a smooth tube. As the heat transfer properties of
water in smooth tubes is fairly well understood and water properties are well-known, water is
well-suited for validation. The content of this subsection is adapted from an article published in

advance of this dissertation: [22].

The water measurements are carried out for Reynolds numbers ranging between Re = 43000 and
305000, bulk Prandtl numbers between 4 and 9 and for five different flux densities"': 420 kW/m?2,
560 kW/m?, 660 kW/m?, 830 kW/m? and 970 kW/m?. Figure 5-1 shows the results of the mean
measured Nusselt number normalized by the bulk and inner wall Prandtl number. As expected it

can be seen, that the normalized Nusselt number increases with higher Reynolds numbers.

1'200

o Measured

1000 < Gnielinski i

—FIT Expected (Gnielinski) i

800

600

400

Nu,/(Pr'3(Pr/Pr )*!) (-)

200

Validation test with water

0 50'000 100'000 150'000 200'000 250'000 300'000 350'000
Reynolds number (-)

Figure 5-1: Normalized Nusselt number as a function of Reynolds number of the validation
tests with water compared to the Gnielinski correlation (Re: 43000 to 305000, Pr: 4 to 9) [22]

VI Flux density is here defined at the inner tube surface as: ¢ = (P; — Gins - 277 * lpeat) /2T - 17+ lpear)
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Figure 5-2 shows the results of the validation tests with water in comparison to the values
predicted by the Gnielinski correlation. It can be observed that the measured values are in good
agreement with the values predicted by the Gnielinski correlation with deviations lower than +4%.
Given the high uncertainties, especially at the high Reynolds numbers, this can be interpreted that
the chosen uncertainties, especially for the phase angle ¢ and the tube wall thickness t, are on the

conservative side.

1'800

o Measured

—Nu Gnielinski +20% .

1'600

1'400

1'200

21000
g

Z 800
600

400

200 Validation test with water

0
300 500 700 900 1'100 1'300

Nu,, predicted Gnielinski (-)

Figure 5-2: Measured Nusselt number compared to the Nusselt number predicted by the
Gnielinski correlation of the validation tests with water (Re: 43000 to 305000, Pr: 4 to 9) [22]

5.2 Smooth circular tube with Solar Salt

The forced convective heat transfer of Solar Salt in a smooth tube is determined at three main
bulk salt inlet temperatures: 300°C, 400°C and 550°C. Consequently, Prandtl numbers range from
10 to 3.8. At each temperature, up to 5 different mass flows are assessed. This approach leads to
Reynolds numbers ranging between 14000 and 222000. Three different flux densities are applied
for each combination of mass flow and temperature: 330 kW/m?, 630 kW/m? and 930 kW/m?,
The content of this subsection is adapted from an article published in advance of this dissertation:
[22].

Figure 5-3 shows the resulting absolute measured mean Nusselt number of Solar Salt as a function
of Reynolds number for all salt temperatures. As expected, the Nusselt number increases with
increasing Reynolds number and decreases with lower Prandtl numbers. The mean Nusselt
numbers range from 130 up to 1300. The values predicted by the Gnielinski correlation for a mean

bulk Prandtl number and mean film Prandtl number of all experiments are added for reference.
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Reynolds number (-)

Figure 5-3: Measured mean Nusselt number of Solar Salt as a function of Reynolds number
and salt temperature (Re: 14000 to 222000; Pr: 3.8 to 10) and values expected by Gnielinski
for 3 different Prandtl numbers [22]

Figure 5-4 shows the comparison of the heat balance between the results obtained with the
“calorimetric method” compared to the “electrical method” as a function of Re. For 65% of the
experimental cases, the deviation of both approaches is less than +2.5%, for 90% of the

experiments, the deviation is less than £5%.

20%

-15% Solar Salt

0 50'000 100'000 150'000 200'000 250'000
Reynolds number (-)

Figure 5-4: Deviation of power transferred to tube using the calorimetric and the electrical
method as a function of Re (Re: 14000 to 222000; Pr: 3.8 to 10) [22]
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Figure 5-5 shows the measured Nusselt number of all salt temperatures normalized by the bulk
and inner wall Prandtl number. The measured deviations from the Gnielinski correlation fit within
the uncertainty of the measurement and the uncertainty band of £20% stated by the Gnielinski

correlation.
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o Measured £20% e
7101 Gnielinski ]

—Fit Gnielinski r
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10'000 60'000 110'000 160'000 210'000 260'000
Reynolds number (-)

Figure 5-5: Normalized mean Nusselt number of Solar Salt as a function of Re number for all
salt temperatures (Re: 14000...222000; Pr: 3.8...10)

This becomes even more obvious in Figure 5-6 in which the measured mean Nusselt number is
plotted versus the expected mean Nusselt number using the Gnielinski correlation. In this plot,

small variations in Prandtl number and varying heat flux can be accounted for. The observed

values for the salt properties impact factor (Pr/ Prt'l-)o'l1 range between 1.01 and 1.08 for the
conditions in the present experiment. This is generally lower than the measurement uncertainty.
No impact beyond the values predicted by this factor is observed for the measured mean Nusselt
numbers for this measurement campaign. To enable the reader to reproduce the resulting
measurements of a smooth tube, a correlation following the scheme proposed by Sieder and Tate
[21] is fitted to the measurement data using the least square method. The resulting fitted
correlation for Solar Salt (Re: 14000...222000; Pr: 3.8...10) is:

Nty g = 0.0094 - Re®? - pro-+. (77/7715,1')0'14 (5.1)

This fit predicts 78% of the measured points within 7% and 95% of the measured points within
+10%.
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Figure 5-6: Mean measured Nusselt number of Solar Salt over mean expected Nusselt
number (Gnielinski) for different salt temperatures (Re: 14000 to 222000; Pr: 3.8 to 10) [22]

One concern in the operation of solar receivers is the impact of local salt degradation due to local
overheating of the tube as it was observed by Jiangfeng et al. with HITEC [57]. They observed a
rapid decrease of the convective heat transfer as the tube inner wall temperatures approached the
maximum operation temperature specified by the manufacturer. Such a rapid decrease would lead
to further overheating of the tube and cause stronger decrease of the heat transfer. This is
especially critical if the flux reaching the absorber tube cannot be controlled very accurately.
Figure 5-7 shows the mean measured Nusselt number as a function of expected Nusselt number
for bulk salt temperatures around 550 °C. The highest inner wall temperatures are expected at low
Reynolds numbers. The maximum film temperature was around 630 °C. No relevant trend of

deviation of the measured Nusselt number from the expected values is observed.
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Figure 5-7: Mean measured Nusselt number as a function of predicted Nusselt number for
bulk salt temperatures at 550°C (Re: 25000 to 220000, Pr=4) [22]

Figure 5-8 shows the deviation of the mean measured Nusselt number from the expected one

calculated by Gnielinski of all measurement points. For 76% of the measurements, the deviation

lies within +7% and 97% of the measurement lying within +10% deviation, with no apparent

trend of film temperature. Based on these results, this thesis recommends the usage of the

Gnielinski correlation (Table 2-1) for the prediction of the mean Nusselt number of Solar Salt in

smooth circular tubes for Reynolds numbers ranging between 14000 and 222000, Prandtl

numbers ranging between 3.8 and 10 and flux densities ranging between 330 and 930 kW/m?.
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Figure 5-8: Deviation of measured mean Nu number from expected mean Nusselt number

calculated by Gnielinski as a function of the inner wall temperature (Re: 14000 to 222000;

b

Pr: 3.8 to 10) [22]

This result is in contradiction to the findings published by Das et al. [58]. This might be caused
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by the different setup, as they analyzed annular flow rather than the flow in a tube. However, as
the employed Reynolds number range, salt bulk temperature and flux density range are not
available, it is currently not possible to identify the cause for this deviation. In this experiment,
the inner wall temperature up to 630 °C does not lead to a decrease in heat transfer at the present
short dwell times of the salt in the heating section (~ < 1 s). Nevertheless, it cannot be excluded
that salt degradation which would lead to a decrease in heat transfer might occur at longer dwell
times for Solar Salt. The dwell times in the present experiment are similar to those of Jiangfeng
et al. (1-3 s) [57], who did observe a strong decrease of heat transfer and attributed this effect to
salt degradation. However, Jiangfeng et al. exceeded the specified upper temperature limit by a
higher margin and used a different salt, which might behave differently. Also, it has not been
reported by Jiangfeng et al. whether the lowering of heat transfer in their experiment persisted for
lower wall temperatures, thus excluding the formation of a low conductance surface layer through
corrosion. It must be noted that the high temperature experiments described in the present paper
are carried out over a duration of seven days, which might be too short for the development of a
corrosive layer. Long term operation at high film temperatures might lead to the formation of a
low conductance surface layer and hence to a local decrease of thermal conductivity of the tube.

Further research is necessary to gain deeper understanding of the effects at hand.

5.3 Spirally grooved tube with Solar Salt

5.3.1 Nusselt number

The forced convective heat transfer of Solar Salt in a spirally grooved tube with a relative groove
height e/di=0.017, a relative groove pitch p/d;=0.913 and groove angle 0=73.8° is deduced for
three main bulk salt inlet temperatures: 300°C, 400°C and 550°C. This leads to bulk Prandtl
numbers ranging from 10 to 3.7. At each bulk salt temperature up to 5 different mass flows are
assessed. This approach leads to Reynolds numbers ranging between 11000 and 285000. Three
different flux densities are applied for each combination of mass flow and temperature: 330
kW/m?, 630 kW/m? and 930 kW/m?. This subsection is based on an article that was published
prior to the completion of this dissertation: [59].

Figure 5-9 shows the resulting mean measured Nusselt number of the spirally grooved tube for
the three investigated salt bulk temperatures. As generally observed for Nusselt numbers, the
Nusselt number increases for higher Reynolds numbers and decreases for lower Prandtl numbers.
A correlation of the form proposed by Sieder-Tate [21] is fitted to the obtained measurement data
using a least square algorithm (Nu,, = C, - Re‘* - Pr%(u/u,,)***). The resulting correlation is shown

by equation (5.2).

Nty q = 0.0129 - Re®88 . PrO38(y/y, Y014 (5.2)

For orientation the fitted mean Nusselt number is shown in Figure 5-9 for three representative salt

bulk and inner wall temperatures.
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Figure 5-9: Mean Nusselt number of Solar Salt as a function of Reynolds number and salt
temperature (Re: 11000 to 285000; Pr: 3.7 to 10) and values calculated with equation (5.2)

assuming a constant Prandtl and inner wall temperature [59]

Figure 5-10 shows the comparison of the two heat balances as a function of Reynolds number. It
can be observed that 68% of the experimental cases show a deviation of less than +2.5% of the
“calorimetric method” compared to the “electrical method”. 96% of the experimental cases show
a deviation less than +£5%. Hence good agreement is found between the two methods for

measuring the power transferred to the tube.
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Figure 5-10: Deviation of power transferred to tube using the calorimetric and the electrical
method as a function of Re (Re: 11000 to 285000; Pr: 3.7 to 10) [59]
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Figure 5-11 shows the measured mean Nusselt number of the spirally grooved tube and the mean
Nusselt number predicted by the Gnielinski correlation for the smooth tube as a function of the
values predicted by the Gnielinski correlation. The measured Nusselt numbers of the spirally
grooved tube at Reynolds number smaller than 25000 are only slightly higher or equal to the
values predicted by Gnielinski for the smooth tube. For Reynolds numbers ranging between
27000 up to 285000 the measured Nusselt numbers of the enhanced tube are on average about
20% higher than those expected by the Gnielinski correlation for a smooth tube.

1'000 —t ,x’%§ :

Nu,(-)

o Measured (Spirally grooved tube)

—Gnielinski (Smooth tube)

100 1'000
Nu,, predicted by Gnielinski (-)

Figure 5-11: Measured mean Nusselt number of Solar Salt as a function of mean Nusselt
number predicted by Gnielinski correlation (Re: 11000 to 285000; Pr: 3.7 to 10) [59]

In Figure 5-12 the measured mean Nusselt number for all three temperatures is shown as a
function of the mean Nusselt number expected by equation (5.2). Figure 5-13, shows the resulting
Nusselt number ratio Nu,, for all three bulk salt temperatures as a function of Reynolds number.
Both graphs show the good agreement between the fitted correlation and the measurement: the

fitted correlation (5.2) fits 79% of the measured values within £5% and 99% of the measured
values within £8%.
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Figure 5-12: Measured mean Nusselt number and mean Nusselt number predicted by several
correlations as a function of the Nusselt number predicted by equation (5.2) (Re:
11000...285000; Pr: 3.7...10) [59]

The same figures show the values predicted by the general correlation proposed by Ravigururajan
et al. [7]. As also found by other authors, who performed measurements with molten nitrate salts
in enhanced tubes, the Ravigururajan correlation seems to overpredict the measured Nusselt
numbers by a factor of 1.2 up to 1.4. This is, however within the uncertainty range of +20% up to
+50% specified by Ravigururajan. Also, as can be seen in Figure 5-13, the Ravigururajan
correlation predicts a continuous increase of the Nusselt number ratio Nu, o with the Re number.
(Nu,, increases 0.15 from Re=25000 to 285000). This can, given the present uncertainty of the

high Reynolds number results, not be validated with the present measurements for Re>25000.

Finally, Figure 5-12 and Figure 5-13 show the values expected by the general correlation for
enhanced tubes proposed by Jiangfeng et al. [57]. This correlation was validated for Re=10000 -
30000, which roughly corresponds to Nun=100 — 300, so the values outside this interval must be
considered with care. It can be observed that the general correlation of Jiangfeng predicts 62% of
the measured values within £5% and 91% of the measured values within £10%. The deviations
to the Jiangfeng correlation are found for Re numbers below 25000. This is surprising, as the
measurements of Jiangfeng were conducted with a spirally grooved tube which had a similar
relative pitch angle for this Reynolds number range. However, Jiangfeng et al. used relative
groove heights which were 30% larger and lower flux densities (~220 to 240 kW/m?). On the
other hand, the relative groove width in the present experiment is 20% larger than the dimensions
used by Jiangfeng and approaches values equal to one. Chen et al. [76] found that for a relative
groove width equal to one, little to no increase of Nusselt number was observed. However, Chen’s
experiments were conducted for a transversally grooved tube. Also, it must be noted that both
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Chen and Jiangfeng used a ternary nitrate salt, which has Prandtl numbers which are roughly
double the Pr numbers of the present binary nitrate salt. Furthermore, it could be argued, that the

effect might be caused by local overheating of the salt.
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Figure 5-13: Measured and expected Nusselt number ratio — of two different authors as a

Local salt degradation due to local overheating of the tube is a concern during the operation of
heat exchangers using molten salts. This effect was observed by Jiangfeng et al. with the ternary
nitrate salt HITEC [57]: They measured a rapid decrease of the convective heat transfer as the
tube inner wall temperatures approached the maximum operation temperature specified by the
manufacturer. This rapid decrease leads to further overheating of the tube and probably would
entail further decrease of the heat transfer. Figure 5-14 shows the deviation of the measured
Nusselt number of the spirally grooved tube from the Nusselt number predicted by the Gnielinski
correlation for a smooth tube. From this figure, no obvious trend of the variation of Nusselt
number compared to Gnielinski can be deduced as a function of inner wall temperature for
T =315 - 633°C. However, some outliers can be observed; these measurements are obtained at
low Reynolds numbers, which show a considerable reduction of heat transfer compared to the

measurements at higher Nusselt numbers, as already seen in the previous graphs.
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Figure 5-14: Deviation of measured mean Nu number (spirally grooved tube) from the
Gnielinski mean Nusselt number (smooth tube) as a function of the inner wall temperature
(Re: 11000...285000; Pr: 3.7...10)

Based on Figure 5-14 it can be concluded that inner wall temperatures up to 633 °C alone do not
lead to a decrease in heat transfer in the present experiment. It must however be pointed out that
the systematic decrease in heat transfer towards lower Reynolds numbers could be caused by local
salt degradation. On the one hand, the salt has a higher dwell time in the tube at lower Reynolds
numbers leaving more time for the gaseous products to form and disturbing the heat transfer. On
the other hand, it could be, that beside the increase of local fluid velocity through the grooves, the
grooves might also locally decrease the fluid velocity (for example shortly before and after the
groove). This could cause local overheating beyond the measured inner wall temperatures and
entail local salt degradation (see chapter 3.4). The formation of a low conductive film can be
excluded, because the low Reynolds number experiments were repeated at the very beginning and
at the end of the measurement campaign and yielded the same results. Further research is
necessary to quantify the observed Nusselt number behavior for Re= 10000 to 25000 in the
spirally grooved tube and derive its origin with certainty. Furthermore, the present experiments
were only carried out over a duration of a few weeks. Therefore, it cannot be excluded that long-
term operation at high film temperatures would lead to the formation of a low conductance surface
layer and to a local decrease of thermal conductivity of the tube. Further research is required to

yield data in long-term operation.

5.3.2 Friction factor

In order to evaluate the performance enhancement properties of the spirally grooved tube, the
friction factor ratio needs to be assessed beside the Nusselt number ratio. For this purpose, the
pressure difference over the test section is deduced on one hand for the spirally grooved tube and
on the other hand for a smooth tube. Figure 5-15 shows the measured pressure difference of the

setup with a smooth tube and the setup with a spirally grooved tube for three bulk salt
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temperatures as a function of bulk flow velocity. It can be observed that the pressure difference
increases — as expected — in a quadratic fashion with increasing flow velocity. Also, the pressure
difference decreases for higher temperatures, which is mainly due to the lower salt density at
higher temperatures. In addition, it can be observed that the pressure difference of the spirally
grooved tube is generally higher than for the smooth tube. It must be noted that the pressure
difference shows considerable scattering, For this reason, only the measurement data for pressure

differences greater than 0.3 bar will be evaluated further on.
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Figure 5-15: Pressure difference over test section as a function of salt temperature for a
smooth and the spirally enhanced tube (Re: 11000 to 285000; Pr: 3.7 to 10) (adapted from

(59D

Figure 5-16 shows the resulting friction factors deduced using equation (4.21). As expected, the
friction factor decreases for higher Reynolds numbers and the friction factor of the spirally
grooved tube is generally higher than that of the smooth tube. A power function is fitted to the
measurement data following the basic form proposed by Blasius et al. for turbulent flow in a
smooth tube [19] using a least square algorithm. Using these fitted functions, the friction factor
ratio can be expressed using equation (5.3):
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0.7709 - Re~0-3022
{a/So = 03415 (5:3)
0.8843 - Re

It is interesting to point out that correlations which account for roughness of the tube (see
Figure 2-5 and Prandtl [117]) lead to lower agreement with the measurement data as these
correlations predict a lower temperature-dependency as shown by the measurement data. In this
experiment, the pressure difference of both the smooth and the enhanced tube are best predicted
with formulations of correlations typically used for smooth tubes following the form suggested

by Blasius.
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functions as a function of Reynolds number [59]

Figure 5-17 shows the resulting friction factor ratio using equation (5.3) as well as the resulting
friction factor when directly calculating the friction factor ratio using equation (4.22) from
measurement data of the spirally grooved and smooth tube respectively. As not all measurements
were taken at exactly the same salt temperature and Reynolds number, only the useful pairs are
shown. It can be seen that the measurements achieved with equation (4.22) do generally agree
with the friction factors obtained with equation (5.3) within the measurement uncertainty.
Furthermore, Figure 5-17 shows the predicted friction factor ratio by the general equation by
Ravigururajan et al. [7]. The general correlation overpredicts the measured friction factor ratio by
a factor of 1.8 to 2.9. This result lies considerably outside the uncertainty band given by
Ravigururajan et al. of £50%. The tube investigated in the present study has a groove height more
at the lower end of the spectrum investigated by Ravigururajan et al., this might cause the
overestimation, as the general correlations were developed to fit a large geometry basis. At the

same time, the measurement results of this thesis are in the same order of magnitude as the
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deviations measured by Chen et al [54]. It must however be noted that the measurements
conducted by Chen are performed using a ternary nitrate salt, with a transversally grooved tube.
Further research is necessary to understand the origin of this deviation.
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Figure 5-17: Friction factor ratio deduced by two approaches from the measurement data and
by a general correlation as a function of Reynolds number [59]
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6 Conclusion

This thesis evaluates the forced convective heat transfer of the molten nitrate salt “Solar Salt”
(60 wt-% NaNOs; 40 wt-% KNOs) in a smooth circular tube and a spirally grooved tube at high
Reynolds numbers at varying flux densities and bulk salt temperatures. In a first step, a thorough
review on the available literature on forced convective heat transfer of molten salts in circular
tubes is performed. In this literature review, it was found that little experimental data exists on
the behavior of the Nusselt number at Reynolds numbers greater than 50000 and that the sources
at hand concluded that common correlations overestimate the Nusselt number up to a factor of
3.5. Furthermore, the state-of-the-art of the thermophysical properties of Solar Salt is investigated.
The review yields correlations for the specific heat capacity, density, dynamic viscosity, and
thermal conductivity, including their respective uncertainties. Finally, an innovative experimental
setup for evaluating the forced convective heat transfer of Solar Salt employing an induction
heater is described. The experimental setup is validated through measurements with water as its
forced convective heat transfer properties are well-known. The values measured in the setup with
water showed good agreement with the values predicted by the Gnielinski correlation with

deviations lower than +4%.

The forced convective heat transfer with Solar Salt is measured for three main bulk salt inlet
temperatures: 300 °C, 400 °C and 550 °C, leading to Prandtl numbers ranging from 10 to 3.8. At
each temperature, up to 5 different mass flows are assessed. This approach leads to Reynolds
numbers ranging between 14000 and 222000. Three different flux densities are applied for each
combination of mass flow and temperature: 330 kW/m?, 630 kW/m? and 930 kW/m?. To enable
reproduction of the measurement results, a correlation was fitted to the measurement data using
the least squares method. Good agreement is found between the Nusselt numbers expected by the
Gnielinski correlation and the measured mean Nusselt numbers with 76% of the measurements
lying within £7% deviation and 97% of the measurement lying within £10% deviation. No
obvious trend of the applied heat flux on the measured mean Nusselt number beyond the values
predicted by Gnielinski is observed. Special focus is put on the impact of inner tube wall
temperatures larger than 600 °C on the heat transfer. The measurements show that inner wall
temperatures up to 630 °C do not lead to a decrease in convective heat transfer to the salt in the
heating section for the dwell times present in this experiment. Hence, it is concluded that the
Gnielinski correlation is well-suited for the prediction of Nusselt numbers of Solar Salt in smooth
tubes at the conditions presented in this experiment. This result is in contradiction to the findings
published by other authors. This might be caused by the different setup, as they analyzed annular
flow rather than the flow in a tube. However, as the employed Reynolds number range, salt bulk
temperature and flux density range are not given in the reference, it is currently not possible to
identify the cause for this deviation.

Furthermore, the forced convective heat transfer and pressure difference of “Solar Salt” in a
spirally grooved tube at high Reynolds numbers at varying flux densities is experimentally
investigated. In a first step, a literature review on the application of enhanced tubes in nitrate salt
heat exchangers is performed: it is found that the commonly used general correlation suggested
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by Ravigururajan et al. overpredicts the experimental results of the Nusselt number of four
different authors by 15% up to 90%. In addition, the general correlation for the friction factor
ratio overpredicts the available experimental data by a factor of 1.7 up to 2.3. The same setup,
that was used for the smooth tube, is used to deduce the Nusselt number and the pressure
difference over a spirally grooved test tube. The investigated grooved tube has a relative groove
height of ¢/di=0.017, a relative groove pitch of p/di=0.913 and a groove angle a=73.8°. The
measurements of the forced convective heat transfer are undertaken for three main bulk salt inlet
temperatures: 300 °C, 400 °C and 550 °C, leading to Prandtl numbers ranging from 10 to 3.7. At
each temperature up to 5 different mass flows are assessed. This approach leads to Reynolds
numbers ranging between 11000 and 285000. Up to three different flux densities are applied for
each combination of mass flow and temperature: 330 kW/m?, 630 kW/m? and 930 kW/m?. The
experiments yielding the friction factors show that the general correlation developed by
Ravigururajan for the friction factor ratio overpredicts the measured friction factor ratio by a
factor of 1.8 to 2.9. This result lies considerably outside the uncertainty band of £50% given by
the authors of the general correlation. At the same time, the present results are in the same order
of magnitude as the deviations measured by Chen et al. Further research is necessary to

understand the origin of this deviation.

During the experiments at Reynolds numbers above 25000, an increase of Nusselt number of
roughly 1.19+£0.14 is observed with increasing Re numbers. However, the deduced Nusselt
number ratios of the spirally enhanced tube are considerably lower than the values predicted by
the general correlations developed by Ravigururajan but are still within the uncertainty range of
+20% up to £50% specified for the general correlations. The measurements in the Re number
region 11000-25000 show little to no increase of heat transfer for the spirally grooved tube
compared to the smooth tube. This is in contradiction to the measurements conducted by other
authors. Film temperatures up to 630 °C are investigated in the spirally grooved tube experiment.
Based on the measurements it can be concluded that inner wall temperatures up to 633 °C alone
do not lead to a decrease in heat transfer in the present experiment. It must however be pointed
out that the systematic decrease in heat transfer towards lower Reynolds numbers could be caused
by local salt degradation. On the one hand, the salt has a higher dwell time in the tube at lower
Reynolds numbers leaving more time for gaseous products to form and disturbing the heat
transfer. On the other hand, it could be that the grooves not only cause a local increase of fluid
velocity but can also cause a local decrease in fluid velocity (for example shortly before and after
the groove). This could cause local overheating and entail local salt degradation. The formation
of'alow conductive film on the inner tube wall can be excluded, because the low Reynolds number
experiments were repeated at the very beginning and at the end of the measurement campaign and
yielded the same results. Further research is necessary to quantify the observed Nusselt number
behavior for Re= 10000 to 25000 in the spirally grooved tube and define its origin with certainty.
Furthermore, the present experiments were only carried out over a duration of a few weeks.
Consequently, it cannot be excluded that long-term operation at high film temperatures would
lead to the formation of a low conductance surface layer and to a local decrease of thermal
conductivity of the tube. Further research is required to yield data in long-term operation.
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A. Flow Conditions in Central Solar Receivers

The geometric and thermal specifications prevalent in molten salt receivers are collected for

demonstration plants and commercial plants from the literature. For this purpose, the publicly

available data of several different molten salt receivers is analyzed: Solar Two [28], MSEE [29],
Thémis [30], HPMS-I external receivers [10], CSP Reference plant [31], Gemasolar [32],
Crescent Dunes [33], NOOR III [34] and Atacama 1 [35]. The available data is summarized in

Table A-1
) Crescent CSP
Solar MSEE Thémis Gema- HPMS-I NOOR
Dunes Reference
Two [28] [29] [30] solar [32] [10] 111 [34]
[33] plant [31]
Heat transfer
fluid Solar Salt Solar Salt HITEC Solar Salt Solar Salt Solar Salt Solar Salt Solar Salt
ui
Bulk inlet
temperature 290 290 250 290 287 290 290 300
Receiver (°C)
Bulk outlet
temperature 565 566 450 565 565 565 565 565
Receiver (°C)
Reynolds
37000 22000 29000 46000 81000
number Inlet (-)
Reynolds
number Outlet 121000 73000 85000 150000 266000
O]
Irradiated
. 6.2 3.5 4 10 22 22.8 25.7

height (m)
Inner diameter

18.6 15.7 15 21.7 32.8
tube (mm)
Outer diameter

21 19 18 25 50 38
tube (mm)
Peak Flux

850 630 800 1000
(kW/m?)
Mean Flux

430 260 390 536
(kW/m?)
Thermal rating

42.2 5 9 120 700 700 660
(MWlh)
L/d; 333 223 267 461 792 784

Table A-1: Flow conditions in Central Solar Receivers
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B. Thermophysical Properties of Water and Test
Tube

This subsection contains the summary of the selected thermophysical properties of liquid water
(appendix B.1) and of the test tube (appendix B.2).

B.1. Thermophysical Properties of Liquid Water

The thermophysical properties of the main water flow and the cooling water flow is computed
using the reference correlations of liquid water published by Harvey et al. [118]. The validity of
these formulas is given in the following interval: -20 to 110°C and 1 to 3 bara. These formulas
are based for pure H,O with the standard isotopic composition for hydrogen and oxygen given by
Vienna Standard Mean Ocean Water (VSMOW) [119]. Natural water does have an isotopic
composition differing slightly from that of the VSMOW, however the difference is negligible for
all properties, with exception of the density, where isotopic composition could affect the most
precise measurements [118]. The used water is in contact with the atmosphere in the tank and can
therefore be fully or partially saturated with air at atmospheric pressure. This has a negligible
effect on all properties, again except for the density [118].

Estimates of the uncertainty of the isobaric heat capacity between the [APWS-95 correlations in
the liquid region are assumed to be in the range of +0.1% (see Figure B-1) The additional
uncertainty caused by usage of the simplified correlations is shown in Figure B-2.

10°

£ sce the lower no definitive uncertainty estimates possible
r 7 diagram
10° & S
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105x(cp0fcm5 - 1)

Sublimation curve
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235 300 400 500 600 800 1000 1273 250 275 300 325 350 375
Temperature T/K Temperature. K

Figure B-1: Uncertainty of specific  Figure B-2: Relative deviation of the specific isobaric

isobaric heat capacity Acy/c, heat capacity at 0.1 MPa from the IAPWS-95

correlation

It can be found that for the considered temperature range the additional uncertainty is roughly
0.004% and hence more than one order of magnitude smaller than the estimated IAPWS-95
correlation. The water pressure has not been monitored during the experiment and will be
accounted for as an uncertainty. A maximum deviation of +0.02% is found at a pressure of 3 bara

[118]. This value is accounted for as an uncertainty resulting in an overall relative uncertainty of
dc, = £0.1 %.
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The relative uncertainty of the IAPWS correlation for thermal conductivity of liquid water lies
between +1.5% and £2% [119]. The additional uncertainty caused by usage of the simplified
correlations is <+0.0025% over the relevant temperature range. Also, the variation of pressure up

to 3 bara only leads to a change in value, which is more than an order of magnitude lower than
the order of magnitude of the property itself. This means that approximating the thermal

conductivity by the Harvey correlations adds negligible additional uncertainty to the thermal

conductivity calculation [118].

B.2. Thermophysical Properties of the Test Tube

The test section is composed of a seamless stainless steel tube of the material 1.4878. The tubes

were solution annealed at 1185°C then rapidly cooled in water. Figure B-3 shows the chemical

composition of the material certificate of the tube.

Chemical composition, % / chemische Zusammensetzung / Composition chimique en % / MaccoBas fons anemeHToB B %

Melting process / (o Mn P S Si Cr Ni N Ti
Erschmelzungsart/
Heat # / Schmelze # /
g:mée]:pr:;;:m Process de State / Probe / Etat/ Mpo6a (0.040 -( max | max | max | max |17.00 -| 9.00 - [ max [4*(C+N) -
fabrication de I'acier / 0.080 |2.000.040{0.015|1.00 | 19.00 | 12.00 [0.100| 0.700
MeTopg Bbinnaeku
IM + AOD Ladle / Schopfprobe / Poche | 444 [ 183 0.031[0.000| 0.44 | 17.12 | 9.10 |0.017| 0370
54419 de coulée / KoBlueBasi
p"“d“c“PT“;dyg:“Pmd“'” 0.043 | 1.840.029]0.008|0.43| 17.16 | 9.15 [0.016| 0.370

Figure B-3: Material composition from material certificate of test tube

For the thermal conductivity of A,, literature data for the used austenitic stainless steel (1.4878) as
well as for several similar austenitic steels is collected [120], [121], [122], [123]. The documented

thermal conductivity as a function of temperature is shown in Figure B-4.
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Figure B-4: Thermal conductivity of several austenitic stainless steels as a function of
temperature. The deduced correlation is shown in dashed lines. Error bars indicate +7% [120],

[121], [122], [123].
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Based on the data found for 1.4878, a linear correlation is deduced using the least square method.
The resulting correlation is defined as: 1,(T) = 1.27551E — 2 - T (°C) + 14.7449. It can be seen

that almost all given measurement points are found in an interval of £7% of the correlation. Hence,

. o . . +79
the following uncertainty is assumed for the tube thermal conductivity uncertainty &;, = % =

+4%.

The electrical resistivity p,; quantifies the ability of a material to conduct electric current. Figure
B-5 gives an overview of the electric resistivity of a selection of austenitic steels and nickel-based
alloys found in the literature and based on manufacturer data as a function of temperature. It can
be observed that the electrical resistivity increases with temperature for austenitic steels. This
behavior is less pronounced for nickel-based alloys. In this work, the values published by Graves

et al. [120] will be used for the test tube. Intermediate values are obtained trough linear

interpolation.
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Figure B-5: Electric resistivity of a selection of austenitic steels and nickel-base alloys [123],
[122], [121], [124], [125], [126], [120]

The relative magnetic permeability . quantifies the ability of a material to conduct the magnetic
flux in comparison to vacuum or air. Based on their magnetization ability, materials can be
divided into three distinct groups: paramagnetic, diamagnetic, and ferromagnetic materials.
Paramagnetic and diamagnetic materials show a magnetic permeability slightly higher than one
(ur>1) and slightly lower than one (u.<1) respectively and are generally referred to as non-
magnetic materials. In contrast, ferromagnetic materials exhibit magnetic permeability p>>1.
Austenitic stainless steel is usually classified as paramagnetic, with permeabilities ranging
between 1.003 to 1.05. Ferritic and martensitic steels are usually classified as magnetic, as they
possess permeabilities >>1. The relative magnetic permeability of ferromagnetic workpieces
gradually decreases for higher temperatures and drops by 5 to 1000 times near the Curie point (~
around 700 °C) [26]. In addition, the relative permeability of ferromagnetic steels depends on the
local magnetic field intensity. For non-magnetic materials, the permeability does not change with
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temperature or field intensity [127]. In this work, a relative magnetic permeability of p,=1.008 is
assumed for the austenitic stainless steel 1.4878 (Peckner, [128]).



Appendix 97

C. Preliminary Experiments

Preliminary experiments are carried out to clarify the occurance of ion conduction in a single
electrode setup and to quantify the maximum allowable applied potential difference in a setup
with molten salt. Appendix chapter C.1 summarizes experimental setup and experimental
parameters of the single electrode experiment and appendix chapter C.2 gives additional
information about the cyclic voltammetry experiment.

C.1. Single electrode experiment

The goal of this experiment is to demonstrate experimentally whether ion conduction can
principally take place if a potential difference is applied over the length of a tube through which
an electrolyte flows. In a classical electrolysis setup, a potential difference is applied to two
electrodes (cathode and anode) which are separated by an electrolyte. In the case of the pipe,
however, the tube represents a single electrode over which the potential difference decreases
continuously from one end to the other. In the case of the pipe it can be argued that no electrolysis
reactions would take place because the local potential difference is not high enough. To confirm
the single electrode concept in principle, a simple experiment was carried out using a wire to
represent the tube and a saline solution to represent the salt: A single NiCr (NiCr6015) wire is
placed in a saline solution (Water + NaCl) to which a DC potential difference is applied and both
the potential difference and the current through the wire is measured. Figure C-1 shows a
schematic of the single electrode experimental setup. The test matrix of the test series is
summarized in Table C-2.

e (1)
. (U ) °
1000 mm >
0 0.5 mm ‘ ' .
NiCr-wire Container Saline solution

Figure C-1: Schematic setup single electrode electrolysis test

Wt-% Salt Applied potential Wt-% Salt Applied potential
difference (V) difference (V)
0% 3,4,5,6,7.6,8.7, 11 5% 3,4,5,6,7.6,8.7, 11
2% 3,4,5,6,7.6,8.7, 11 6% 3,4,5,6,7.6,8.7, 11
4% 3,4,5,6,7.6,8.7, 11 8% 3,4,5,6,7.6,8.7, 11

Table C-2: Test matrix single electrode electrolysis experiment
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C.2. Cyclic voltammetry experiment

The decomposition potential of a system with Solar Salt shall be determined experimentally. For
this purpose, a cyclic voltammetry experiment is selected. Cyclic voltammetry is an analytical
method that is commonly used to examine various electrode processes. In cyclic voltammetry,
first a linearly increasing and then a decreasing potential is applied to a pair of electrodes
immersed in an electrolyte. This process is repeated several times, while the current and applied
potential difference are measured as a function of time [109]. Figure C-3 shows the schematic

setup as well as pictures of the actual setup in the laboratory.

[ Electrically
insulating bracket = N\ LR =y
‘ l I 2 - £ \ Thermo-couple in ALO;

sleeve
| ALO:-

| Crucible

Alloy 625 ‘

Alloy 625
Electrode

Electrode

Insulation
Oven |

60% NaNO; —J

40% KNO. .
! Thermocouple

in ALO; sleeve

Oven
‘ AlLO; Spacer U ‘ o

Figure C-3: Left: Schematic setup of cyclic voltammetry experiment; Right: Pictures of cyclic

voltammetry experiment

The tests were conducted for two different salt temperatures (290 °C and 600 °C) and for applied
peak potential differences ranging between 0.5 and 7.0 V. The triangular potential-time curve is
repeated ten times for each combination of potential difference and salt temperature. Table C-4
gives an overview over the conducted test parameters. The measurements are all conducted

following the procedure described in Table C-5.

Salt temperature Applied peak voltage Duration of Number of cycles
experiment
290 °C 05V 11 min. 10
290 °C 1.0V 11 min. 11
290 °C 20V 12 min. 12
290 °C 27V 21 min. 10
290 °C 42V 21 min. 10
560 °C 05V 10 min. 10
560 °C 09V 10 min. 10
560 °C 1.4V 11 min. 10
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Salt temperature Applied peak voltage Duration of Number of cycles
experiment
560 °C 21V 20 min. 10
290 °C 05V 10 min. 10
290 °C 27V 20 min. 10
290 °C 42V 20 min. 10
290 °C 6.1V 23 min. 11
290 °C 58V 21 min. 10
290 °C 7.0V 28 min. 11
560 °C 20V 20 min. 10
560 °C 32V 26 min. 10

Table C-4: Test matrix cyclic voltammetry experiment

Test procedure

Prepare electrodes, crucible and salt:

- Polish sample with sandpaper (first coarse then up to 1000-2000)

- Rinse electrode with distilled water, then with isopropanol and air dry

- Rinse Al,O; crucible with distilled water and air dry
- Mix salt (60 wt-% NaNOs, 40% KNO3) at ambient temperature and fill into crucible
- Place crucible in oven and heat to desired temperature (290 °C, 400 °C and 560 °C)

- Wait until all salt has melted

- Immerse electrodes in salt and adjust distance between electrodes

Cyclic voltammetry test

- Increase voltage continuously from 0 to set point voltage (~ 1.5 minutes) and reduce continuously back

to zero (~ 1.5 minute) (triangular function)

- Repeat at least 10 times

After test

- Remove and air-cool electrodes

- Clean electrodes with distilled water

Table C-5: Test procedure cyclic voltammetry experiment with Solar Salt
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D. Test Setup and Test Matrix

This appendix section shows additional figures and drawings of the molten salt and water test
setup as well as the carried out test matrix of each test campaign. The subchapters are divided into
the so-called “Test Section” (appendix D.1), which is used in both the water test setup and the
molten salt test setup. In appendix D.2 more information is given about the Solar Salt Test Setup

and in appendix D.3 more details are given about the Water Test Setup.

D.1. Test Section

The so-called Test Section is used in both the Water and the molten salt Test Setup. Figure D-1
shows a CAD drawing of the heat transfer measurement test setup with all relevant dimensions.
Figure D-2 is an isometric drawing of the used solenoid induction heater coil. A screenshot of the
used control system user interface of the heat transfer measurement setup can be seen in
Figure D-3.
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Figure D-1: CAD drawing of test section
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Figure D-2: Isometric view of the solenoid multiturn coil
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Figure D-3: Screenshot of control system molten salt Test Setup

D.2. Solar Salt Test Setup

In this subsection additional information is given about the Solar Salt Test Setup. Figure D-4 and

Figure D-5 show a schematic of the TESIS:com test section with all relevant dimensions. Figure

D-6 and Figure D-7 show pictures of the heat transfer measurement setup with Solar Salt before

and after insulation. Table D-8 and Table D-9 summarize the main parameters of the Solar Salt

test campaign with the Smooth and the Spirally grooved tube.
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Figure D-4: Top view TESIS:com test section
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Figure D-6: Picture of molten salt Test Section during installation (before insulation)

Figure D-7: Picture of molten salt Test Section after insulation
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Flux
Main mass | Main fluid density to
Test identification flow ring temperature Reynolds Prandlt main fluid
number (-) | number (-) | .
(kg/s) T, (°O) dth 2 salt
(KW/m?)
SALT SM_T300 m6 q300 | 5.81 2970 103094 | 10.0 330
SALT _SM_T300 m5 q300 | 4.35 298.2 77685 | 9.9 326
SALT SM_T300 m3 q300 | 2.81 298.2 50169 | 9.9 325
SALT SM_T300 ml g300 | 0.74 3043 13720 | 9.6 326
SALT SM_T300 m2 q300 | 1.98 302.6 36305 | 9.7 325
SALT SM_T300 m6 q700 | 5.71 300.3 103448 | 9.8 616
SALT SM_T300 m5 q700 | 4.38 302.8 80476 | 9.7 614
SALT SM_T300 m3 q700 | 2.81 303.4 51901 | 9.6 619
SALT SM T300 m2 q700 | 1.82 304.1 33813 | 9.6 619
SALT SM_T300 ml _q700 | 1.04 305.0 19326 | 9.6 627
SALT SM_T300 m6 ql1000 | 5.73 2997 103424 | 9.9 915
SALT _SM_T300 m5 _ql1000 | 4.30 300.4 77795 | 9.8 912
SALT SM_T300 m3 q1000 | 2.88 304.3 53382 | 9.6 911
SALT SM_T300 m2 q1000 | 1.80 306.7 33968 | 9.5 915
SALT_SM_T400 m5 q300 | 4.26 396.6 128695 | 6.2 393
SALT SM_T400 m3 q300 | 2.78 3993 85017 | 6.1 326
SALT_SM_T400 m2 q300 1.77 400.2 54409 | 6.1 326
SALT SM_T400 ml g300 | 0.87 396.7 26267 | 6.2 323
SALT SM_T400 m6 q700 | 5.67 395.1 170308 | 6.2 616
SALT _SM_T400 m5 q700 | 4.33 398.2 131805 | 6.1 631
SALT SM_T400 m3 q700 | 2.78 394.0 83188 | 6.2 629
SALT_SM_T400 m2 q700 1.81 3955 53777 | 6.2 644
SALT SM_T400 m6 q1000 | 5.66 399 4 173083 | 6.1 923
SALT SM_T400 m5_q1000 | 4.29 396.8 129802 | 6.2 921
SALT_SM_T400 ml _q700 | 0.66 401.8 20559 | 6.0 628
SALT _SM_T400 m3_q1000 | 2.89 4012 89102 | 6.1 922
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SALT SM_T400 m2 q1000 | 1.79 403.7 56020 | 6.0 923
SALT SM_T400 m6 q300 | 5.65 395.4 169729 | 6.2 329
SALT SM _T550 m3 q300 | 2.74 5488 145643 | 3.8 333
SALT SM T550 ml_q300 | 1.46 5443 76747 | 3.8 333
SALT_SM_T550_m2_ 700 2.13 5441 111918 | 3.8 619
SALT SM_T550 ml 300 | 0.61 538.2 31362 | 3.9 327
SALT _SM _T515 ml 300 0.60 518.9 29083 | 4.1 325
SALT SM T475 ml 300 0.61 484.8 25765 | 4.5 324
SALT SM T550 m5 700 | 4.20 5475 222554 | 3.8 625
SALT SM _T550 m3 700 | 2.70 547.9 143069 | 3.8 625
SALT SM T515 m2 700 | 2.13 513.3 101395 | 4.2 626

Table D-8: Test matrix test setup with Solar Salt and smooth tube

Flux
Main mass | Main fluid Prandlt density to
o ) Reynolds o
Test identification flow m temperature number (- | main fluid
. number (-) ,
(kg/s) T, (°O) ) qth 2 salt
(kW/m?)
SALT SG T300 m3 1000 2.68 309.7 51358 | 9.3 905
SALT SG T300 m5 1000 4.18 307.7 79123 | 94 904
SALT SG T300 m2 1000 1.85 303.8 34175 | 9.6 904
SALT SG T300 ml 1000 0.70 315.7 13839 | 9.0 916
SALT SG T300 m6 1000 5.51 299.6 99411 | 9.9 890
SALT SG_T300 m6 700 5.49 302.4 100644 | 9.7 615
SALT SG_T300 m5_700 4.22 299.2 75928 | 9.9 615
SALT SG T300 m3 700 2.62 304.2 48667 | 9.6 616
SALT SG_T300 m2_ 700 2.08 302.4 38194 | 9.7 617
SALT SG T300 ml 700 0.64 312.7 12500 | 9.2 614
SALT SG T300 m6 300 5.58 298.4 99835 | 9.9 320
SALT SG_T300 m5 300 4.06 303.5 74943 | 9.6 321
SALT SG T300 m3 300 2.71 301.9 49601 | 9.7 321
SALT SG T300 m2 q300 2.02 300.8 36765 | 9.8 321
SALT SG T300 ml 300 0.64 306.4 12052 | 9.5 321
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SALT SG T300 ml ql000b | 0.68 315.5 13402 [ 9.0 911
SALT SG_T300_m3_ql000b | 2.77 302.1 50707 | 9.7 896
SALT SG_T300 m6_ql1000b | 5.33 301.8 97342 | 9.7 892
SALT SG T300 ml q1000c | 0.84 318.4 16975 | 8.9 933
SALT SG_T300 m3_ql000c | 2.72 305.8 50895 | 9.5 918
SALT SG T300 m6 q1000c | 5.59 3223 115379 | 8.7 915
SALT SG T300 m5 q1000c | 4.20 318.8 85075 | 8.9 917
SALT SG T300 m2_ql1000c | 1.98 324.9 41543 [ 8.6 921
SALT SG T300 ml q700c | 0.62 309.7 11717 | 9.3 629
SALT SG_T300 m3_q700c | 2.67 310.2 51317 [ 9.3 619
SALT SG T300 m6_q700c | 5.54 303.3 102257 | 9.7 616
SALT SG T300 m5 q700c | 4.14 307.3 78314 [ 9.4 617
SALT SG_T300 m2_q700c | 2.08 307.2 39371 | 9.4 618
SALT SG T300 ml g300c | 0.56 316.0 10329 | 9.0 332
SALT SG T300 m3 q300c | 2.67 308.6 50854 | 9.4 328
SALT SG T300 m4 q300c | 3.30 304.0 61144 | 9.6 327
SALT SG T300 m2 q300c | 1.45 313.8 28559 | 9.1 328
SALT SG_T300 m5 q300c | 4.17 306.8 78512 | 9.5 327
SALT SG_T400 m6 q300 | 5.39 400.1 165652 | 6.1 330
SALT SG T400 m6 q300b | 5.41 399.9 165930 | 6.1 325
SALT SG_T400 m5 q300b | 4.17 396.0 125712 | 6.2 325
SALT SG T400 m3 q300b | 2.68 399.1 82068 | 6.1 325
SALT_SG _T400_m6 ql000 | 5.54 397.8 168347 | 6.1 915
SALT SG_T400 m5 ql000 | 3.85 399.4 117916 | 6.1 913
SALT_SG_T400_m3 ql000 | 2.53 400.3 77696 | 6.1 913
SALT_SG _T400_m2 ql1000a | 1.79 398.4 54557 | 6.1 922
SALT SG_T400 ml _q700b | 0.63 402.1 19602 | 6.0 625
SALT SG T400 m3 q700b | 2.68 397.1 81082 | 6.2 618
SALT SG_T400 m3_ql000b | 2.74 397.6 83178 | 6.1 918
SALT SG_T400 mé6_g1000b | 5.39 397.1 163325 | 6.2 915
SALT SG _T400 m2 ql1000b | 1.57 400.9 48306 | 6.1 921
SALT SG_T400 m5_ql000b | 4.15 3975 125850 | 6.1 915
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SALT_SG_T400_ml_g1000b | 0.87 410.6 27921 [ 5.8 937
SALT SG_T400 ml _q700c | 0.63 406.2 19846 | 5.9 630
SALT SG_T400 m3 q700c | 2.66 400.9 81891 | 6.1 623
SALT SG_T400 m6_q700c | 5.47 398.0 166370 | 6.1 623
SALT SG T400 m2 q700c | 1.87 401.2 57710 | 6.1 623
SALT SG_T400 m5 _q700c | 4.04 3977 122700 | 6.1 622
SALT SG_T400 m2_q1000c | 1.92 400.3 58939 | 6.1 928
SALT SG_T400 m3_q1000c | 2.66 400.7 81800 | 6.1 927
SALT SG_T400_m6_q1000c | 5.50 398.6 167696 | 6.1 922
SALT SG T550 m3 q700 | 2.52 548.1 133576 | 3.8 635
SALT SG T550 ml _q700 | 1.42 544.9 74500 | 3.8 636
SALT SG_T550 ml _q700b | 1.32 546.5 69532 | 3.8 634
SALT SG_T550 m6 q700 | 5.09 550.2 271794 | 3.8 637
SALT SG_T550 ml _q700c | 1.35 553.4 72785 | 3.8 638
SALT SG_T550 m6_ql1000 | 5.17 5478 273998 | 3.8 939
SALT SG T550 ml _g300 | 0.71 5472 37645 | 3.8 338
SALT SG_T550 m6 q300 | 5.22 551.2 279698 | 3.8 337
SALT SG_T550 m3 q300 | 2.57 552.1 138137 | 3.8 338
SALT SG_T550 m5 q700 | 4.03 5514 215894 | 3.8 634
SALT SG_T550 ml _q700d | 1.48 557.1 80420 | 3.7 634
SALT SG_T550 m6 _q700d | 5.27 553.7 284656 | 3.7 630
SALT SG_T550_m4 q700d | 3.94 555.0 213360 | 3.7 629

Table D-9: Test matrix test setup with Solar Salt and spirally grooved tube

D.3. Water Test Setup

This section includes additional information about the Water Test Setup. Figure D-10, Figure D-
11 and Figure D-12 show a simplified piping and instrumentation diagram, 3D CAD drawing and
a picture of the final installation of the water test setup respectively. Table D-13 gives an overview

over the main parameters during the water test campaign.
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Figure D-10: Simplified piping and instrumentation diagram of water test setup

Water
tank

Water outlet
temperature

Coriolis
Sensor
Heated
section

Water inlet
temperature

Figure D-11: CAD drawing of water test setup
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Figure D-12: Picture of water test setup
. . Flux density
Main mass Main fluid . .
Test ) Reynolds Prandlt to main fluid
. . . flow ming temperature .
identification number (-) number (-) qth 2 water
(kg/s) T (°C)
(kW/m?)

WAT ml q700 0.94 14.4 45347 8.3 651
WAT m2 q700 1.82 22.5 106143 6.6 649
WAT m3 q700 3.18 31.6 227041 52 649
WAT ml q600 0.95 13.2 43608 8.5 548
WAT m2 q600 1.83 20.1 100616 7.0 547
WAT m3 q600 3.18 28.1 210442 5.7 547
WAT ml q460 0.96 35.5 75116 4.8 411
WAT m2 q460 1.84 40.9 158843 4.2 411
WAT m3 q460 3.18 46.9 305237 3.8 410
WAT_ml_q900 0.95 16.2 47373 7.8 820
WAT ml_q1000 1.27 25.1 77849 6.1 955
WAT m2 q1000 2.52 32.7 182627 5.1 953
WAT_m3_q1000 3.18 41.8 275872 4.2 954

Table D-13: Test matrix validation tests with water and smooth tube




Appendix 109

E. Enhanced tube geometry

This appendix chapter gives additional information about the selection process of the spirally

grooved tube geometry and the final geometry of the selected spirally grooved tube.

The geometry of the enhanced grooved tube is defined based on the following two criteria:
- Expected increase in Nusselt number of more than 20 %
- Expected increase in pressure difference of maximum 200%
- Manufacturability

Using the correlations introduced by Ravigururajan et al. [62] the expected increase in Nusselt
number and pressure difference is computed for different groove heights e, groove angles o and
number of threads G. Figure 0-1 shows on the left two exemplary grooved tubes with two different
number of threads. Table 0-2 summarizes the evaluated tube enhanced tube geometries. Figure 0-
3 shows the Nusselt number ratio and friction factor ratio for the different enhanced tube
geometries. In general, it can be observed that both the Nusselt number ratio and the friction factor
ratio increase for higher groove heights and for lower groove pitch (e.g., higher number of
threads). Both ratios are highest for transversely grooved tubes («=90°) and decrease for lower
groove angles. However, it occurs that the friction factor ratios achieve values above a factor of
two already for relatively low groove heights. The variant with one thread, a groove angle of 73.7°
and a groove height of 0.4 mm is selected together with the manufacturer. This variant promises

a Nusselt number ratio of more than 1.5 at a friction factor ratio of roughly 2.0.

»

\\\\‘\i\\“‘\‘\f

Figure 0-1: Left: Exemplary spirally grooved tubes with one thread (top) and three threads
(bottom); Right: Geometry definition of spirally grooved tube

Inner tube Pitch
Geometry . Groove Number of Groove angle
. . . diameter . length
identification heigth (mm) threads (-) ©)
(mm) (mm)
p =5 mm; 0=90° e: / 90 5
p =10 mm; a=90° 22.9 mm 0.25 mm / 90 10
p =15 mm; a=90° 0.5 mm / 90 15
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G=1; 0=60° 0.75 mm 1 60 41.5
G=2; a=60° 1.0 mm 2 60 20.8
G=3; 0=060° 2.0 mm 3 60 13.8
G=1; a=30° | 30 124.6
G=2; a=30° 2 30 62.3
G=3; a=30° 3 30 41.5
G=3; a=49° 3 49.0 20.8
G=1; 0=73,7° 1 73.7 21.0

Table 0-2: Evaluated enhanced tube geometries

35
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=p =5 mm; a=90°
—G=1; 0=60°
—G=1; 0=30°
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G=2; a=60° G=3;0=60°
—G=2; 0=30° G=3; u=30°
—G=1; 0=73,7°

Figure 0-3: Nusselt number ratio (left) and friction factor ratio (right) calculated for different

enhanced tube geometries using the general correlations by Ravigururajan

Before mounting the spirally grooved tube in the test setup and attaching the outer wall

thermocouples the tube dimensions are controlled. Figure 0-4 shows the results of the measured

surface geometry over an axial length of 100 mm. Based on the position of the minima, the tube

geometry factors are deduced (see table on the right). The final mean groove pitch, groove height

and groove angle are deduced by calculating the mean average and can be found in Table 4-2 in

chapter 4.2.
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135 Grove
Groove | Groove
13.4 . . . angle a
~ Position | pitch p | heighte
E133 ©
= (mm) (mm)
132 4
RN E
z - MIN 1 0.36
2 13 5 : i
12.9 £ MIN 2 21.1 0.42 73.6
12.8
0 20 40 60 30 100 MIN 3 20.9 0.36 73.8
Axial position (mm)
+ Position data o MIN MIN 4 208 048 738
MIN 5 20.8 0.40 73.8

Figure 0-4: Measured surface geometry of spirally grooved tube (left) and deduced geometry
factors
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F. Measurement equipment and uncertainty

This appendix chapter gives additional information about the taken assumptions for the
uncertainty analysis of the outer wall tube temperature, main molten salt mass flow and of the
phase angle.

F.1. Assumptions for Uncertainty of Outer Wall Tube
Temperature T, ,

In the smooth tube, there are two main types of tube surface temperature measurement.
- Thermocouple connected by laser welding

- Thermocouple connected by spot weld

In the spirally grooved tube setup, all outer wall thermocouples were fixed by laser welding.

Figure F-1: Left: Test tube before mounting; Right: Close-up of outer wall thermocouples with
one spot welded thermocouple at the center of the image and two laser welded thermocouples at
the sides of the tube

The overall measurement uncertainty of the outer tube wall temperature oy, | is defined as follows:

2

2 2 2 2 2 2
0T, = \/ 07, o weld T OT, o calibration tor .t OTwor(r) + 0T, read
measurement reading uncert.

measurement equipment uncert.

Where o7, | weia 18 the uncertainty caused by applying a laser weld on the thermocouple,
07, calibration 1S the uncertainty of temperature sensor equipment after calibration and is
assumed to be = +0.06 K. a7, , is the standard deviation between the temperature readings of

the four thermocouples at the same axial location and or is the uncertainty of the

0,A(T)
temperature-dependence of the thermal conductivity of the tube. o7,  reqq 1s the measurement
reading uncertainty, which is deduced using the standard deviation of the measurement data over

a time interval of 10 s.
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The impact of applying a laser weld on the thermocouples o7, | weia is evaluated by applying a

laser weld onto two test thermocouples with the same welding boundary conditions as have been
used later on for welding the thermocouples to the tube. The heat-affected zone of the laser weld
has been specified with 0.05 mm by the manufacturer and lies therefore one order of magnitude
below the diameter of the thermocouple (0.5 mm). The two thermocouples have been calibrated
using the AMETEK calibrator once before and once after applying the laser weld. Figure F-2
(right) shows the measured standard deviation of the two thermocouples before and after
application of the weld. It can be seen that for both sensors a similar or lower standard deviation
was measured after applying the weld. This confirms that the welding process did not impact the
measurement quality of the sensor.

Figure F-2 (left) shows the absolute deviation of the sensor readings before and after application

of the weld. For temperatures below 100 °C, o7,  weig=10,15 K is assumed, for temperatures

below 500 °C o, | werg="1 K is assumed.

Comparison Thermocouple before and after laser weld Comparison Thermocouple before and after laser weld
1.5 0.035

Lo

0.030

=3
=)
=]
‘.n

05 0.020

0.015

standard deviation (°C)

Deviation from reference sensor (K)

0.0 E
£0.010
-0.5
0.005
-1.0 0.000
] 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature Reference Sensor (°C)
-8-TC 1 (before laser weld)—=-TC 1 (after laser weld) -0-TC 1 (before laser weld) —&-TC 1 (after laser weld)
-0-TC 2 (before laser weld)——TC 2 (after laser weld) -©-TC 2 (before laser weld)  ~#-TC 2 (after laser weld)

Figure F-2: Comparison of thermocouple before and after application of laser weld

The impact on measurement uncertainty of the temperature-dependence of the thermal

conductivity of the tube o7 is quantified using an FEM simulation of a tube slice. The

0,A(T)
simulations were performed assuming a mass flow of 1 kg/s and 900 kW/m? for both the water
test setup and the salt setup at 290°C. It is assumed that the effect is reduced for higher thermal
conductivities of the tube and lower flux densities. The results of the FEM simulation are

compared to the four cases:
1. Constant thermal conductivity of A=20 W/(m K)

2. Radially constant thermal conductivity computed using the measured outer tube
temperature Tio: A=f(Tyo)

3. Radially constant thermal conductivity computed using the mean of the measured outer
tube temperature Ty, and the resulting tube film temperature Ty;: A =f((To + Ti)/2)

4. Ideal assumption: Thermal conductivity as a function of local radial tube temperature
Xt=f(Tt)
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Figure F-3 (left) shows exemplary resulting radial temperature profiles for a constant applied
heating flux density and convective cooling rate. Figure F-3 (right) shows the resulting deviation
for all resulting outer wall temperatures and the reference case with a locally temperature
dependent thermal conductivity. It can be seen that the lowest deviations are found when
assuming A, =f((T¢, + Tyi)/2) for which a maximum deviation of wall temperature of £0.18 K is

found. This will be accounted for as a general uncertainty:

+0.18 K
OT oy = —\/§ =0.1K
140 2
o130 0 . _
5 _ —-—
=120 = L]
5] = -2
2110 =
3 o4
= 100 <
5 <
o =T
) R
2 -
2 80 T -8
E 1)
& 70 <£-10
60 F L
0 0.0005 0001 00015 0002 00025
r(m) -14
=20 WimK) o 3=f(TLO) A=20 W/(mK) A=f(Tt,o)  A=F([Tt,0+Tt,i]/2)
A=f([TL,o+TL,i)2) eeers =(TE) OT_s:5°C MT_s:290°C

Figure F-3: Left: Exemplary radial temperature profiles for a constant applied heating flux
density and convective cooling rate for all four heat conductivity assumptions; Right:
Deviation of expected outer wall temperature at different heat conductivity assumptions from

ideal assumptions

F.2. Assumptions for Uncertainty of Main Fluid Mass Flow in
Salt Setup

The clamp-on ultrasonic flow meters deduce the mean flow velocity of the salt in the tube based
on the transit time of an ultrasonic signal in the tube. The measured output of the sensors is the
volumetric flow rate, which is calculated with the tube diameter. The bulk salt mass flow is hence
defined as: mgypy = VS,UFM - p(Ts). Tt is found that these sensors give good qualitative
measurements but show an offset from the reference measurement. This offset suffers from poor

repeatability from one measurement day to another.

The mean mass flow is deduced from the level measurement using the following correlation:

dt

1 [trat aom(t) 1 (t+ato (Vt(t) ’ p(Ts,tank))
[y

m = =
S:RADAR = At ot At ot

Where V;(t) is the fluid volume in the salt tank at time t and p(Ts qnx) is the salt density at the
bulk salt tank temperature of all salt tank temperature sensors immersed in the salt tank. It is found
that using the radar level sensors for mean mass flow measurement leads to a more reliable mean

mass flow measurement than using the clamp-on sensors.
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The deduction of mass flow based on the level measurement in the hot and cold salt tank is

influenced by the following factors:
- Correlation between salt tank level and volume
- Impact of tank deformation at high temperature

- Impact of salt density

The correlation between tank volume and level measurement has been evaluated empirically V!

for this purpose, each of the tanks was filled with water at ~4°C. The water volume in the tank
was simultaneously measured by the radar level sensors and a Proline Promass 83F Coriolis
Sensor by Endress+Hauser. In a final step, a correlation of the type V; = f(H¢gnk) Was deduced
based on a 10" order polynomial. The fit exposed a maximum deviation from the measurement
data of +40 liters. To evaluate the impact of higher temperature operation on the level
measurement, a coupled thermal and structural FEM simulation of the storage tank, salt content
and insulation was performed"!. The salt tank geometry at 300 °C and 560 °C is simulated for
three different salt levels and the relative displacement of the level measurement is deduced. The
main observed effects are:

- Bending of the salt tank caused by the weight of the tank, insulation and salt and
temperature-dependent steel properties leading on the one hand to a reduction of distance
between level sensor and salt and on the other hand an increase of distance between salt
and level sensor

- Thermal expansion of the metallic components of the salt tank

Figure F-5 shows the correction factor for the temperature and salt level dependent deformation
of the salt tank AH;,,;. The deviation increases with higher temperatures and with lower salt
level. This is caused by the overlap of two main effects: a higher temperature leads to thermal
expansion of the tank; therefore the radar level sensor is moved further away from the salt level,
compared to the water tests. This effect is higher for higher temperatures. As salt levels increase,
the salt tank bends under the salt load: this leads to a lower measured salt level, because of the
stronger bending of bottom half of the tank. At the same time, the level sensor is also moved

towards the salt level. Finally, this leads to the following correction equation:

Htank,corr = Htank,meas + AHtank (Ts,tank' Htank,meas)

Where Hygnk meas 15 the measured fluid level in the tank and AHgg,,y is a correction for the

temperature and salt level dependent deformation of the salt tank.

VII The author would like to express her sincere thanks to Dr. Odenthal and his team for providing
the corrrelation.
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Figure F-4: Exemplary result of FEM analysis

Figure F-5: Correction factors curves and
of tank deformation (150 mm salt level, 560°C

correlations for salt level measurement
salt temperature)

In order to minimize the impact of salt level scattering due to salt movement in the tank, a second
order polynomial is fitted to the measured mass in the salt tank over the selected measurement
interval and an average mass flow over the measurement interval is computed. Figure F-6 shows
the expected relative uncertainty of the mean mass flow measurement using the radar level
sensors. For this calculation, a conservative measurement uncertainty of 20 mm of the salt level
(the manufacturer specifies <2 mm), the uncertainty of the salt density (see chapter 3.5) as well
as the uncertainty of the correlation linking volume of salt to measured height (V; = f(Heqni);
+40 1) are assumed. The main influence factor on the relative uncertainty is the measured height

difference in the salt tank. The resulting correlation from Figure F-6 is assumed as an uncertainty
for the mean mass flow measurement of the radar level sensors.
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Figure F-6: Relative uncertainty of mean mass flow measurement using the radar level

sensors as a function of measured height difference in the salt tank

Figure F-7 shows the results of a validation measurement campaign using a high temperature
Coriolis sensor of the type OPTIMASS 6400 by the company KROHNE. It can be observed that



Appendix 117

the mean measured mass flow by both methods agrees within +2.5%. The measured height
difference in the tank range between 0.3 and 1.1 meters. It can be concluded that the mean mass
flow measurement method using the radar level sensors is well-suited and that the assumed

relative uncertainty discussed above is conservative.
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Figure F-7: Validation of mean mass flow measurement using radar level sensors with high
temperature Coriolis sensor

Figure F-8 shows an exemplary measurement of the measured mass flow with the Coriolis sensor,
mean mass flow using the radar level sensors and all three ultrasonic flow meters at 360 °C at a
mass flow of roughly 3.3 kg/s. Good qualitative agreement is found between the mass flow of the
Coriolis sensor and the ultrasonic flow meters. At the same time, the ultrasonic flow meters show
an offset relative to the Coriolis mass flow. This offset suffers from relatively low repeatability,
especially at low mass flow rates. Figure F-8 (right) shows an exemplary measurement of the
ultrasonic flowmeters and the outer wall temperature during a heat transfer experiment. It can be
seen that for roughly a second the mass flow is reduced, simultaneously the outer wall temperature
increase. Both examples show that the ultrasonic flow meters are well-fitted to measure the mass
flow in the test section qualitatively. The final salt mass flow consists of the mean average of all
three ultrasonic flow meters, calibrated for each measurement interval by the measured mean
mass flow deduced from the radar level sensors.
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Figure F-8: Exemplary mass flow measurements showing the qualitative measurement of the

ultrasonic mass flow sensors

F.3. Assumptions for Uncertainty of Phase Angle ¢
The phase angle is deduced based on equation (4.17). The phase angle is a function of the

resistance and reactance of the coil-workpiece system. Both the resistance and reactance of the
coil and workpiece are a function of the penetration depth 5, and — in the case of a constant
frequency — therefore of the coil and tube temperatures (see equation (2.19)) [24]. The
measurements of the phase angle performed by the oscilloscope show that the impact of the coil
temperature is inferior (o < 0.02°). This is because the temperature of the coil is maintained
through the cooling water flow through the induction heater. Hence, the phase angle is expected
to mainly depend on the tube temperature. The phase angle is deduced from calorimetric
measurements showing a low uncertainty and will be assumed constant for the water and the salt

setup respectively. The uncertainty of each phase angle is calculated using the method of error

Oy
0xq

propagation oy, x, x,) = \/ ( )2 o+t (:Ty)z -2 . Figure F-9 shows the resulting phase angle

as a function of tube wall temperature: the black circles represent the phase angles deduced for
the water setup with an uncertainty lower 0.3° and a minimum temperature gradient in the main
fluid of at least 5 K, the white circles are the phase angles deduced for the salt setup (ATs>5 K;
6,<0.3°). All other measured phase angles are included for reference (black cross). A linear
increasing trend with temperature could be derived from Figure F-9. However, as the individual
measurements show considerable scattering, a constant phase angle is assumed for the water test

and the salt test respectively and a conservative uncertainty is assumed instead.

The mean phase angle @ is computed as the mean average of all measurements of the salt and
water setup exposing an uncertainty lower 0.3° and a minimum temperature difference in the main

fluid of at least 5 K respectively. The mean phase angle uncertainty oy ,, consists of the combined
measurement uncertainty of the mean phase angle based on the calorimetric measurements 0,
the measurement reading uncertainty 0 reqq and the uncertainty for not accounting for a

systematic dependency on tube temperature 0y temperature-

— 2 2 2
6(7) - \[G(T),m + O-go,read + J@,temperature
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The mean phase angle uncertainty based on calorimetric measurements is defined as follows:

60;0 2 5 n 60;0 2 5 n n 60;0 2 5
Oy = — | O, — | O, — | O
p.m ao.(pl P1 5%2 P2 ao.(pn Pn

where 0, is the uncertainty of each calculated measurement interval and » is the number of

considered measurement intervals. The measurement reading uncertainty is defined as the

maximum deviation observed by the oscilloscope during one measurement interval 0y reqq =

A@yax/V3. The systematic uncertainty due to temperature effects 0 temperature 18 defined as

the difference between the maximum and minimum measured phase angle over all measurement
intervals of the water test and salt test respectively (including measurements with high
uncertainty). The resulting uncertainties as well as the phase angle for the different setups is

summarized in Table F-10: for the water test a mean phase angle uncertainty 0., = +0.12° and

for the Solar Salt test a mean phase angle uncertainty g5, = +0.2° is assumed.

84.5
84.3
84.1
~839
$83.7

£'83.5 I
3 Fa¥
%833 “4;_"%%"

=
&~ 83.1 +

82.9
82.7

82.5
0 100 200 300 400 500 600 700
T, (°C)

* All data ® Water (AT s>5K No_ ¢ <0.3°)
o Salt (AT s>5KNo ¢<03> - ¢_m (Water)
=== m(Salt)

Figure F-9: Phase angle as a function of tube outer wall temperature

Measurement Gtﬁ,m Gtﬁ,temperature a(p,read (ﬁ

setup

Water O0pm = 0.10° Og temperature = 0.06° | 0 reqq = 0.02° | ¢ =83.3 +0.12°
Solar Salt opm = 0.07° Op,temperature = 0.17° | 04 reqa = 0.02° | @ =83.6 £0.2°

Table F-10: Summary of assumptions for the phase angle
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G. Additional calculations

In this appendix chapter several additional calculations are summarized, such as the impact of the
heating of the Solar Salt and water in the test section through induction heating, the impact of

transient heat conduction and the deduction of peripheral pressure difference.

G.1. Heating of the Solar Salt and water in the test section
through induction heating

Solar Salt is a poor electrical conductor — although much better than water — compared to the test
tube. Also, no pronounced magnetic behavior is known for Solar Salt or water (i.e., 4, = 1 is
assumed). The power induced in a non-magnetic cylinder by the sinusoidal electromagnetic field

created by solenoid coil can be evaluated using the following formula [24]:

Ps,el = “Oﬂrnf(lheatnriz)Hzp
Where H is the applied magnetic field strength and p can be extracted from Figure G-2 [24].
Table G-1 summarizes the taken assumptions and results. As the ratio d;/§ is close to zero, the

resulting active power in the salt or in the water is approximately zero and can be neglected in the

calculations.
Temperature salt 20°C 300 °C 565 °C
Fluid Water Solar Salt Solar Salt
Relative Magnetic permeability Fluid | 1 1 1
Frequency f of AC current in solenoid | 8600 Hz 8600 Hz 8600 Hz
Electrical resistivity of Fluid (see 100 Qm 1.4e-2 Qm 5.5e-3 Qm

chapter 3.5)

Penetration depth in a semi-infinite 54000 mm 633 mm 403 mm
body &

d;/é 0.00 0.04 0.06

p (from Figure G-2) =0 =0 =0

q (from Figure G-2) =1 ~1 ~1

P o1 ~0 ~0 ~0

Table G-1: Deduction of expected active power induced in the Solar Salt
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Figure G-2: p and q functions for a solid cylinder [24]

G.2. Impact of Transient Heat Conduction

In the salt setup, the test section temperature is homogenized during several hours prior to the
beginning of the actual test. In the following section, the required homogenization time prior to
testing when starting from ambient temperature and the impact of a fluid temperature variation
are evaluated and discussed. For this purpose, a transient thermal FEM model of the tube and
insulation is set up. A convective heat transfer boundary condition assuming salt fluid
temperatures is applied on the inner side of the tube and a convective heat transfer condition is
applied on the outer surface of the insulation (T,, = 20 °C, @,, = 7 W/m?/K). In the first case,
an initial temperature of the tube and insulation of 20 °C, with salt flow occurring from t=0 s at
560 °C and a convective heat transfer of 25000 W/m?K (approx. maximum measured heat
transfer coefficient) is assumed. In the second case a temperature step from 510 °C to 560 °C of
the salt temperature is applied on a stationary temperature profile of insulation and tube.
Figure G-3 shows on the left the transient response of the tube inner and outer tube wall (T ;, Tt )
over time for the case of heating the setup from room temperature to 560 °C. The tube temperature
assumes values close to the salt temperature a few seconds after starting of flow, while the
temperature profile in the insulation is developed over a time scale of more than 16 hours. The
right graph shows the results for a salt temperature step of 50 K at t=1 s. After less than ten
seconds of flow 560 °C, the tube wall temperatures converge towards the novel salt temperature.
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Figure G-3: Results of transient thermal FEM simulation of inner (T _t,i) and outer tube wall
temperature (T _t,0) of the test section and outer insulation temperature (T ins,o) as a function
of time since start of salt flow at Ts: 560 °C (left) and after a 50 K temperature step (right)

Figure G-4 (left) shows on the left y-axis the heat losses through the tube and insulation as a
function of time. In a stationary state, total heat losses of 220 W are expected through the
insulation over the test section in this case. In the first seconds after start of flow, the heat losses
decrease exponentially. The higher heat losses in the first few seconds of flow are caused by the
heating of the metallic tube of the test section, which exposes a moderate Biot-number (Bi~3) and
arelatively high thermal diffusivity (a~6 mm?¥s). After heating of the tube wall, the thermal losses
are limited by the low thermal diffusivity (a=0.4 mm?s) of the thermal insulation. After roughly
three minutes of flow, the heat flow to the insulation are lower than 1000 W and decrease to values
close to 220 W over the course of 16 hours. At a mass flow of 0.5 kg/s of fluid, this would translate
to a change in temperature gradient between salt inlet and salt outlet from 1.3 K (at 1000 W) to
0.3 K (at 220 W) over the course of 16 hours. Figure G-4 shows on the right y-axis the rate at
which the gradient between salt inlet and outlet temperature changes based on the calculated heat
losses. It can be seen that after roughly two hours, the expected change in salt inlet to outlet
temperature caused by the not yet developed thermal profile in the insulation is less than 0.001
K/min. For a test duration of one hour, this would lead to a total expected change in temperature
difference of less than 0.06 K and can be neglected for the measurements. In the case of the
temperature step (Figure G-4 right graph), values below 0.001 K/min are found after roughly 17
minutes. For lower fluid temperature and heat transfer cases, these times would be even lower, as
on the one hand, the total thermal losses are lower and hence, the impact on the temperature
gradient between inlet and outlet is reduced. On the other hand, the thermal equilibrium in the
insulation is achieved after a shorter time span. Because of the large salt volume of the salt tanks,
the temperature variation of salt inlet temperature will be far below 5 K. Consequently, an initial
heating time of at least 8 hours is assumed. Furthermore, a homogenization time of at least 20
minutes is advised after a temperature step. For the salt tests an initial homogenization time of 60

minutes is selected.
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Heating setup from room temperature 50 K temperature step
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Figure G-4: Results of transient thermal FEM simulation of heat losses to ambient and
temperature gradient rate as a function of time since start of salt flow at Ts: 560 °C (left) and

after a 50 K temperature step (right)

G.3. Deduction of Peripheral Pressure Difference Ap,,,

The pressure difference measurement registers not only the pressure difference between the inlet

and outlet of the test tube, but the section in between includes several additional components:
e 10.7 m of DN50 smooth tubing: Appyso
e 505 mm of DN40 smooth tubing: Appyao
e  Static mixers inlet and outlet test section: Apseqatic mix.
e Two Reducers from DN50 to DN40: Appysoopnao
e Two Reducers from DN50 to DN20: Appysoonnzo
e Two 90° elbows (DN50): Apgge
e (.45 m of vertical height difference between inlet and outlet: Ap,,,
Ap,e, is the sum of pressure difference of all peripheral components listed above:
Apper = Appnso + APpnao + ADstatic mix. T APpnso-pnao + APpnso-bnzo T APooe + ADan

In a first step, the possible range of Ap,., has to be deduced. For this purpose, the expected
pressure difference of all components is calculated assuming in the first calculation optimistic
properties and in the second calculation the most pessimistic properties for the pressure difference
in each peripheral component. For this purpose, the general equation (G.1) is assumed. Table G-5
summarizes the assumptions for both the optimistic and the conservative calculation of pressure

difference of all other pressure differences other than the test tube.

a psaltu2 (G- 1)
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Optimistic assumptions

Conservative assumptions

DNS50 smooth
tubing: Appyso

Smooth tube, Re = 5000 -125000. Friction
0.3164
Yre

factor according to Blasius: { =

Absolute roughness K=0.1 mm
(seamless steel tube, new)

friction factor calculated according to VDI
heat atlas Lab2, formula (10) (Nikuradse,
Prandtl, Karman, Moody, Colebrook)

DN40 smooth
tubing: APDN40

Same as for Appysg, Re= 6000 -155000

Same as for Appyso

Static mixers
inlet and outlet
test section:

Apstatic mix.

Expected pressure drop specified by manufacturer for inlet and outlet static mixer as a function

of flow velocity. A fitting curve is applied to deduce a correlation of the form

{'azf(us):

Inlet static mixer: ¢ - a = 1.59428 - u? — 5.36477 - u, + 10.8218

Outlet static mixer: { - a = 7.17169 - u? — 23.8790 - u; + 38.2110

Two Reducers
from DN50 to
DN40:

AppnsospNao

Continuous narrowing: { - a=0.04

Continuous extension:

¢ra=g(1-9) 035 (1-2) =005
2 2

Continuous narrowing: ¢ - a=0.04

Continuous extension:

2\* r2\*
(~a=(’<1——2> =0.45-(1——2) =0.06
) ]

Two Reducers

Continuous narrowing: ¢ - a=0.04

Continuous narrowing: ¢ - a=0.04

from DNS50 to Continuous extension: Continuous extension:
DN20: 2 2 2 T12 2 T12 2

. =7 —T—l . — L = . =7 —_—— . _— =
Mposoeonzo | ra=7(1 %) 035 - ( rf) 0.23 {-a g(l T22> 0.45 (1 r22> 0.30
Two 90°

elbows (DN50):
Apgge

Smooth 90° elbow: { - a = 0.1

90° elbow high roughness: ¢ -a = 0.3

Table G-5: Assumptions for optimistic and conservative peripheral pressure drop [19]

The calculation of the individual components of the peripheral pressure difference shows that for
low salt velocities (< 1 m/s) the hydrostatic pressure clearly dominates the calculated pressure
difference (>80%). For higher salt velocities (3 m/s), the pressure drop caused by the static mixers
and the reducers (DN50 to DN20) is the largest contributor to the overall pressure difference (~
53 to 70%). Figure G-6 shows the ratio of the sum of pressure difference of all peripheral
components Ap,., on the measured pressure difference Aps ¢1q;. For flow velocities larger than
3 m/s the peripheral components account for roughly 50 to 75% of the measured pressure

difference.
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Figure G-6: Proportion of Ap,,., on total measured pressure difference Apg tora;

The calculated relative deviation between the pressure difference with optimistic assumptions and
conservative assumptions is shown in Figure G-7. The deviation between the two assumptions
ranges between <1% and 14% of the calculated mean peripheral pressure difference. The
uncertainty of the peripheral pressure drop calculation is defined as the difference between the
calculated pressure difference using conservative and optimistic assumptions: OApper =

Apper,cons — BPper,optim- The peripheral pressure difference is defined as the mean average of

the two assumptions: Apper = O.S(Apper'cons + Apperloptim).
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Figure G-7: Relative deviation between the calculated pressure difference assuming
optimistic and conservative assumptions as a function of bulk flow velocity and salt

temperature
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