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Abstract

The production of steel is an energy intensive process, using 20GJ/tonne of steel. The energy
use needs to be declined by 10% in 2030 in order to be on track of the Sustainable Devel-
opment Scenario(SDS). About 1GJ/tonne is required today by the annealing process, a heat
treatment in which the steel strip is heated to a temperature of about 600-700°C and cooled
afterwards. Tata Steel came up with a way of connecting the cooling and heating section
in an innovative way, which can potentially reduce the energy requirements of an annealing
line by up to 70%. Horizontal rotating heat pipes are proposed to transfer heat efficiently
over its axial length from the strip in the cooling section to the strip in the heating section.
Dowtherm A has been selected as the working fluid between 150 and 350°C. No research is
available on rotating heat pipes with Dowtherm A.

The aim of this study is to research the relevant internal heat transfer characteristics of a
rotating heat pipe and gain insight into the performance of Dowtherm A as the working fluid
in terms of heat transfer efficiency. Furthermore, the aim is to gain knowledge on the effect
of non-condensable gas inside a heat pipe and on the way the effects can be modelled in a
computationally efficient way. Non-condensable gas is likely to be of influence on heat trans-
fer homogeneity outwards to the relatively cool steel strip. Understanding this influence is
another goal of this study.

To fulfil the aims of this study, experiments are conducted and a computational model is
devised. An experimental setup with working fluid Dowtherm A is used to acquire data
at different rotational speeds, operating temperatures and at different thermal inputs and
outputs. The rotating heat pipe used is of smaller scale than one in a heat pipe assisted
annealing line, but with comparable heat fluxes. Secondly, the devised model is used to both
qualitatively and quantitatively study the effect of non-condensable gas for different operat-
ing parameters and non-condensable gas amounts, which is done for conditions as in the
experimental setup and as in a heat pipe assisted annealing line.

The rotating heat pipe worked successfully during conducted experiments and Dowtherm
A has shown to be able to transport at least 280W axially through the inner geometry in
the non-annular flow regime, which is 192,000W/m? and corresponds to a vapor flow of
0.001kg/s, at an axial temperature difference of only a few degrees Celsius. Nucleate boiling
was considered the dominant heat transfer mechanism through the film in the evaporator,
with a typical heat transfer coefficient observed of 4200W/m?K. The condenser has shown
a lower film heat transfer coefficient; 1750W/m?K. The effect of rotational speed, power and
temperature is minor in the evaporator at conditions tested. The 1D model for determining
non-condensable gas distribution showed good agreement with reported experimental data,
which show a major axial temperature drop at the condenser end. It was shown that wall
conduction influences non-condensable gas distribution for heat pipes with a relatively thick
wall, which is modelled by the addition of wall temperature calculations to the 1D model. The
effect of non-condensable gas on heat pipe performance showed to be strongly dependent on
operating temperature.

Axial convective transport showed to be between two and three orders of magnitude more ef-
ficient than pure conduction. Homogeneous heat outflow is achieved when non-condensable
gas is not present in the condenser, which can be achieved by extending the heat pipe at the
condenser end. The devised model is suitable to predict the effect of operating conditions and
design adjustments in an efficient way. Results have shown that Dowtherm A is a suitable
working fluid for a heat pipe assisted annealing line, due to the low internal resistances to
heat and mass transfer.
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Rayleigh number

Reynolds number

Vi
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Introduction

Steel is one of the main materials we see in objects throughout our daily life and for many
applications one cannot do without it, due to its favorable material characteristics, raw mate-
rial availability and relatively low cost. Steel started to be used and produced on a large scale
from the industrial revolution onward and global production has grown incessantly. Figure
1.1 shows the increasing annual global steel production over past years and decades from
which it is clear that growth still continuous today. It also shows that the energy required to
produce a tonne of steel has decreased significantly over the past decades. The production
of steel is an energy intensive process, today costing about 20GJ/tonne, which is 20-40% of
the total production costs[4]. The energy intensity of steel production needs to be declined
by 10% in 2030 in order to be on track of the sustainable development scenario(SDS). For
this, it is needed to focus on recycling steel and to increase energy efficiency throughout the
production process|6].

The study presented in this report focuses on the annealing process of steel and is part of
a larger project where Tata Steel, Drever international and TU Delft collaborate to research
this specific innovation, which has the potential to significantly decrease energy intensity of
the annealing process, bringing along a reduction in production costs as well.
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Figure 1.1: Global steel production over the past 60 years and its energy use per tonne of steel with 1960 as the base case[3]

1.1. Annealing of steel

Cold rolling is applied in a major part of the produced steel globally and is used to acquire
highly accurate dimensions. During cold rolling, plastic deformation takes place, which al-
ters the micro-structure of steel. As it is done below the recrystallization temperature, the
grains do not reorganize and therefore lead to altered material characteristics of the cold rolled
product. These changes translate to an increase in hardness, but a decrease in ductility.[8]
To make the material more workable and increase its ductility, cold rolled steel is thermally

1



2 1. Introduction

treated, which is called annealing.

During the annealing process, a steel strip is heated to a temperature of about 700°C and is
cooled afterwards. This process can be done in multiple ways; in batch and with a continuous
process. Modern steel factories, like Tata Steel in the Netherlands, have a continuous pro-
cess which is schematically shown in Figure 1.2. An infinitely long steel strip runs through
different stages of the process, in which it is heated in a radiant tube furnace and subse-
quently cooled afterwards. The soaking and overaging stages are meant to keep the strip at
a certain temperature for some time. This annealing process consumes about 1.0GJ/tonne
of steel[35].

The process is characterized by a heating and cooling part, which are not connected in terms
of energy. Essentially, the same amount of heat is put into the steel strip as the amount re-
moved during cooling. Using the heat from the cooling section to heat up the strip upstream
the line has significant energy saving potential. Tata Steel [jmuiden R&D came up with a way
of connecting the cooling and heating section in an innovative way, which is able to reduce
the energy requirements of the annealing line by up to 70%. This innovative technique uses
rotating heat pipes as passive heat exchangers linking cold and hot strip and is called ’heat
pipe assisted annealing’, patented by Tata Steel[37].

Heating Soaking Cooling Overaging Cooling
LG » ﬁ o ﬂ @
I |
|
| ‘ |
|
g ol e——"o o UeEer.Qb e b—

Figure 1.2: Process of annealing today with different stages[11]

1.2. Rotating Heat Pipe

Heat pipes are used as very efficient heat transfer devices. The resistance to heat transfer
is relatively low, due to the heat transfer mechanism it uses. Heat pipes contain a working
fluid, which vaporizes at one end and condenses at the other, making the fluid a thermal
energy carrier. Axial heat transfer goes via vapor convection, which is able to transfer heat
over a long distance efficiently. A heat pipe basically is a hollow cylindrical tube with closed
ends. It is partially filled with a working fluid after which it is vacuumed. Ideally, the working
fluid is the only liquid and vapor present. Multiple types of heat pipes exist, which mainly
differ in their way of axial liquid transportation. Vapor flows from heat input to heat output
side, while condensed liquid flows back. Heat pipes are orders of magnitude more efficient in
transferring heat compared to other passive heat transfer devices, such as conductors.[41]
A rotating heat pipe is a type of heat pipe which rotates along its axial axis. Figure 1.3 shows
its working principle, which can be explained in four steps:

* Heat enters the heat pipe radially at the evaporator(red arrows), causing liquid to evap-
orate and subsequently increasing the pressure at the evaporator side;

* Vapor travels to the condenser side of heat pipe due to the induced pressure difference;

* Condensation of the vapor in the condenser causes the release of heat, which leaves the
heat pipe radially(blue arrows);

* Liquid flows back to the evaporator and completes the cycle. The driving force of axial
liquid transport is a pressure difference due to a radial height difference of the liquid
between condenser and evaporator, caused by centrifugal force or gravitational force.
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The rotational type of heat pipe is obvious for the application, as heat needs to be transferred
to and from a moving strip of steel. Direct contact between strip and heat pipe is possible due
to the heat pipe wall moving with the same speed as the strip, just as conventional guiding
rollers as in Figure 1.2.

As the main process of a heat pipe is the vaporization and condensation, the temperature at
which this occurs is the saturation temperature of the working fluid. Often, the magnitude of
the axial pressure difference is negligible, which causes an equal temperature over the length
of the heat pipe. The internal temperature of the heat pipe at steady state is the temperature
at which heat in- outflow are equal. The pressure inside the heat pipe is dependent on this
temperature, as saturation temperature is dependent on vapor pressure of the working fluid.
Liquid at a certain temperature will boil until its environment exceeds the associated vapor
pressure. For your imagination, water at 100°C has a vapor pressure of 1 bar. Typical profiles
of vapor pressure against temperature will be shown in Figure 1.6.

Besides the low thermal resistance of heat pipe, the controllability is another advantage.
Steady-state can be reached at every working temperature. An increase in heat input results
in an increase in vaporization rate, which in turn increases the pressure inside the heat pipe
due to the net phase change from liquid to vapor. The increased pressure has a new satu-
ration pressure, which has increased. By the risen inner temperature, the condenser heat
rejection rate will increase and steady-state is reached. Furthermore, the change to another
operating point requires a relatively low amount of energy, due to the relatively low heat ca-
pacity of a heat pipe compared to solid conductors. This is beneficial, as it shortens the time
to get to a new steady-state point.

11 111

LN 22

Figure 1.3: Working principle of rotating heat pipe showing heat and mass flows

1.3. Rotating Heat pipe assisted continuous annealing

As the working principle of a single rotating heat pipe has been described, the annealing
line, consisting of multiple heat pipes, can be explained now. As discussed, heat pipes can
effectively transfer heat from one end of the heat pipe to another end. This could bridge the
distance between hot and cold strip and thereby transfer heat between them effectively. An
important requirement for the heating and cooling of the steel strip is that it should be done
in a homogeneous way. Conduction over the width of the strip is low compared to the power
of the heat pipes. Non-homogeneous heating or cooling will therefore result in a temperature
gradient over the width of the strip, which in turn causes stresses in the strip due to different
expansions over the width, making strip breakage likely. Heat pipes suit the homogeneity
requirement very well, due to the absence of an notable axial temperature gradient.

As large amounts of heat need to be exchanged efficiently, many heat pipes are required.
Simulation results have shown that the amount of heat pipes required is in the order of 100,
which is a trade-off between total heat transfer and investment costs[11]. Figure 1.4 shows
the use of heat pipes as heat exchangers between hot and cold strip and shows that each
heat pipe has its own unique steady-state temperature. Furthermore, it indicates the time
for each part of the annealing process.
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Figure 1.4: Schematic drawing of a heat pipe assisted annealing plant

1.3.1. Plant layout

Figure 1.5 schematically shows the layout of a potential heat pipe assisted annealing line.
The hot part rolls over one end of the heat pipe and the cold part over the other end. The strip
rolls over a part of each heat pipe, which can be expressed in a wrap angle. After the strip
has been heated by all the heat pipes, the final heating to the soaking temperature is done
by conventionally heating it. As a temperature gradient is required for heat transfer, final
heating will always be required. The amount of conventional heating required depends on
system characteristics, such as amount of heat pipes. Typical steel strip speeds are about
Sm/s. The heat pipes are positioned in a horizontal way in this system, as illustrated in
Figure 1.3.

Heater

From uncoiler

o coller I
Cooler

Figure 1.5: Schematic drawing of a heat pipe assisted annealing plant, showing less heat pipes than in the actual design. The
strip is heated from top left to top right and cooled afterwards at the bottom of the drawing.

1.3.2. Working fluids

The heat pipe pressure is limited to 5 bar by Tata Steel for practical and safety reasons. Due
to this, different working fluids are required to cover the entire temperature range of an an-
nealing line. Figure 1.6 shows the potential working fluids most suitable for this application
and their vapor pressure profile. They were chosen according to their material properties,
vapor pressures and durability[11, 32]. The performance of a working fluid in a heat pipe is
often presented as the following figure of merit[41]:

_ pt hfgkl3

= ——=— (1.1)
H

This number summarizes the relevant material properties influencing the performance in a

heat pipe. Heat conduction through the liquid, axial liquid transport and vapor transport are

covered by this number.
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Figure 1.6: Vapor pressure of working fluids of interest[11]

1.3.3. Dowtherm A

The working fluid of focus during this study is Dowtherm A. Dowtherm A is an eutectic
mixture of 26.5% diphenyl and 73.5% diphenyl oxide, which makes it an aromatic blend.
It is used as fluid in common heat exchangers, but not in rotating heat pipes. Material
properties of Dowtherm A can be found in Appendix F. It is surprising that this fluid is
chosen as a potential working fluid, as its figure of merit M is rather low. Dowtherm A
has a low conductivity k; and a low latent heat of vaporization hs,, about ten times lower
than that of water. This is typical for organics. It is chosen due to the high durability
requirement, as it may not degrade thermally or react with heat pipe shell during a long
period of operation at high temperature. Durability is not covered by the figure of merit. It
was found that Dowtherm A can potentially handle these requirements well. Furthermore,
not many alternatives are available with suitable vapor pressures at the required temperature
range.[32] This study will not focus on the durability of Dowtherm A, but will focus on heat
transfer characteristics of the working fluid. Safety information about Dowtherm is provided
by Dow Chemical[15].

1.4. Non-Condensable gas

An ideal heat pipe contains only one fluid, as mentioned in Section 1.2. However, it may occur
that another fluid is present inside the heat pipe, due to a leak or improperly filling procedure
for example. When this second fluid has a saturation temperature far lower than that of the
working fluid, it is called a non-condensable gas, as it does not condense in the heat pipe
and stays a vapor. Working fluid continuously follows the cycle of evaporation at one end
and condensation at the other end, while a non-condensable gas does not participate in this
cycle. It flows along with the bulk working fluid vapor from evaporator and accumulates at the
condenser, as it does not condenses as the working fluid does. This resulting accumulation
is shown in Figure 1.7. From the left figure, it is clear that there exists a gradient in non-
condensable gas concentration. This exists at steady state and can be described by convective
and diffusive transport of non-condensable gas. Convective transport is a bulk phenomenon,
where it travels with the condensable vapor flow to the right. Diffusive transport is caused by
the concentration gradient between the two ends of the heat pipe and brings along a transport
to the left. The steady-state distribution is the one at which net transport is zero.[16]

The figure on the right suggests that this causes a temperature gradient in the heat pipe.
This can be explained by first noting that the temperature in the heat pipe is equal to Ty,
the temperature at which condensation occurs. The temperature profile can subsequently be
explained by Raoult’s law, which states that the vapor pressure of a component in a mixture
is equal to the mole fraction times the vapor pressure as if it was pure:

Pvapormix = Xv Pvapor,pure (1 -2)



6 1. Introduction

This suggests a lower vapor pressure due to the presence of non-condensable gas (x, < 1). A
reduced vapor pressure also means a lower saturation temperature and thus temperature at
which condensation takes place. Condensation occurs at the temperature associated to the
partial pressure of condensable vapor, p; = x,p according to Dalton’s law. As condensation
heat is the dominant supply of heat to the condenser, it directly affects the local internal
temperature inside the heat pipe.

Evaporator

Condenser ‘

TEMPERATURE

NN
E\f
H
|l

ARIAL POSETION

Figure 1.7: Non-condensable gas accumulation in condenser and resulting axial temperature gradient in heat pipe[16], where
black dots indicate non-condensable gas molecules

1.5. Previous experimental experience

Numerous other studies were done prior to or during this study. They can be summed up
into the following three:

* Working fluid degradation tests in closed small containers[11];

* Experimental campaign with a rotating heat pipe setup with water as its working fluid.
Heat was added and removed from the heat pipe by actual steel strips. This study fo-
cused on the contact between heat pipe and steel strip, including heat transfer rate[11];

* Designing and building of TU Delft experimental setup, with the purpose to test internal
heat transfer characteristics of Dowtherm A and phenanthrene[54];

This study continues on the work of the latter. At the start of this study, the commissioning
of the setup started. The size of the setup is shown in Table 1.1, which shows that the TU
Delft setup is significantly smaller and that it has a relatively thick wall compared to the full
scale as in the application.

Table 1.1: Size difference between TU Delft experimental setup and size as in application. Furthermore, total power and heat
fluxes at important heat transfer areas is given. A; is the cross-sectional area of the inner geometry and A,,; is the inner wall
area at which vaporization/condensation takes place

TU Delft setup Size as in application

Outer diameter[m] 0.06 0.60
Length[m] 0.5 3.0
Length evaporator[m] 0.16 1.0
Length condenser[m] 0.19 1.0
Wall thickness [m] 0.008 0.022
Power [W] 500 50000
P/A; [W/m?] 329000 206000
P/A,i [W/m?] ~21000 ~29000

Angular part heat pipe in contact with sink/source [°] 360 ~110
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1.6. Problem Statement

The rotating heat pipe experimental setup of the Process & Energy Laboratory of TU Delft is
designed to obtain experimental data of a rotating heat pipe at intermediate temperatures,
150°C - 350°C, and at rotating speeds covering the main flow regimes of the working fluid.
The concerning working fluid at this temperature range is Dowtherm A.[11, 32] The focus
of this study is on the phenomena inside the heat pipe and how those affect the working
of rotating heat pipes as heat transfer devices in a heat pipe assisted annealing line. The
following research questions are formulated in order to study the working of a rotating heat
pipe with Dowtherm A as its working fluid.

1. What is the effect of rotational speed on heat and mass transfer of the heat pipe?

2. How does the working temperature and thermal power input/output influence the heat
and mass transfer inside the heat pipe?

3. Does Dowtherm A perform well as a working fluid of a rotating heat pipe at intermediate
temperatures in terms of heat transfer efficiency?

4. How can one model the effect of non-condensable gas inside the heat pipe sufficiently
accurate, but with low computational cost?

5. How does non-condensable gas, resulting from leakages, affect the heat and mass trans-
fer in the heat pipe and in what way can non-condensable gas loaded heat pipes still be
used in a heat pipe assisted annealing line?

1.7. Methodology

The method followed to answer the research questions of this study comprises of an experi-
mental and a modelling part. First, a literature study is done on the heat and mass transfer
phenomena in rotating and non-rotating heat pipes. Afterwards, an experimental plan is
made in a way that the obtained data will show to what extent the relevant phenomena
found in literature match the experimental data from the TU Delft setup with Dowtherm A.
As the heat pipe of this setup turned out to be leaking, the effect of air as a non-condensable
gas is included. The experimental work starts with commissioning and is followed by the
experiments themselves.

In order to understand the effect of non-condensable gas on the TU Delft setup, a model is
devised to both qualitatively and quantitatively study the effect of design parameters and
working conditions of the heat pipe. As a first step, a thorough study on existing models is
carried out to provide input for the modelling work. The type of model is chosen which is
most suitable in answering research questions 4 and 5. After the model itself is finished,
validation using comparable studies is done. Furthermore, the model is used to understand
own experimental data. As a last step, an analysis of the effect of non-condensable gas in
heat pipes on the performance of a rotating heat pipe assisted annealing system is made.
The last step is different from the modelling work on obtained experimental data, as multiple
process parameters are different at the application in an annealing system compared to at
the TU Delft setup, like the sink temperature.

1.8. Thesis outline

Chapter 2 presents a literature research on past studies on heat and mass transfer mecha-
nisms of heat pipes and on the modelling of non-condensable gas in heat pipes. Thereafter,
the experimental setup and the experimental method are described in Chapter 3, followed by
the experimental results and analysis in Chapter 4. Chapter 5 presents the modelling work
of non-condensable gas present inside a heat pipe. The effect of non-condensable gas in a
heat pipe assisted annealing system is subsequently presented in Chapter 6. Finally, the
report ends with conclusions and recommendations.



Literature study

Research on rotating heat pipes performed in the past by other researchers is used to form
the basis of this study. This chapter provides a theoretical framework, which is used to
formulate hypotheses for the experimental results. This framework is used to interpret ex-
perimental results of a rotating heat pipe with Dowtherm A as its working fluid and allows
to elaborate on the suitability of a rotating heat pipe filled with Dowtherm A to be used in
a heat pipe assisted annealing line. Furthermore, existing models describing the effects of
non-condensable gas are presented and their suitability for this study is analysed.

The heat pipe was first introduced by Gaugler in 1944[17]. This heat pipe had a wick,
which used the capillary effect to transport liquid back to the evaporator. Notable studies
on rotating heat pipes started around 1973, with among others a study of NASA[30] and
by Daniels[13] on rotating heat pipes with an internally tapered condenser, which mainly
focused on axial liquid transport. Daniels also conducted experiments on the effects of non-
condensable gas in a tapered rotating heat pipe some years later[14]. Both theoretical and
experimental studies on rotating heat pipes can be found in literature. Various designs of
heat pipes have been tested, which mainly differ in their way of transporting liquid back
to the evaporator and in the internal wall area. The effect of an internal taper and steps
were researched, besides ordinary cylindrical rotating heat pipes. Internal fins and internal
helical corrugations in the condenser have shown to have a positive effect on the heat transfer
performance[31]. An increased axial transport of liquid by either raised centrifugal force or
by for example helical corrugations, resulted in a thinner liquid layer in the condenser, which
in turn yielded lower radial heat transfer resistance. An increase in internal wall area in turn
resulted in a lower overall resistance as well. Dowtherm A has been used in thermosyphons
before[22, 25], but no reports are available of it being used as the working fluid of a rotating
heat pipe. The heat pipe of this study is purely cylindrical, so that is where this literature
review focuses on.

2.1. Heat and mass transfer phenomena of heat pipes

The heat pipe’s individual phenomena can be assessed, assuming the heat pipe is working
as designed. The internal surface of the evaporator section should be wet at all angular
positions, vapor should be able to flow to the condenser section without a significant pressure
drop and the liquid transport back to the evaporator should be high enough, such that liquid
is supplied to he evaporator at the vaporization rate. The temperature range at which a
heat pipe could theoretically operate is between the triple and critical point, as vapor and
liquid coexistence is essential. Also practical limits apply to the operation of a heat pipe,
which mainly are the viscous, sonic and entrainment limit for rotating heat pipes, dealing
with axial vapor and liquid transport. The viscous limit is reached when viscous forces resist
vapor flow to such an extent that the vapor pressure difference does not overcome the viscous
forces, resulting in a stagnation of the vapor flow. The sonic limit in turn applies when vapor
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speed reaches the speed of sound. Lastly, the entrainment limit applies at high powers
and concerns the axial liquid transport. Vapor and liquid flow in opposite directions, which
brings along interfacial shear stresses, resisting liquid flow from condenser to evaporator and
potentially limiting heat pipe power. The mentioned practical limits are all reached at high
vapor speeds, which typically occur at low temperatures, where vapor pressure is low and
vapor speed therefore high due to the associated low vapor density.[36, 41]

2.1.1. Flow regimes

A notable part of the heat transfer characteristics is dependent on the liquid inside the heat
pipe. The path of heat transfer from inner wall to the vapor space, either by conduction or
convection, logically increases with liquid layer thickness and it therefore is of importance to
understand the liquid distribution in a cross-section at an axial location of the heat pipe. This
section summarizes the relevant information in literature regarding this liquid distribution
in rotating heat pipes.

Centrifugal forces

‘(y A

lg Viscous forces

Figure 2.1: Non-annular(bottom) and annular(top) flow regime. The effects of viscous forces are also schematically shown,
causing a thicker film in the non-annular flow regime and low radial velocity gradient in the annular flow regime.

Flow characteristics

Two main flow types can be distinguished; non-annular and annular flow, which are visu-
alized in Figure 2.1. Up to a certain rotational speed, a pool exists at the bottom and only
a part of the liquid is dragged upwards by the rotating wall, which causes a thin liquid film
to be formed on the surface. At higher rotational speeds, all of the liquid is moving with the
wall and no pool exists. Numerous studies have been made on the flow regimes in a rotating
heat pipe.[11, 27, 47, 54]

Semena et al. described and showed four different regions by experiments and analytical
expressions[45]. During Semena’s experiments with water and methanol as the working
fluid, the liquid layer thickness was measured using electric contact sensors. The four re-
gions can be characterized by the relative size of gravitational, viscous and inertia forces.
The gravitational force is dependent on density of the working fluid, viscous force on viscos-
ity and rotational speed, and inertia force on rotational speed, radius and density. At low
viscous and inertia forces, only a thin layer of liquid is entrained by the wall. When both
gravitational and viscous forces dominate inertial forces, liquid is dragged upwards more
easily and viscous effects can be seen in the entire thickness of the liquid film. The upward
pulling of liquid by the wall is aided by the viscosity of the working fluid. The entrained thin
layer and viscous flow are the two regions within the non-annular flow regime. An increase
in rotational speed increases the thickness of the liquid layer outside the pool, as more liquid
is dragged upwards. The annular flow regime can be divided in two regions as well. A region
of inertia flow, in which the viscous and inertial forces are not large enough to diminish the
effects of gravity. This results in a radial velocity gradient in the liquid layer. Solid body
rotation is reached when viscous forces are larger or when rotational speed is increased. The
different regions are shown in Figure 2.1.

Lin and Faghri looked at the formation of annular flow by visual experiments with a glass
heat pipe and noticed that the flow first becomes annular at the ends and subsequently an-
nularity moves towards the middle when rotational speed is increased further[26]. Baker et
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al. came to the same conclusion by doing experiments with an acrylic rotating heat pipe[9].
Both studies used water as working fluid. An explanation for this could be that the ends
of the heat pipe aid the pulling upwards of liquid, due to which annular flow starts there.
Consequently, the neighboring liquid experiences shear forces from the annular flow at one
side, which helps it to get to annular flow as well. The start of annular flow at the sides is
called the onset of annular flow. Complete annular flow is reached when all the liquid is in
annular flow.

Krivosheev et al. found that a hysteresis exists between the start and collapse of annular
flow[24]. The start of annular flow occurs at a significantly higher rpm than the collapse,
which is caused by the pool. Liquid in the layer returns in the pool after a rotation. Conse-
quently, liquid has to be accelerated from zero to be entrained in the liquid layer again. This
requires a high force compared to the situation where annular flow already exists. Annular
flow requires less force to maintain its state, as there is no force needed to accelerate the
liquid in tangent direction to the heat pipe wall. Semena et al. found that hysteresis is only
present when moving from the entrained thin layer non-annular region with low viscous and
inertial forces, to the inertia flow annular region[45]. The severity of hysteresis is large when
viscous forces are relatively low. A hysteresis is to be expected when the Reynolds number,
as defined in Equation 2.1, is larger than 1. In this equation, Q is the rotational speed, &
the average liquid layer thickness including pool and v the kinematic viscosity of the working
fluid. A high liquid amount or a low kinematic viscosity causes the Reynolds number to be
high. Typical values of the Reynolds number in this study lay above 1000, therefore a large
hysteresis region is expected, due to the relatively low viscous forces.

2
Q6

Re = 2.1)

v

Values for flow regimes

Different studies provided values for the start and collapse of the annular flow regime. Some
are purely based on experiments, while other studies have an analytical basis.

Semena et al. gave two relations between the Reynolds number of Equation 2.1 and Froude
number, Fr = Q%r,,;/g, for the complete and collapse of annular flow based on experimental
data in the region 0.05 < Re < 500:[45]

Frannuiar = 2.2Re®** (2.2)

Frw”apse = 2.2R30'13 (23)

Lin and Groll derived an analytic expression for the collapse of annular flow, by looking at
the collapse condition. When the pressure within the liquid layer decreases with radius,
the centrifugal force is not large enough to overcome the gravitational force, resulting in an
unstable annular flow. This results in the following expression for the collapse of annular
flow with low viscous forces, which is only dependent on the filling ratio y:[28]

3
Fr, =0 24
collapse (1 _X)Z ( )
Furthermore, Lin and Faghri described an empirical correlation proposed by Ohtsuka et
al. for the onset rotational speed of annular flow and concluded that their experimental
observations and results of a glass rotating heat pipe matched the correlation of Ohtsuka[26]:

0.21
Fronset = 15.96Ga0-107Ca—0.08<2_) 2091 (2.5)
Twi

In which the Galileo number Ga = pfgr>;/u?, capillary number Ca = u?gr,;/o?, heat pipe
slenderness L/r,; and filling ratio y are factors.

Furthermore, Baker et. al performed optical experiments on rotating heat pipes with different
diameter and with different filling ratios[9]. The working fluid he used was water. Baker
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provided an empirical relation for the onset, complete and collapse of annular flow. These
were all in the form of Equation 2.6. The coefficients for this equation are given in Table 2.1.

Fr=C(1— ) (2.6)

Table 2.1: Empirical values of coefficients for Equation 2.6, obtained with a heat pipe with water[9]

C1 G
Onset of annular flow 9.60 -2.967
Complete annular flow 20.03 -2.421
Collapse of annular flow 3.32  -1.833

Liquid layer characteristics

In order to analyse heat transfer radially through the liquid layer, the thickness of and flow
inside the layer should be known, as it determines the heat transfer coefficient. This study
focuses mainly on the non-annular flow regime, which has a notable difference in liquid
thickness over the range of rotational speeds. The liquid layer thickness in the annular flow
regime is equal to the average thickness, § = §, as no pool exists and all liquid is in rotation.
Filling ratio y and § are directly related when liquid is evenly distributed, according to:

2 _ =2
y= A = G = 8)%) 2.7)

Acs T

As mentioned earlier, Semena et al. measured liquid thickness of a rotating heat pipe
filled with water and of a heat pipe with methanol. They obtained the following expression
for liquid film thickness as a function of rotational speed and liquid properties[45].

C 0.68
5 =0.02r,;—> exp<11.8—val/pl‘g> (2.8)

(8/7w)"3°

rWl

In which Semena et. al use a different expression for the capillary number; Ca = Qr,;u/o.
The liquid layer thickness is approximated by this expression with an accuracy of 2.5% in
the range \/o/pg/%yi = 0.06 — 0.12, §/7,,; = 0.002 — 0.05 and & = 0 — 0.26.

Lin and Faghri obtained an analytic expression for the liquid film thickness in the non-
annular flow regime by solving the momentum equation of flow at the point where the liquid
is entrained by the wall[26]. They derived the following equation for the film thickness:

_ 5 Twi
8= 2 (2.9)

VIrwip/

It is observed by Hashimoto et al. that liquid thickness increases with a large step when an-
nular flow is reached[20]. It increases gradually before the rotational speed of annular flow
formation is reached, after which the film suddenly increases thickness with a large step to §,
the average liquid layer thickness. This large step is easily visible in experiments measuring
liquid layer thickness and the effect of it can be clearly seen when looking at the heat transfer
resistance of the condenser.

Furthermore, the flow inside the liquid film is relevant for the heat transfer characteristics.
Lin and Faghri showed that the heat transfer of the condenser decreases when rotational
speed increases in the non-annular flow regime, which is as expected due to the increasing
film thickness. However, the heat transfer coefficient was found to stop decreasing notably
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after a certain rotational speed. They predicted the heat transfer coefficient by taking into
account turbulence inside the film, which enhances heat transfer and therefore increases
the heat transfer coefficient[26].

They determined the heat transfer coefficients through the film for both the laminar and
turbulent case. For a laminar film, the heat transfer is by conduction, while a turbulent film
enhances heat transfer due to the radial components of mass flow. Natural convection may
also be present in the evaporator of the heat pipe. The transition is at the point where the
heat transfer coefficients of a laminar and turbulent film are equal. In the case studied by
Lin and Faghri, a major part of the non-annular flow regime had a turbulent film.

2.1.2. Condensation

Vapor condenses at the surface of the liquid layer and subsequently travels radially through
the layer to the wall. When determining the heat transfer of the condenser, the relevant char-
acteristics are the liquid layer thickness and the type of flow; laminar or turbulent. These
two characteristics were discussed in Section 2.1.1.

As the thickness of the liquid film is very small compared to the depth of the pool, it is
assumed that all heat is transferred through the film. The surface fraction of the wall covered
by the film ¢ is used as the effective heat transfer area. First, the angle of the wall covered
by the pool 8 is determined, which is afterwards used to calculate the effective heat transfer
area:

X= %(9 —sinf) (2.10)
0
f=1-— (2.11)

The heat transfer resistance for a laminar film is rather simple, as no radial transport of
heat occurs by convection. Lin and Faghri validated the following expression for heat transfer
resistance through a laminar film in a rotating heat pipe with water[26].

In (rwrlL_‘a)

Rcond,lam = fklZTL'AZ (212)

They also derived a more complex expression for the heat transfer coefficient for a turbulent
film, shown in Equation 2.13. This is an analytical expression for the average heat transfer
coefficient at the heat pipe wall with coefficients determined by experimental data of the heat
pipe with water. The calculation for film thickness is already included in this expression.

) 1/3

u
hcond,turb % = C1 PT1/3 sz (2.13)
ki pi(pr = pv)g

The values found for the constants are C; = 0.1596 and C, = 0.455. Their experimental
results showed no dependency on rotational speed for the turbulent part of the non-annular
flow regime. That is opposite for the laminar layer, in which the heat transfer resistance
is increasing with rotational speed. The effect of a thickening of the liquid film is being
counteracted by the increase in turbulence. The Froude number was initially also part of
Equation 2.13, but disappeared due to the independency on rotational speed. It could be
that a rotating heat pipe at other operating conditions or with another working fluid shows
different results, but at least the significant effect of turbulence in the liquid film was shown
by Lin and Faghri.

2.1.3. Boiling

The heat flowing into the heat pipe is evaporating the working fluid. Standard boiling theory
cannot be applied directly to describe the boiling in a rotating heat pipe. Buoyancy force
is important when assessing boiling mechanisms. In a rotating heat pipe, this is not only
caused by gravity, but centrifugal forces also play a key role. Gravitational force is only aid-
ing the boiling process in the lower part of the heat pipe, which is mainly occupied by the
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pool. Without a driving force, heat transport will go purely by conduction through the liquid
film. Centrifugal force induces natural convection and also drives vapor bubbles from nucle-
ate boiling to the vapor space of the heat pipe. Centrifugal force therefore determines what
vaporization mechanism is dominant. Vaporization happens at the vapor-liquid interface for
conduction and natural convection, while it happens at the wall surface for nucleate boiling.
Just as with condensation, turbulence also causes heat transport through the film. As the
dominant mechanism is unknown, all of them are taken into account.

Song et al. thoroughly researched the evaporation process in rotating heat pipes in a
Nusselt type analysis and validated their findings with experiments[48-50]. Bertossi et al.
modelled the evaporator heat transfer for low rotational speeds by pure conduction[10] and
showed that this could be done when no natural convection is present. Song also noted that
heat transfer goes via nucleate boiling when the wall is significantly hotter than the satu-
ration temperature and states that nucleate boiling is suppressed at high centrifugal force,
from 20g, due to suppression of vapor bubble formation at the wall surface. Both Song and
Bertossi focused on centrifugal forces far above 20g, where nucleate boiling is suppressed.
Song et al. showed that mixed convection starts taking place for Rayleigh numbers higher
than 400 and showed that liquid layer thermal resistance for dominant natural convection
can be determined by a mixed convection model. The Rayleigh number is calculated by:

_ plﬂz rwi.BATs3

281es]

Ra (2.14)

For Rayleigh numbers higher than 400, the resistance of heat transfer through the liquid
layer is given by Equation 2.15.
Twi
11’1 (Twi_‘S)

Rpoiting = Nu, k, €210z (2.15)

Where Nu, is the Nusselt number for mixed convection comprising out of a natural convec-
tion (Nu,) and forced convection (Nuy) part:

Nu,7n/2 = Nu,71/2 + Nu;/2 (2.16)

Nuy is taken as 1, because of the relatively low Reynolds number of the flow in the liquid
layer. A Nusselt number of 1 means heat transfer goes purely by conduction. The natural
convection part is a function of the Rayleigh number. It is defined as:

Nu,, = 0.133Rq375 (2.17)

Figure 2.2 shows the typical types of boiling, which occur at certain wall surface tempera-
tures T,,; above the saturation temperature Ty,;. It is interesting that maximum heat flux is
achieved at a certain wall surface temperature. By further increasing it, the heat flux will
be lower. The maximum heat flux g,,,, can be determined by Equations 2.18 and 2.19. The
maximum heat flux is proportional to the maximum bubble velocity, Vpyax. Gmax can be deter-
mined by calculating velocity from the buoyancy force and by subsequently using a constant
Cmax> Which is in the order of 0.1. Convection and nucleate boiling are mostly of interest for
this study, as the high resistance of transition and film boiling makes it unlikely to be the
dominant heat transfer mechanism through the film.[33]

Qmax = Cmaxpvvmathg (2.18)
1/2pv1712nax = erwi(pl —py)b (2.19)

Jouhara et al. performed experiments with a thermosyphon loaded with Dowtherm A at a
temperature between 200 and 450°C. They looked at nucleate boiling resistance in a pool[22].
Nucleate boiling typically goes with fewer resistance than natural convection. When nucle-
ate boiling is occurring in heat pipes, the resistance of the evaporator is often considered
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Figure 2.2: Plot of heat flux q against AT = T,,; — Ts4: Showing different types of boiling[33]

negligible compared to the condenser[48]. To compare experimental data with theory, an ex-
pression for nucleate boiling in a pool is used. Rohsenow correlated the following expression
for nucleate boiling Nusselt number on a surface[43]:

Ja?

Nupye = CF{PTIm

(2.20)

Where Jakob number Ja = ¢, ;(Ty — Tsqr)/hrg and C,, & m are empirical constants. The length

scale for nucleate boiling is Ly = (a/(p; — p,,)g)o's. Jouhara et al. found values for these
constants for nucleate boiling of Dowtherm A on a stainless steel surface with a regression
analysis; C, = 0.00695, m = 4.15. Their experimental data agree with the Rohsenow correla-
tion within 25%.[22] As vapor formation starts in voids on the surface, these constants are
dependent on material type and surface roughness. Using this correlation brings along high
inaccuracies. Typical errors are 100% of heat flux.[33]

2.2. Modelling of non-condensable gas

Non-condensable gas inside a heat pipe has the tendency to cause a major temperature drop
at the condenser end of the heat pipe, as described in Section 1.4. The temperature pro-
file in the condenser can be predicted by determining the non-condensable gas distribution.
Numerous results of modelling work have been reported, solving transport diffusion and con-
vection equations for non-condensable gas and condensable vapor[13, 16, 19, 52]. Research
on the modelling of non-condensable gas has only been done on stationary heat pipes. Due
to the unavailability of work on rotating heat pipes with non-condensable gas, this section
focuses on the literature on the modelling of stationary heat pipes. In essence, the basis of
the to be solved problem is equal for stationary and rotating devices, provided that the effects
of rotational speed on the vapor flow are limited.

3
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Figure 2.3: Graph showing non-condensable gas distribution and associated dimensionless temperature(T,,, = 1) by Peterson
et al. Different shut off lengths are shown: L the non-condensable gas inventory, Q; the effective blocked condenser length in
terms of heat transfer, Ly, . the length of non-condensable gas if it was a flat front[39]

Early research on the modelling of non-condensable gas dates back to 1970[29]. It started
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very simple with a modelling study by Bienert et al., who modelled the front between working
fluid and non-condensable gas as a sharp interface without a region of coexistence. This was
under the assumption that all non-condensable gas is accumulated in a volume without any
condensable vapor, resulting in a low blocked length, as shown by parameter Lj in Figure
2.3. Experimental observations on a heat pipe with water and air as its non-condensable
gas by Edwards and Marcus showed that a region of coexistence is clearly present[16]. They
developed a 1D model in which the distribution was modelled as a convection-diffusion prob-
lem, which resulted in a region of coexistence and in fairly good agreement with experimental
data. This allowed to determine the effective length of the region shut down to heat transfer
Qg, which is a measure of power decrease of the condenser. Furthermore, they included the
axial wall conductance and showed that it is of principal importance in modelling the shape
of the front. An energy balance on a wall element was used to determine local condensation
rate, taking into account wall conduction. This model was kept in 1D by assuming a similar
wall temperature profile compared to inner temperature. Daniels and Shukla continued this
work and improved it by calculating wall temperature separately[12, 46].
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Figure 2.4: Temperature measurements by Daniels et al. inside a tapered rotating heat pipe, with arcton as working fluid and
nitrogen as non-condensable gas. The contours of constant temperature are shown[14]

P, bar

Daniels was one of the first measuring radial temperature profile as well, as shown in
Figure 2.4[14]. This suggested that a 2D-distribution is present, where the non-condensable
gas at the wall is covering a larger part of the heat pipe than in the middle. Hijikata et
al. and Harley et al. succeeded in modelling this phenomenon by also modelling radial
transport[19, 21]. Peterson et al. carried out a parametric study on heat pipe characteristics
and operating conditions affecting the severity of 2D non-condensable gas distribution[39].
More recent studies mainly researched the transient behavior of heat pipe with non-condensable
gas. Saad et al. concluded that the transient response during heating up is not affected by
the presence of non-condensable gas, but the cooling down is significantly slowed down.[44].

2.3. Conclusion

From this chapter it became clear that rotational speed and filling amount are of large influ-
ence on the heat transfer characteristics of a rotating heat pipe. The liquid layer thickness
is a determining factor for heat transfer resistance. We have seen that non-annular and an-
nular flow regimes exist. An increase in rotational speed, causes the liquid layer to become
thicker, which resists radial heat transfer. Expressions for transition rotational speeds to
the annular flow regime from literature were given. Furthermore, relations for liquid film
thickness are found in literature and the effect of turbulence in the liquid layer has been
shown to decrease heat transfer resistance. Heat transfer mechanisms through the film in
the condenser are conduction and turbulent mixing, while in the evaporator also natural
convection and nucleate boiling may be the dominant heat transfer mechanism.

Models exists for heat pipes loaded with non-condensable gas. They almost all describe
the non-condensable gas distribution by convection-diffusion transport equations. The re-
sulting distribution succeeds in predicting the influence of non-condensable gas on heat pipe
performance. The severity of 2D-effects inside the heat pipe has been quantified in literature.

No research is available on rotating heat pipes with Dowtherm A. This chapter provides a
theoretical framework, which can be used to check whether Dowtherm A behaves as expected
in the experimental setup used in this study and which heat transfer mechanisms are likely
to play a role.



Experimental Setup & Method

The TU Delft Rotating Heat Pipe setup is designed to obtain experimental data with which
internal heat and mass transfer of a rotating heat pipe with Dowtherm A can be character-
ized. It is designed to determine temperature and heat transfer rates radially through the
wall and to determine the axial temperature profile inside the heat pipe. This experimental
setup design differs from heat pipes in practical applications. The thickness of the wall is
usually minimized to decrease heat transfer resistance. For this setup, a thick wall is cho-
sen, as this allows more accurate measurements of radial heat flux through the wall. The
setup allows experiments to be done at a temperature and pressure range which is equal
to that at the application of a heat pipe with Dowtherm A in a heat pipe assisted annealing
line. Furthermore, the combination of range of rotational speed and filling ratio should allow
experiments within both the non-annular and annular flow regime.

The experimental work of this thesis continues on former work on this experimental setup[54].
The design of the setup, manufacturing and assembly were finished at the start of this
study.[32, 54] The first phase of this experimental work was the commissioning of the setup.
The commissioning showed the capabilities and deficiencies of the setup. It showed that an
eccentricity of the heat pipe caused problems with the rotation and that the heat pipe could
not be sealed fully hermetically.

This Chapter describes the rotating heat pipe experimental setup at the Process & Energy
laboratory of TU Delft. First, the setup itself is discussed, including the deficiencies, control
and safety measures. This is followed by the experimental method used in this study.

3.1. Component description

The entire setup, which is in a cabinet for safety reasons, can be seen in Figure 3.1. The TU
Delft experimental setup consists of the following components, which will be discussed one
by one:

* Rotating heat pipe;

* Rotational motor;

* Slip ring;

* Oven;

* Condenser cooling duct;

* Bearings;

* Cooling outside wiring tube.

16
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Figure 3.1: Experimental setup with from left to right surrounding the heat pipe: slip ring, bearing block, oven, condenser
cooling duct, bearing block, motor coupling and rotational motor

3.1.1. Heat Pipe

The main part of the heat pipe itself is a cylindrical tube of AISI 316 stainless steel of 8mm
thickness with closed ends. The most important part for this study is the cylindrically shaped
chamber inside. Inside the hollow space of the heat pipe, a thin tube in axial direction at
radius zero serves as thermocouple mounting and as a cover for the wiring of sensors inside
the heat pipe and in the wall towards the slip ring. Figure 3.2 shows multiple drawings with
the relevant components and dimensions of the heat pipe. The inner wiring tube is illustrated
as well. The different components are fixed to the main cylindrical tube by means of a weld
or a press fit. The only entrance to the inner space of the heat pipe is via the hole closed
by the filling plug. The left end of the heat pipe accommodates wiring towards the slip ring.
The right part serves as a coupling to the rotational motor and it is the place where the heat
pipe can be filled, emptied and vacuumed. The heat pipe’s rotation is supported by bearing
blocks at the sides. Each of these bearing blocks consists out of three ball bearings rolling
against the heat pipe at three different angular positions. The bearing blocks allow the radial
thermal expansion of the heat pipe by the use of spring washers between the upper and lower
parts of the block. The functional part of the heat pipe is located between the two bearing
blocks. The length and location of the sections of the heat pipe inside the oven and cooling
duct part will be shown in Figure 3.8.

Inner space heat pipe

Figure 3.2b and 3.2c clearly show the inner space of the rotating heat pipe, to be partly filled
with the working fluid. The geometry of this inner space basically is a hermetically closed
cylinder with a diameter of 44mm with another tube in the middle. This wiring tube covers
about 4% of the cross-sectional area of the inner space. From this 9mm diameter wiring
tube, small tubes run radially towards the wall which connect the wall sensors. Besides
the wiring itself, the wiring tubes are entirely filled with solder and therefore are not part of
the volume which can be taken up by the vapor or liquid. Furthermore, five thermocouple
tips stick out a few millimeters from the center wiring tube at different axial locations. More
detailed drawings, used for the setup construction, are attached in Appendix A.

Filling & Sealing

The process of getting a certain amount of working fluid inside the heat pipe and closing it
hermetically while the inside is under vacuum turned out to be difficult with the tools avail-
able. Valves for vacuuming the heat pipe were not easily available, as they are required to be
small and able to handle the high working temperatures. In the absence of a valve, the heat
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Figure 3.2: Scaled drawings of a cross section of the heat pipe. Dimensions in [mm]

pipe has to be vacuumed while being closed. Therefore, the following method is applied.
Pictures of the closing are shown in Figure 3.3. A filling tube with a copper washer is screwed
into the heat pipe end at the side of the motor coupling, as illustrated by Figure 3.2a. This
filling tube basically is a bolt with a hole drilled through the center. A tube is fixed in this
hole by a weld, forming a leak-tight connection. After the heat pipe is filled through the filling
tube, the heat pipe is attached to a work bench and vacuumed by a vacuum pump attached
to the filling tube. The filling tube is closed by squeezing it from two sides by a modified
vise. Before squeezing, the filling tube is heated locally with a gas burner to increase its
ductility and therefore prevent breaking it during deforming and it is heated to be able to
fully squeeze it. The vise is modified such that its contact surfaces have a reduced area and
exert most squeezing force on a contact line perpendicular to the axial length of the filling
tube, sealing it along this line. The heating and squeezing is repeated several times, while the
heat pipe is continuously vacuumed. Afterwards, the heat pipe is considered to be almost
fully closed, but very small leak paths may be present. To fully close the heat pipe while still
being squeezed, the filling tube is sawed off just beyond the squeezed part and welded inside
directly afterwards. The result is shown in the right picture of Figure 3.3.

This method originates from an old patent[18] and has been used in another heat pipe
study[53]. Within this project, it has been further developed for this application by collabora-
tion with the workshop personnel of the laboratory. The filling tube diameter, wall thickness
and material were of influence on the sealing performance.

This process is considered far from ideal, as it is labour intensive, requires a new filling tube
every time and it turned out that this method does not guarantee a hermetically closed heat
pipe consistently. It is however used as no better alternative is readily available.
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Figure 3.3: Vacuuming(left), heating and closing using modified vise(middle) and result after welding(right)

3.1.2. Slip ring

The wires from the heat pipe are of course rotating with the same angular velocity as the heat
pipe. To connect the wiring to the stationary control unit, a device is needed to connect the
rotating wires with stationary wires. The setup has a slip ring to realise this. It is attached
to the outside wiring tube, as can be seen in Figure 3.1 and 3.4.

The slip ring used is type SRH2578-12P/24S from brand Penlink[5]. The electrical resistance
of the slip ring is 100m(). The resulting error of this resistance is negligible, as the impedance
of the thermocouple input unit is much higher[54].

Figure 3.4: Drawing of heat pipe, slip ring(black), rotational motor(blue) and ceramic coupling(yellow)[54]

3.1.3. Rotational motor

The frequency range of the rotational motor is between 50 and 1090rpm. It can be controlled
with an accuracy of 25rpm.

The motor is attached to the heat pipe by the motor coupling. A ceramic coupling is used,
which is able to withstand high temperatures. This coupling allows the axial expansion of the
heat pipe. The positioning of the motor relative to the heat pipe setup was determined by an
estimation of the maximum thermal expansion of the heat pipe. For this estimation, linear
thermal expansion of a SS316 tube is considered, as shown by Equation 3.1. For a conser-
vative calculation, the heat pipe is considered to entirely heat up 50°C beyond the maximum
working temperature causing a temperature difference of 380°C, which could actually only
occur if the oven covers the entire heat pipe. The length is taken as the distance between the
left bearing block in Figure 3.4 and the motor coupling, as the expansion in this area should
be allowed by the motor coupling. The expansion according to this formula is 0.004m, which
is a conservative estimation of the actual to be expected expansion.[2]

AL = 5316 (Tmax — Tmin)L (3.1)
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3.1.4. Oven

Six quartz lamps provide radiant heating to the evaporator section with a maximum power of
about S500W. The lamps are cylindrically shaped and are positioned at six angular positions
around the heat pipe. They have an effective heating length of 165mm and can reach a
temperature of 900°C. One of the lamps can be seen in Figure 3.5b. The central part of
the oven is surrounded by polished steel to reflect radiation not yet absorbed by the heat
pipe. The oven consists of an upper and lower section, which allows the removal of the heat
pipe from the setup. The gap between these two sections is kept limited to restrict the loss of
radiation from this central chamber. The same applies to the gap between heat pipe and oven
wall at the left and right end of the central chamber. This is done to restrict the heat input
to the section of the heat pipe in the central oven chamber. However, some of the radiation
escapes the chamber. The heat pipe parts running through the two outer chambers are also
likely to absorb some radiation of the lamps, as the lamps are slightly longer than the central
oven chamber. The oven in operation can be seen in Figure 3.5a. It is clear that light escapes
the oven.

To increase the amount of heat absorbed by the heat pipe, a black coating has been applied
on the heat pipe part within the central oven chamber. This coating can be seen in Figure
3.5b.

(a) Rotating Heat Pipe in operation (b) Coating and adiabatic section
insulation

Figure 3.5: Setup in operation and a picture of oven chamber and adiabatic section

3.1.5. Cooling duct

A centrifugal pump blows air from outside the cabinet through the cooling duct, resulting in a
flow perpendicular to the heat pipe. The closed condenser air duct is located at the right side
in Figure 3.5a, with the intake from above and pump housing in the upper half of the picture.
Figure 3.6 shows an image of the inside of the condenser, which basically is a rectangular
duct. The dimensions of the cooling duct are given by Figure 3.7. The maximum air velocity
of this system is well beyond the cooling requirement. Again, it is desired to concentrate the
cooling on the section of the heat pipe within the cooling duct. For this reason, the gap at
both sides of this section is minimized. The existing gap between heat pipe and duct is filled
up with glass fibre wool. This is not a perfect seal, so some of the air escapes in the axial
direction of the heat pipe.

3.1.6. Insulation and Cooling

The adiabatic section is insulated to minimize heat loss in this section of the heat pipe, as
shown in Figure 3.5b. The insulation material used is thick nonadhesive glass fibre tape.
It is fixed to the condenser air duct and is therefore not rotating with the heat pipe, which
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Figure 3.6: Inside the condenser air duct, also showing the location of the balancing weight on the left

375 mm

34mm

187 mm

Figure 3.7: Side and top view of condenser cooling duct(grey) and heat pipe(blue)

causes a small gap between insulation and heat pipe. As mentioned earlier, some air from
the condenser escapes the duct and blows along the heat pipe. This causes some cooling in
the adiabatic section, which is small compared to the cooling in the condenser duct itself.
However, this causes the heat loss of the adiabatic section to be depending on the air flow in
the condenser.

Cooling of the outside wiring tube is required, as it is filled with resin. This resin is not
able to handle the upper working temperatures. A thermocouple is mounted at the outside
wiring tube end in the bearing block. This allows the monitoring of the temperature. To
maintain the leak tightness, this temperature is kept below 130°C. Air cooling on the bearing
block and wiring tube itself is applied to achieve this. The four blue tubes with orange nozzles
in Figure 3.5a connected to a pressurized air source realise the cooling. The wiring cooling
power is manually adjusted.

3.2. Sensors

The heat pipe is equipped with multiple sensors measuring temperature, heat flux and pres-
sure. Four thermocouples are mounted to the inner wiring tube, measuring the inside tem-
perature. At six locations in the wall, both the radial heat flux and temperature are measured.
Furthermore, the pressure inside the heat pipe is measured at the oven end of the heat pipe.
The axial locations of these sensors are visualized in Figure 3.8 and are given in Table 3.1.
The wiring temperature sensor in the outside wiring tube and the cooling air velocity and
temperature sensor are not shown in the Figure.
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Figure 3.8: Hollow part of the heat pipe with the length of given sections in mm (+- 1mm) and the black coating. Axial location
of sensors: Inside thermocouples(brown), wall sensors(green) and pressure sensor(yellow).

Table 3.1: Locations of inside and wall sensors

Type Axial location [mm]
from left end vapor space
TC1: 60
TC2: 226.5
TC3: 310
TC4: 393
HF1: 38
HF2: 93
Heat flux sensors and HF3: 204
thermocouple in wall HF4: 260
HF5: 371
HF6: 426

Thermocouples inside

The wall sensors measure both temperature and the radial heat flux. Actually, the radial
heat flux is determined from temperature measurements at different radial positions using
Fourier’s law. The temperature gradient is determined from the AT shown in Figure 3.9. The
thermocouples are placed at 2mm and 6mm from the inside wall surface. Four thermocou-
ples are linked in series in such a way that AT is measured twice, which after division by 2
gives a more accurate measurement[54]. A most inner thermocouple in the wall is used to
measure the wall temperature. The sensors are placed inside the wall in such a way that the
effect on the heat flux is minimal.

ET_E: T

Figure 3.9: Radial location of wall temperature sensors. The blue layer indicates the liquid layer inside the heat pipe.

The characteristics of the three different type of sensors used are shown in Table 3.2.
The accuracy either comes from manufacturer specifications, calibration technique or from
interpretation of experimental data. Heat flux sensor calibration could only be done to 15%
accuracy by the manufacturer of the heat pipe. The temperature sensors were calibrated
accurately and the typical accuracy of K-type thermocouples applies. Although the pressure
sensor manufacturer specifies its accuracy to be 0.2 bar, the readings from the setup suggest
a lower accuracy. It jumps up and down continuously. The average of many readings can
only serve as an indication of the pressure inside the heat pipe. This also happens when the
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heat pipe is not rotating, so it is not likely to be due to the slip ring error. According to the
manufacturer, the pressure sensor can handle temperatures up to 100°C. It could be that
the pressure sensor has been damaged during testing, as temperatures far beyond the upper
limit were reached.

At ambient conditions, the heat flux sensors were all measuring a radial heat inflow at

the commissioning phase. As there is no driving force for a heat flow, this must be an error.
The manufacturer, experts on temperature and heat flow measurement solutions, states that
this error very likely is an absolute offset. Therefore, an absolute offset correction is made to
the individual heat flux sensors. To be more sure about this offset, a test was carried out.
During this test, the heat pipe was brought to a homogeneous temperature other than the
ambient temperature, followed by it decrease to the ambient temperature while reading out
the sensors. As the outside wiring tube cannot withstand high temperatures, it was decided
to cool the heat pipe in a climate chamber for this test and let it warm up again due to the
higher ambient temperature. The profile of the heat fluxes during the warming up, which
should be about homogeneously, could give information about the heat flux sensor offset.
The process and the results are described in Appendix B.
The conclusion is that no sign of a relative offset could be seen. There was no correlation
seen between the offset and the heat flux difference between cold and ambient condition of
the heat pipe. Furthermore, the offset corrections themselves are of the same magnitude as
or smaller than the accuracy of the heat flux sensors. A doubling of the offset at a point
during the experiments will therefore still fall within the accuracy margin of the heat flux
sensor. No hard conclusion could be drawn, as the heat pipe did not warm up in a fully
homogeneous way. The absence of an observable relative offset does however rule out a large
relative error. The offset likely is an absolute offset according to the manufacturer, but even
if the offset is relative, the associated error of using an absolute offset correction will fall
within the accuracy at all working working temperatures. A thorough description of the test
including recommendations is given in Appendix B.

Table 3.2: Characteristics Sensors

Sensor Type Accuracy

Temperature K-type thermocouples + 2.2°C or 0.75% (whichever is greater)
Heat flux Thermocouple configuration  + 15%

Pressure Endress PMC131-A11F1A1V  + 0.4 bar

Air velocity DeltaOHM HD29V37TC2.2 + 0.5m/s+3%

3.3. Setup deficiencies

Unfortunately, this experimental setup has flaws which may effect the working of the heat
pipe. Beside the inaccuracy of the pressure sensor, other flaws have come to light during
commissioning. One of the flaws is an eccentricity in axial direction of the heat pipe. The
other flaw of this setup is the disability to hermetically close the heat pipe. The eccentric-
ity is likely to affect liquid distribution and flow inside the heat pipe, while a leak causes
non-condensable gasses to enter the heat pipe, which in turn influence heat transfer char-
acteristics in the vapor space of the heat pipe. The details of these flaws will be discussed in
this section. The perceived effects will be discussed in Chapter 4.

The eccentricity formed during the construction of the heat pipe. A schematic of the
eccentricity is shown in Figure 3.10, in which the defect is drawn in an enlarged way. The
wall sensors are at the opposite side from the maximum eccentricity, as shown in the Figure.
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Figure 3.10: Schematic drawing of the direction of eccentricity with the wall sensors(green) and balancing weight(orange)
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Figure 3.11: Eccentricity with marked middle of hollow space(dotted)

It is therefore likely that the eccentricity formed during the placement of the wall sensors. The
eccentricity has been measured with a lever dial indicator. A change in height of the heat pipe
during a full rotation indicates eccentricity, as the surface itself is smooth. The maximum
change in height at an axial location divided by 2 gives the eccentricity as defined in the
schematic drawing. The results of the measurements are given in Figure 3.11, which shows
a parabolic profile of the eccentricity. The maximum looks like to be at the oven side of the
middle, but cannot be told with certainty due to the measurement error. The eccentricity also
brings along a rotational unbalance, which restricted high rotational speeds to be reached.
Balancing has resolved this problem, as described in Appendix C.

The disability to close the heat pipe hermetically is another shortcoming of the setup. In

ideal working conditions for heat pipe assisted annealing, only the working fluid is present
inside the heat pipe. A leak causes air to leak into the heat pipe at low pressure and possibly
causes working fluid vapors and air to escape at high pressure.
At ambient temperature, the pressure measurement serves as an indicator for the amount
of air inside the heat pipe, as the vapor pressure of Dowtherm A at room temperature is
0.00002 bar. A higher pressure at room temperature indicates the presence of air and the
magnitude is a measure for the amount of air, according to the following formula:

Mair = VPqir (3.2)

,where V is the volume of the vapor space, which is the inside volume excluding the volume
taken up by liquid. The inner wiring tube is not part of the vapor space, as it is filled with
solder. p,; changes with the pressure inside the heat pipe. Although the pressure measure-
ment is very noisy, it clearly shows an increase over time with many data points.

The leakage rate can be seen from the pressure measurements in Figure 3.12. Although the
measurement error is high, a clear trend could be seen. The leakage rate differed between
each closing. It is also clear that the leakage rate increased at the end of closing #1, probably
due to vibrations and/or high temperatures. The increase occurred after a run with high
RPM’s. The leak after closing #1 was small compared to the other closings, which were sim-
ilar or worse than closing #3. Unfortunately, a major part of closing #1 was taken up by the
commissioning of the setup. The leakage limits the amount of time available for experiments
after each closing significantly, as after a certain amount of air inside has leaked in, normal
operation of the heat pipe is severely obstructed.

The location of the leak was tested and it turned out to be at the filling tube. The pressure



3.4. Experimental method 25

X Closing #1
x ® Conducted experiments(#1) x
0.6 |- x Closing #3
® Conducted experiments(#3)
5
‘E‘ 0.4 - .
3 - x X b
0.2 ; X 5 X x X X X

0 20 40 60 80
Days past closing

Figure 3.12: Pressure measurements at ambient temperature showing leak rate. Please note the accuracy of +-0.4bar. The
conducted experiments are marked on the horizontal axis.

was measured before the filling tube was squeezed, while the heat pipe was still connected
to the vacuum pump with a closed valve in between. The valve of the vacuum pump was
acting as the seal in this case. No pressure increase was seen during multiple days. This
was followed by closing #2 with the same filling tube, which showed a major leak. As the
leak was absent with the vacuum tube attached, one can conclude that the closing process
causes the leak, which tells that the leak is located at the filling tube. This is at the condenser
end of the heat pipe.

3.4. Experimental method

This section describes the experimental method followed to answer the research questions
of this study. The scope of this study changed after commissioning, due to the identified
deficiencies of the setup. The effects of non-condensable gas were added and the influence
of the eccentricity on liquid distribution and flow had to be considered during result analysis
to check whether the results are representative for a rotating heat pipe without eccentricity
as well. Furthermore, the amount of experiments was limited, due to the leak and labor
intensity of the closing procedure. This section describes the filling amounts, the procedure
followed during experiments and the conducted experiments.

3.4.1. Filling procedure and filling amount

Experiments were done with two different amounts of Dowtherm A in the heat pipe. The
filling of the first round of experiments was relatively simple, as the heat pipe was delivered
empty. The desired mass of Dowtherm A was added through the filling tube. The second
round of experiments required a more extensive filling procedure, as the used working fluid
was still inside. To get to an accurate amount of pure Dowtherm A inside, the heat pipe was
first emptied. Adding or removing a part of the working fluid would bring along inaccuracies,
as the used Dowtherm A could have degraded and errors on the filling amount could build
up. Therefore, it was chosen to first fully empty the heat pipe before filling it again.

Sharp corners near the filling tube inside the heat pipe complicated the emptying. The liquid
flowed through the small filling holes and subsequently through the hole of the removed fill-
ing tube. By pointing this side of the heat pipe downwards, most of the Dowtherm A flowed
out, but a part of it remained inside. Rinsing has been used to get the remaining part out.
A suitable liquid had been found, in which Dowtherm A dissolves and which evaporates rel-
atively quickly at ambient conditions. This was required to not end up with a bit of another
liquid inside, which would not evaporate out of the heat pipe. The used liquid for rinsing was
acetone. The rinsing was done multiple times, until a negligible content of Dowtherm A was
found in the rinsing liquid. The amount of Dowtherm A coming out was subsequently de-
termined by letting the acetone evaporate out of the rinsing liquid, leaving the Dowtherm A.
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Figure 3.13: Eccentricity with axis of rotation(dashed) and filling compensation for eccentricity(blue). The eccentricity has been
drawn in an enlarged way.

The evaporation of Dowtherm A at ambient conditions is negligible. After emptying the heat
pipe loaded with 95g of Dowtherm A, 93g of the working fluid was obtained, which confirms
that the leak of Dowtherm A was not major. Before filling, the heat pipe was vacuumed for
multiple hours to make sure that no more acetone was inside.

The amount of working fluid was determined in such a way that all the flow regimes could
be reached within the accessible rotational speeds. The literature study described in section
2.1.1 has been used to calculate suitable filling amounts.

Some extra liquid was added to compensate for the eccentricity of the heat pipe. The cen-
trifugal force from the rotation pulls the liquid to places with highest distance from the axis
of rotation. This distance differed in axial and angular direction due to the eccentricity. The
compensation amount was chosen such that it fills the volume with higher distance from
the axis of rotation than the inner radius of the heat pipe. This volume is illustrated in Fig-
ure 3.13, where a-cross section of this volume is shown for an angular position. At high
rotational speeds, liquid will be present at the sides only when the heat pipe is filled with
more liquid than the compensation amount. As increments in filling amount will cause extra
liquid to be present at the sides, this method is chosen to compensate for the eccentricity.
It should be noted that the above applies to high rotational speeds, where enough liquid is
pulled upwards with the wall such that it fills the concerning volume while rotating. At lower
rotational speeds, this volume is not constantly fully occupied by liquid due to the lower
centrifugal force with respect to gravity. The extra liquid will then be part of the pool, which
means it can no longer be fully treated as compensation liquid. The amount to compensate
for eccentricity is determined using CAD program SolidWorks using the eccentricity measure-
ments from Figure 3.10. The concerning volume turned out to be 5.2 * 107°m3 (+0.7 * 107°).
This corresponds to about Sml or 4.2g of Dowtherm A, depending on the liquid density at the
working temperature.

Experiments were conducted with the heat pipe filled with 95g and 85g of Dowtherm A. This
corresponded to a filling ratio of 0.153 and 0.135 at 340°C, respectively. Annular flow was
expected at 1090 and 1065rpm for the used filling amounts, which were accessible by the
experimental setup.

During the experiments, the smell of Dowtherm A could clearly be detected, so vapors of
the working fluid were escaping the heat pipe. This however did not mean it changes the
amount of Dowtherm A notably, as very small concentrations of Dowtherm A could already
be smelled. In order to find out if the leak altered the filling amount, the closed heat pipe
was weighted regularly to find a possible weight change due to the loss of working fluid. The
accuracy of the used scale was £0.5g and the maximum weight difference found was 1g over
four conducted experiments. This means between O and 2g of Dowtherm A has leaked out.
The error margin of the filling amount therefore is between O and -2g. The error margin of
the filling itself is orders of magnitude smaller.

3.4.2. Experimental procedure

A consistant procedure is followed, such that the conducted experiments were done in the
same way. Not all constant variables were easy to keep constant during experiments. One
of them is the non-condensable gas amount for example. This procedure is followed in order
to obtain the most reliable results, which was still feasible.
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Ambient conditions

As the experiments were conducted throughout different periods of the year, the ambient
temperature varied slightly. The ambient temperature at days on which experimental data
was acquired ranged from 16°C to 19°C. The effect of this slight temperature variation was
considered negligible, as it is small compared to the working temperatures of the setup.
Furthermore, the cabinet prevented air flows in the lab which would otherwise influence the
experimental setup.

Non-condensable gas

The uncontrollability of the leak of the heat pipe complicated the study on the effect of non-
condensable gas. The inaccuracy of the pressure sensor impeded this as well, as the mea-
surements only gave an indication on the amount of air inside. During experiments, the
data was analysed to check for signs of a change in non-condensable gas amount. With a
constant amount assumed during experiments, the effect of variables on the influence of non-
condensable gas could be studied by looking at the trend of the measurements. Therefore,
measures were taken to analyse the amount of non-condensable gas during experiments and
to keep this constant.

Running
The following procedure was followed during all the experiments conducted. The way the
setup is controlled, including safety measures, is described in Appendix D.

1. The pressure was measured for at least 30 minutes prior to heating up, in order to
obtain an average of the noisy pressure readings. This was done to get an indication of
the amount of non-condensable gas inside the heat pipe.

2. The heating up was done at 200 rpm, with a gradually increasing lamp power and with
low cooling fan power. From 240°C onward, the heating up was done with maximum
oven power.

3. Prior to the actual data acquisition, the heat pipe was operated under maximal power
at a temperature between 340°C and 350°C at 200 rpm for 30 minutes. A potential
leak outwards would be highest at this operating condition due to the high pressure of
about 5 bar. This step might reduce the non-condensable gas amount and would give
information about the leak outwards. Furthermore, it ensured all components were
heated to their stable temperature.

4. The cooling of the outside wiring tube was adjusted continuously to keep the tempera-
ture at the outside wiring tube sensor between 125°C and 130°C.

S. After the startup procedure, data acquisition was started. Different temperatures were
reached in descending order, which would cause a decreasing leak due to the descending
working pressure. Rotational speeds were reached in both descending and ascending
order.

6. Once stability was achieved at the desired operating conditions, 100 data points were
acquired during 100 seconds. The heat pipe was considered stable when all temperature
readings stayed within 1°C and when all heat flux readings stayed within 150W/m? of
the initial value over the period of 100 seconds. 150W/m? is around 1% of typical heat
fluxes in oven and condenser and therefore falls well within the accuracy of the heat
flux sensors.

Experiments typically took six to eight hours of which about 75 minutes were required for
heating up. Stability was reached at desired operating conditions by adjusting lamp power
and/or cooling air speed. Getting to stability at a new operating point took about 15 minutes.

During two experiments, the outside heat pipe temperature of the coated part in the oven
has been measured during running with a thermographic camera. This part of the heat pipe
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was visually accessible through the gap between the lower and upper oven panel. This was
used to approximate the total heat input supplied by the oven, as described in Section 4.2.1.
The thermographic camera used was of type FLIR TG165.

Working fluid degradation

The used working fluid was analysed for degradation by gas chromatography-mass spec-
trometry. The fluid was sampled right after emptying and stored in a closed container. The
analysis was done by a laboratory of the University of Groningen. It was of added value as the
degradation of Dowtherm A could result in a significant amount of extra non-condensable
gas, which affects the experiments. A decomposition of 0.1% results in about 10% extra
non-condensable gas for example. However, it is not very relevant for the suitability study
of Dowtherm A as the working fluid of a heat pipe assisted annealing line, as the oxygen in
the air was likely affecting the degradation. Air is not likely to be present inside the heat
pipe in the application, as annealing is performed in an atmosphere of H, /N,. The data of
the analysis is shown in Appendix E. It turned out that the extra amount of potential non-
condensable gas is negligible. However, any vapors at ambient temperature were not caught
after emptying and therefore also not found during the spectrometry.

3.4.3. Conducted experiments

This section provides an overview of the conducted experiments, of which the results are
presented in the next chapter. Besides the overall performance of Dowtherm A as a working
fluid, the effect of rotational speed, temperature and power are of main interest. Further-
more, the effect of non-condensable gas was tested.

Table 3.3 summarizes the conducted experiments with the TU Delft setup. During the

experiments, one of the variables is changed, while the others are kept constant. Each line
in the table, except for the last four, is an experiment carried out during a single day, rep-
resented by a unique non-condensable gas amount. The experiments with changing power
are carried out during experiments with changing temperature and rotational speed.
The large amounts of non-condensable gas brought along a focus on higher temperatures
and high powers, as the volume and axial length taken up by the non-condensable gas is
significantly lower in these cases. Furthermore, the effect of the eccentricity turned out to
be large at high rotational speeds, which caused this study to focus on the lower rotational
speeds. A study on the effect of eccentricity would be interesting, but would not contribute
to answering the research questions.

Table 3.3: Overview of conducted experiments, with variables: Inside temperature at oven(T), Rotational speed(w), Oven
power(P,yer) and Cooling air speed(vy;r)-

Changing variable Range Constant variables NCG amount Filling
[g]l(approximate)

350 — 250°C w(200rpm), P),.,(100%)  0.15 85¢g

Temperature 340 — 250°C w(200rpm), P,,e,(100%)  0.20 :
350 — 250°C w(200rpm), P),.,(100%)  0.23 :
250 — 450 rpm T(340°C), Pyyen(100%) 0.18 95¢g
200 — 750 rpm T(340°C), P)yen (100%) 0.18 :
200 — 1090rpm T(340°C), Pyyen (100%) 0.19

Rotational speed 150 — 950 rpm T(340°C), v,;,-(0.8m/s) 0.23 :
150 — 600 rpm T'(340°C), P,pen (100%) 0.24 85g
200 — 700 rpm T(350°C), P,pen (100%) 0.40 :
1000 — 1090rpm T(350°C), v,;-(0.5m/s) 0.46 :
Prpen : 90 & 100%  T(340°C), w(200rpm) 0.15 85g

Power Pryen : 79 & 100%  T(330°C), w(200rpm) 0.15 :

Pryen 71 & 100%  T(320°C), w(200rpm) 0.15
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Accessing the values of the changing variables was done in the order as presented in the

table. One of the variables was the power of the heat pipe, which was controlled by the oven
and cooling power. Stability was reached by adjusting the variable which is not constant.
Most of the experiments with changing temperature and rotational speed were carried out at
maximum oven power, but two of them were carried out at lower power with a constant flow
of cooling air. A constant oven or cooling power did not exactly mean a constant heat pipe
power, as a relatively cold heat pipe absorbs more heat than a hot heat pipe and vice versa
for the cooling duct. However, this deviation was small for a small temperature or rotational
speed range. For the temperature and rotational speed changing runs, it was decided to keep
either the oven power or cooling power constant instead of the heat pipe power in order to
ease controlling the setup. Otherwise, it would increase the time to get to steady-state at
another operating condition significantly. Most of the current experiments already took a
full day.
The experiments with changing oven power at 200rpm were done in a special way. The low
power settings of these three experiments at different temperatures were chosen such that
the maximum axial vapor velocity inside the heat pipe remained constant, starting with 100%
lamp power at 350°C. Vapor velocity plays a key role in the distribution of non-condensable
gas and in the axial pressure drop. The expression for 1D axial vapor velocity is:

P

L — 3.3
hfgvacs ( )

vax

in which P is the total power flowing from evaporator to adiabatic and condenser sections
and A.; is the cross-sectional area of the vapor space of the heat pipe. The maximum axial
velocity scales with P/h¢gp,, where the last two properties are temperature dependent. This
expression was kept constant at different temperatures by adjusting oven and cooling power,
such that the heat pipe was stable at the desired total heat input value and temperature.
The experimental study on the effects of non-condensable gas was impeded by the uncer-
tainty on the amount of air inside the heat pipe and the unsystematic increase of the amount.
However, a lot of data at different non-condensable gas amounts was available in which the
trends could be studied. Of each non-condensable gas amount in Table 3.3 data was available
at 200rpm and 340°C or 350°C. Furthermore, the effect of temperature and power variation
on the non-condensable gas distribution was analysed.

By carrying out the experiments in Table 3.3, research questions one, two and three could
be answered to the extent permitted by the setup. Furthermore, the effect of non-condensable
gas could be analysed qualitatively. The data associated to the non-condensable gas was
subsequently compared with the model presented in Chapter 5.



Experimental results & discussion

This chapter provides the results and discussion of the experimental campaign defined in
Table 3.3 using the TU Delft rotating heat pipe. It is especially aimed at answering research
questions 1, 2 and 3, an analysis on the overall heat transfer efficiency of Dowtherm A as
an internal working fluid and the influence of rotational speed, temperature and power on
internal heat and mass transfer. Furthermore, the effect of non-condensable gas is explored
in this chapter, although no accurate measurement on the amount of non-condensable gas
was possible. First, overall characteristics found will be presented, followed by an energy
balance of the heat pipe in operation. Afterwards, a study on internal axial vapor and liquid
flow is given. This provides information for a thorough analysis of the condensing and vapor-
ization process. Last, experimental results pointing to a transition to the annular flow regime
is presented. Experimental data on non-condensable gas will be compared with modelling
results in the next chapter.

4.1. Overall characteristics

An ideal heat pipe would be characterized by the absence of an axial temperature gradient
inside. Earlier in this report, it was shown that this is not always the case. The presence of
non-condensable gas brings along a temperature gradient in axial and possibly radial direc-
tion at the condenser side of the heat pipe. Figure 4.1 clearly shows the significant effect of
non-condensable gas during the experiments. First only the evaporator side heats up, after
which the gradient decreases with increasing temperature. At about 250°C, the temperature
gradient between first three inner thermocouples (TC) has disappeared almost completely.
The gap with the fourth thermocouple is slowly closed with a further increase in tempera-
ture. This is as expected and can be explained by looking at the volume of non-condensable
gas. Vapor pressure increases during heating up, causing an increase in air density and
thus a decrease in volume taken up by the gas. dp/dT inside the heat pipe increases with
temperature, due to the relation between vapor pressure and temperature. For Dowtherm
A, the vapor pressure rises slowly to 1 bar at a temperature of about 255°C and reaches 5
bar at 345°C. Furthermore, it looks like the readings are noisy in the region of coexistence
of vapor and air, which could be explained by minor fluctuations in the non-condensable
gas distribution. At room temperature, Dowtherm A has a vapor pressure of 0.00002 bar,
so any pressure measurement at cold state above this value indicates non-condensable gas
presence. This also implies that boiling only starts when vapor pressure of Dowtherm A has
risen above the initial prevailing pressure.

Figure 4.2 shows typical local radial heat fluxes through the wall and both inner and wall
temperatures at steady state. It is obvious that heat fluxes at the evaporator are larger than
in the condenser. Maximum heat fluxes measured in the evaporator during experiments were
around Besides the somewhat larger condenser, this is caused by heat losses at the adiabatic
section and at the junctions between heat pipe and bearing blocks at the sides. A maximum
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Figure 4.1: Inner temperatures during heating up of TU Delft Rotating Heat Pipe Setup(200rpm, my ~ 0.15g)

internal temperature difference of about 4°C is shown, while the maximum difference in wall
temperature readings between oven and condenser is 40°C in this case. The low axial gradient
of inner temperatures shows that the heat pipe is working. This graph also shows that there
is a non-homogeneous axial wall temperature profile over the axial length of the heat pipe.
Figure H.1 in the appendix shows the internal temperature profile for different operating tem-
peratures. This figure shows that the axial inner temperature gradient mainly exists at the
condenser end of the heat pipe. This is likely the cause of the present non-condensable gas.
The difference between TC1 and TC3 typically is 1.7°C in the case of relatively high power and
low non-condensable gas loading. This is smaller than the thermocouple error, so the pres-
ence of this axial temperature gradient cannot be told with certainty. AT, is equal(+0.1°C) for
the different operating temperatures above 275°C, making the temperature drop unlikely to
be from non-condensable gas effects, as the axial temperature drop due to non-condensable
gas presence is expected to be strongly dependent on operating temperature/pressure. The
difference between TC1 and TC4 typically is larger and dependent on operating temperature,
showing the non-condensable effects at the condenser end of the heat pipe.
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Figure 4.2: Radial wall heat fluxes (Q per unit area outside wall surface) with inside and wall temperatures. Operating
conditions: y = 0.14, my ~ 0.15g, 200rpm and 100% lamp power
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Figure 4.3: Typical inner temperatures during experiment with changing rotational speed near or at dryout. The rotational speed
is increased with steps of 25 rpm, as indicated by the vertical lines and values at the top. Filling ratio: 0.16, lamp power 100%

Figure 4.3 shows an unexpected phenomenon, which was present at all conducted exper-
iments with increasing rotational speed in the higher range. At a certain rotational speed, a
large internal temperature difference between evaporator and other thermocouples appeared.
At the same time, the heat transfer resistance between the wall internal surface and vapor
space suddenly increases to more than 10 times its value at lower rotational speeds. The
internal temperature difference is of another nature than the observed difference purely due
to non-condensable gas. One can conclude that the axial vapor flow has stopped, which
normally causes a homogeneous temperature distribution. This suggests vaporization has
choked in the evaporator. Together with the very high radial heat transfer resistance obser-
vation in the evaporator, this allows the conclusion of a dryout causing this phenomenon.
The observed high heat transfer resistance is then for heat flow from wall surface to internal
vapor space directly, instead of boiling and liquid film resistance.

A dryout is caused by a too low liquid transport from condenser to evaporator. It should be
high enough to accommodate the liquid feed at the vaporization rate. Flow resistance for ax-
ial liquid transport is very low for a pool. Annular flow on the other hand is more restrictive,
but often goes hand in hand with high centrifugal forces, aiding the axial liquid transport.
The Froude number Fr = Q?%r,,;/g is 15.7 at 800 rpm. The predicted Froude number for
onset of annular flow according to two approaches is 39.1(Equation 2.5) and 16.1(Equation
2.6). Complete annular flow is expected at 49.0(Equation 2.2) and 30.5(Equation 2.6). The
observed dryout rotational speed may be at the onset of annular flow speed, but is expected
to be far from annular flow rotational speeds. The onset of annular flow normally starts at
the sides and is likely to attract liquid from the neighbouring pool. Therefore, a dryout at
800rpm is unexpected, as it is in the non-annular flow regime with or without local annular
flow at the sides, so restricted liquid transport is unlikely due to the presence of a pool. A
pool has relatively low resistance to axial liquid transport, making the absence of liquid in
the evaporator unlikely.

Table 4.1 gives the found dryout rotational speeds for a lower filling ratio. It is clearly visi-
ble that the power of the heat pipe is of influence on the dryout rotational speed. A higher
power requires higher axial liquid transport and thus is likely to encounter dryout. This
strengthens the argument of limited axial liquid transport at dryout symptoms. The values
at different temperatures are not comparable, due to the heat pipe temperature dependency
on heat input at a certain lamp power.

It was noted in Section 3.3 that an eccentricity exists in the middle of the heat pipe, which
is the likely cause of the unexpected dryout, as expected behavior of a straight heat pipe is
unable to explain dryout at this rotational speed. At rotational speeds with Fr < 1, liquid
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will flow to the place with lowest height, which is depending on the angular position either
the middle or the sides. The net flow will not be effected by this eccentricity in this case. At
higher Froude numbers, the centrifugal force starts to dominate gravitational force, which
causes liquid to accumulate in the region with highest distance from the axis of rotation,
which is in the middle of the heat pipe, as illustrated in Figure 3.13. However, extra liquid
has been added to compensate for this effect, so this does not explain the absence of liquid in
the evaporator. An explanation clarifying dryout, is the onset of annular flow in the middle
of the heat pipe, due to the eccentricity. This increases the amount of liquid in the middle
and it may resist axial liquid transport. As no visual observations were possible, the effect
of eccentricity is not certain. This possible cause for dryout has to be kept in mind when
assessing further results of the experimental campaign.

Furthermore, Figure 4.3 shows that the heat pipe goes back to normal operation at high
rotational speeds, in this case 1000rpm. This may be caused by the high centrifugal force
aiding axial liquid transport and/or by entering the complete annular flow regime. Another
interesting phenomenon is the decrease of the internal axial temperature gradient just before
dryout. This suggests that the non-condensable gas is pushed further to the condenser end,
which can be explained by the fact that less condensation takes place in the middle part of
the heat pipe due to the high heat transfer resistance of local annular flow. This results in
higher vapor velocities in the condenser, pushing the non-condensable gas to the condenser
end of the heat pipe.

Table 4.1: Rotational speeds at which dry-out is suspected with filling ratio y = 0.14 of Dowtherm A inside at different lamp
powers. Onset of annular flow according to Baker, Eq. 2.6: Fr = 15.1

Temperature/Non-condensable gas amount Lamp power-low Lamp power-high

240°C/ ~0.2g 69% 80%

dry-out at:(Fr) 860rpm(18.2) 830rpm(16.9)
300°C/~0.2g 80% 100%

dry-out at:(Fr) 790rpm(15.3) 730rpm(13.1)
350°C/ ~0.5g 86% 100%

dry-out at:(Fr) 750rpm(13.8) 725rpm(12.9)

This section has shown the significant effects of the present non-condensable gas and ec-
centricity of the rotating heat pipe. Non-condensable gas turned out to be of large influence
at low temperatures and eccentricity at high rotational speeds. For this reason, the results
discussion will be focused on high temperatures and rotational speeds lower than the rota-
tional speeds of dryout. One exception to this is the analysis of the upper speeds, where the
heat pipe retakes normal operation.

4.2. Energy balance

A heat balance formed with local heat flux and temperature measurements provides vital
information for determining heat and mass flows at points where they were not measured.
Local heat flux is measured at six different points in the wall, which is used to determine
the total heat input by the oven, heat output in the condenser and heat loss in the adiabatic
section. Furthermore, the energy balance is closed by estimating other heat losses.

4.2.1. Heat input by oven

Heat is supplied to the heat pipe by thermal radiation coming from halogen lamps. The profile
of heat input by the oven is determined in this section by the heat flux measurements and
by additional temperature measurements of the outside wall with a thermographic camera,
as described in Section 3.4.2. The oven consists out of a central chamber and side chambers



34 4. Experimental results & discussion

at each side. The effective part of the halogen lamps is within the central chamber. The
part of the heat pipe inside the central chamber was coated black to enhance heat absorp-
tion. Different oven sections and their size together with the relative sensors locations are
schematically shown in Figure 3.8. For this analysis, the oven is divided in different sections
and it is assumed that the heat input profile is symmetrical in axial direction. The profile on
the left half of the oven is determined, which is equal to the other side under the assumption
of symmetry.

A non-homogeneous heat profile is expected within the central oven chamber, as the amount
of incident radiation at the sides is less due to a lower view factor to radiation. Figure 4.4
shows this expected profile and also shows the location of the wall sensors from which heat
flux and temperature measurements are obtained. The central oven chamber is divided into
a homogeneous and a non-homogeneous part. It is assumed that the wall sensor in the
middle is in the homogeneous part. Furthermore, the uncoated parts of the heat pipe in the
outside oven chambers are treated separately.

LU

Figure 4.4: Expected profile of heat inflow in central and side oven chambers. The heat pipe part in the central oven chamber
is coated black and therefore also drawn in black. The relative position of wall sensors are drawn in green.

Homogeneous part
The total heat input of the homogeneous part can be directly derived from the heat flux sensor
in the middle, HF2. The total heat input of this section is given by:

Qrom = (@/d2)yr2Lnom 4.1)

The length of this part, Ly, is determined in the analysis of the non-homogeneous part.

Non-homogeneous part

This section is of main interest in this study, due to the unknown temperature and heat flux
profile. Thermographic FLIR camera measurements of the outside wall were used to get to an
estimation of the heat flux at the non-homogeneous coated part of the oven. FLIR measure-
ments were done with a low amount of non-condensable gas, which ensured a homogeneous
inner oven temperature.

This process is described in Appendix G and resulted in the following empirical expression
for heat inflow in the non-homogeneous heating section of the oven:

Onon—nom = 0.0374T,, + 0.024((Q/dz)HF1 + (Q/dz)HFz) ~0.9282 4.2)

Where T,, is the inside evaporator temperature in °C.

Side oven chambers

For the heat transfer of the outer chambers, heat flux sensor HF3 is used. This wall sensor
is in the side chamber between central oven chamber and adiabatic section. The heat pipe in
this section has no black coating and receives almost no radiation directly from the lamps, but
it is covered by hot oven components. Heat flux measurements by HF3 were typically between
10% and 20% of HF2, in the middle of the oven. Homogeneous heat inflow is assumed in the
side oven chambers:

Qsidges = (@/dZ)pr3Lsides (4.3)
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Total heat input
The numerous heat input sections discussed together form the profile as in Figure 4.5. The
approximation of total heat input is the sum of Equations 4.1, G.5 and 4.3, according to:

Qoven = Osides + 2Qnon—hom + Qhom (4.4)

With Lgjges = 0.0415 + 0.047 and Lyom = 0.062m
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Figure 4.5: Heat input per unit length profile by oven as determined in this section

4.2.2. Heat output by cooling duct

The radial heat transfer through the wall is measured at multiple axial locations of the heat
pipe. In the condenser, the heat transfer out of the heat pipe is caused by a convective and
radiative heat transfer. The cross-flow of air inside the rectangular duct cools the heat pipe.
Another part of the heat transfer is by radiation to the duct walls. First, total condenser heat
outflow is determined from wall measurements, taking into account non-condensable gas.
Furthermore, an expression for Q,,; as a function of T,,, and v,;,- is determined. Heat transfer
of a cylinder in a cross-flow of air can be calculated by a Nusselt number correlation. The
effect of rotation of the cylinder is then added based on literature data. The expression for
Qout can be used in the model presented in the next chapter.

Total condenser heat outflow

The total outflow of the condenser by the cooling duct is difficult to determine as an axial
temperature gradient due to non-condensable gas is present. No thermographic temperature
measurements were done of the condenser, as the setup did not allow to do so while running.
As shown earlier, non-condensable gas blocks the condenser partly. The blocked part of
the condenser is significantly cooler, which causes heat outflow to be concentrated to the
other part. The next chapter shows that region of coexistence of vapor and non-condensable
gas compared to the uncertainty of front location, due to the unknown exact amount of air
inside. Therefore, the front is assumed to be infinitely steep, making the blocked length of

the condenser:
L . omy 45
blocked — pgAv ( . )

Where 4, is the cross-sectional area of the vapor space, defined as 4, = (1 — Y)n(r2; — rMZ,irl-ng).
The total condenser heat outflow is consequently approximated by taking the average of
the two heat flux measurements in the condenser wall for the case where (Q/dz)yre is not
significantly lower than (Q/dz)yrs, which indicates the front to be downstream of wall sensor

6. The total radial condenser outflow then is given by:

d + d
cond = (Q/ Z)HFS 2 (Q/ Z)HF6 (Lcond - Lblocked) (46)

Where L.onqg = 0.186m
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Literature expression
The book Basic Heat and Mass Transfer of A.F. Mills provides the following empirical relation
of the Nusselt number as a function of the Reynolds and Prandtl numbers for heat transfer
between a cross-flow of air and a non-rotating cylinder[33].
0.62Re/*Pr/?
(Reg < 10000) (4.7a)

1/4
(1 + (0.4/Prair)2/3)

Nug = 03+

0.62Re*Pr}/? Reqy *?
Nug = 03 + 71\ 1+ 382000 (Rey = 10000) (4.7b)
(1 + (0.4/Prair)2/3)
in which:
Uairdwo 4
Re; = ————, Pry, = — 4.8
€q Vair Tair a ( )

Rotation of the heat pipe enhances heat transfer out by convection. Peller studied this in-
crease in heat transfer by looking at experimental data and plotted the ratio of Nusselt num-
ber with and without rotation ME,,; = Nug/Nug(Vyo: = 0) against v,,; /vy for 5.7 % 103 < Rey <
7.13 * 10* and 0 < v,.o¢/Vqir < 1, Where vy;, is the freestream velocity[38]. This plot is used to
quantify the enhancement of rotation on the convectional heat transfer. MFE,.,; is seen as a
multiplication factor for the convective heat transfer due to the rotation.

The heat transfer out by convection is then given by:

Nugk;
he = Maot% (4.9)
wo
Qc = Awohc(Two — Tair) (4.10)

Another part of the radial heat transfer out from the heat pipe is by radiation. Radiative heat
transfer can be calculated by the Stefan-Boltzmann law for the emittance of a black body.
The total emissive power of a black body is defined as:

E, = oT* @.11)

Of course, the heat pipe of this study does not behave like a black body. The surface has
an emittance € based on its material and surface roughness. The emissive power of the heat
pipe surface is:

E = Ay,e0Ts, (4.12)

As € of the stainless steel duct walls is not close to 1, reflection might have to be taken into
account in order to get to an accurate expressions of the heat transfer. Mills provides the
following expression of radiative heat transfer between two objects:[33]

Ep1 — Epy
Q12 = 14 PR = (4.13)

€14 A1F12 €24,

As every spot of the condenser wall only sees the duct wall, the shape factor F;, = 1. Equation

4.13 reduces to:
€14,

Q12 = T ed . -
141 —
1+ cadls (1-¢€y)

(Ep1 — Epz) (4.14)
The term (e;41)/(€245)(1 — €;) in the denominator accounts for the reabsorbed reflected ra-
diation of object 2 by object 1. This term can be neglected if it is close to unity. This is the
case if 4, is much larger than A; with a comparable value of € for example. This expression
of the radiative heat transfer assumes the duct to be isothermal.
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The translation of this equation to the condenser results in the equation of the radiative heat
transfer between heat pipe and duct walls:

EwoA
Qr = EwoA‘:/vj = O_(T\;‘lr’O - Tguct) (4.15)
1+ (1 - Educt)
€ductAduct

The total radial heat transfer out is the sum of the convective and radiative heat flows de-
scribed by equations 4.10 and 4.15 respectively.

Qout = Qc + Qr (4.16)

Experimental data comparison

Table 4.2 states the values used for the variable in the equations for convective and radiative
heat flow. Figure 3.7 in the previous chapter shows the relevant dimensions and the position
of the air velocity sensor.

Table 4.2: Values used for convection and radiation calculation

Variable Value Unit
Vair 1.44Vineqke [m/s]
Awo/Aduct 0.13

Tair 295 [K]
Tauct (295 + Two)/2 [K]
€wo 0.55 [34]

€duct 0.35 [33, 34]

The Nusselt number expression of Equation 4.7 is for a cylinder in an unbounded flow
of air. In the cooling duct of the TU Delft setup, the flow of air is bounded by the cooling
duct. This results in an increased air velocity as the air flows along the heat pipe. For this
approach, the Nusselt number for unbounded air is used, but with an adjusted value for
vair to take the local increased air velocity into account. For v,;,., the average is taken of
the freestream velocity, viptqre, and the maximum at full height of the heat pipe due to the
decreased cross sectional area for the air flow.

The fraction Ay, /Aquct 1S the ratio between the area of radiation exchanging surfaces. A4,,
is the area of the heat pipe in the cooling duct. A, is the area of the six surfaces of the
cooling duct. The intake and outtake cross sections are taken as surfaces as well, as the
connected ducts have little impact on the radiation and for simplicity reasons. The effect of
this simplification is low.

T,ir increases by about 2-6K from ambient temperature in the cooling duct, based on a sim-
ple heat capacity calculation as a function of the power and mass flow. An average value of
T,ir is used in the convection calculation. An estimation of Ty, is more difficult to get to.
The duct temperature was not measured during the experiments. A rough estimate is made
for the duct temperature. In this estimation, it is taken into account that any water droplets
on the outside of the 2mm thick duct wall were instantly vaporizing during operation at high
temperatures, which means the duct was well beyond 373K. It is assumed to be isothermal
for this analysis.

The values for € are taken from literature and interpolated to the values corresponding to the
working temperatures used. The temperature dependence is limited for the range used, so
constant values are taken.

The experimental data set contains many radial heat flow and wall temperature combina-
tions with an associated air velocity. As described in section 3.2, the wall sensors are radially
located as shown in Figure 3.9. For the heat flow calculations, the temperature and heat flow
at the outside wall is needed. The heat flow derived from AT is equal at every radial position
in the wall, provided that the flow of heat is not changing angle, e.g. from radial to partly
axial when flowing outwards. For this heat outflow study, we want to use the heat flow from
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measured AT, so the data is used upstream of the front where d?T,,/dz? ~ 0. In this case,
the heat flow is not changing in radial direction. T, is transferred to T,,, by Equation G.1.
Table 4.3 shows typical results of the comparison between experimental values and values
from theory. For v,;, < 5m/s, the error is less than 25%. Theory over-predicts heat outflow at
high temperature and under-predicts it for high air velocities. The deviation could be due to
the fact flow is in a closed duct in this case, where flow is not restricted for the theory used.
High air velocities occurred at low working temperatures.

Table 4.3: Results of theoretical heat transfer calculation for heat pipe in cooling duct using Equation 4.16, compared with
measured values during experiments

RPM Lamp P- Two,s[o C] 17111'1"[7“/5] MF.ot (Q/dZ)HFS (Q/dz)theory[w/m] % off
200 100% 329.7 1.6 1.07 | 1306 1591 21.8%
150  100% 317.6 0.4 1.11 809 821 1.5%
200 100% 314.6 2.8 1.05 | 1861 1833 -1.5%
200 71% 2981 0.4 1.1 691 744 7.6%
200  100% 297.7 3.5 1.05 | 2145 1844 -14.0%
200 98% 265.9 4.4 1.03 | 22312 2080 -6.8%
200  100% 221.8 6.5 1.02 | 3125 2053 -34.33%
150  100% 212.5 4.8 1.02 | 2133 1656 -22.4%

4.2.3. Heat losses

Heat losses will always be present at rotating heat pipes, especially at high working tempera-
tures. Bearings are often not able to handle high temperatures, due to which the sides need
to be cooled, which results in axial heat losses. The TU Delft heat pipe was cooled at the
wiring tube. No measurements were done to measure heat loss at the sides. The adiabatic
section had a wall sensor, from which the heat loss can be approximated:

Qadia = (Q/d2)yFraLlagia (4.17)

Where L,4;, = 0.042m. The remaining heat losses, are the heat losses at the sides.

Figure 4.6a shows the total heat flows as approximated by Equations 4.4, 4.6 and 4.17 for
a conducted experiment with low amount of non-condensable gas. The difference between
Qoven and Qcong + Quaia indicates the size of heat losses at the sides. It is remarkable that
Lpiockea 1S high and suggests that the entire condenser is blocked at 250°C, because the
condenser wall heat fluxes still measure high heat fluxes, especially the one at the adiabatic
side of the condenser, making a fully blocked condenser unlikely. The non-condensable
gas amount, my, is calculated from inaccurate pressure measurements at cold state. The
accuracy is 0.4 bar, which is higher than the absolute value in this case. Although the
presence of non-condensable gas is certain from internal temperature profiles, it seems to be
less drastic as is suggested by the pressure measurements. Figure 4.6b shows the energy
balance without a blocked part of the condenser. These figures can be seen as a best and
worst case scenario. The actual case will be in between. From the heat flow approximations
at 350°C it can be seen that the heat losses at the sides are significant. Especially at high
operating temperatures, these are expected to be high at the evaporator side, due to the
forced cooling of the wiring tube to 125°C — 130°C.
The condenser power in the case of 300°C was between 280 and 480W in the case shown in
Figure 4.6. This means axial heat fluxes through the inner geometry between evaporator and
condenser at this temperature are in the range of 192,000-330,000W/m?. As these values
are based on radial heat flux measurements in the wall, this is considered the power through
the hollow space of the heat pipe. From Figure 4.2 a clear axial gradient in wall temperature
is visible, which is in that case dT,,/dz = 120K/m, resulting in an axial flow through the wall
of Q = —kA,dT,,/dz = 3W, making it two orders of magnitude smaller than axial transport
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through the vapor space. The wall temperature gradient in the condenser may be of influence
on local condensation rate, as the wall at the adiabatic side of the condenser is relatively hot.
This clarifies the lower radial wall heat flux measured at the adiabatic side of the condenser
compared to the wall sensor further downstream, as the temperature difference between
vapor space and wall is relatively low.
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Figure 4.6: Plots showing approximated total energy flows of oven, condenser and adiabatic section. (a) shows Q.onq With
Lpiockea @s calculated by Equation 4.5. (b) shows Qcong With Lpjockea = 0. Working conditions: 200rpm, lamp power:
80%(250°C), 100%(300&350°C), my =~ 0.15g, x = 0.14

4.3. Axial transport of working fluid

Dowtherm A moves around the heat pipe serving as an efficient energy carrier between evapo-
rator and condenser. This section describes the transport and elaborates on the driving force
for this transport. The axial transport of vapor from evaporator to condenser is considered,
and the transport of liquid back to the evaporator.

4.3.1. Transport of vapor

A pressure difference drives the flow of vapor from evaporator to condenser. This pressure
difference is dependent on friction losses. Incompressible and fully developed flow is assumed
for an approximation of friction losses of vapor flow through the annulus between inner wiring
tube and liquid-vapor interface, of which the geometry is shown in Figure 3.2. First, the
Reynolds number for axial flow is defined as:

vd
Re, = PV, (4.18)
Uy
4 x cross-sectional area 4”((rwi B 3)2 ~ Twiri )
. B wiring _2((7,._5)_7-.. )
_ . — — = wi wirin
e perimeter 2n((rwi —-6)+ rwiring) ’

In which the liquid distribution is assumed to be annular. The method for determining
pressure loss described in the book: Heat pipes: theory, design and applications[4 1] is used.
For laminar flow, the Hagen-Poiseuille equation is used, while turbulent flow pressure loss
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comes from the Fanning equation:

d _ —vA,8u,
p/dz = Y (Reyz < 2100) (4.19)
7.[(7,.4- _ ,r.4 _\U2™h )
2 /)
4 1
dp/dz = —d—fzpvv2 (Rey > 2100) (4.20)
e

In which r, = 7,; =8, 11 = Tyiring and f = 0.0791/Re%?® according to the Blasius equation.
Highest pressure losses are expected at high vapor velocities, which appear at low operating
temperatures due to the relatively low vapor density. The pressure loss in the worst case
is calculated; at 250°C with a typical heat input of 475W. For the worst case scenario, it is
assumed that all vapor flows from one end of the heat pipe towards the other end. Normally,
a velocity profile exists, as vapor vaporizes and condenses on its way. Vpgx = Q/hsgpyA, =
0.37m/s, d, = 0.0318m and Re; = 4096. As the Reynolds number is not equal along the vapor
flow path, both laminar(Equation 4.19) and turbulent(4.20) pressure loss is calculated and
result in: dp/dz = —0.17(laminar) and —0.29Pa/m(turbulent). The pressure loss is therefore
not expected to be higher than dp/dzL = 0.14Pa. A drop in pressure causes a lowered Ty,
but in this case that is limited to a change of 0.0001K and therefore is considered negligible.
Besides the friction loss, a pressure change is caused by accelerating the vapor to vy,,,. This
can be calculated by: Ap = p,v2,, = 0.5Pa. This pressure change is of the same order of size
as the friction loss and is therefore considered to be negligible as well.

This simple calculation showed that the pressure change due to flow in the TU Delft heat
pipe setup causes a negligible temperature change over the axial length. In Section 4.1 it
was shown that a typical internal temperature difference of 1.7°C was measured upstream
of the region which was affected by non-condensable gas, although the thermocouple error
is too large to conclude with certainty. Due to the negligible calculated flow friction, this
temperature gradient is unexpected. An explanation could be that the vapor in the evaporator
is superheated by about 1.7°C, but it could also be a measurement error.

4.3.2. Transport of liquid

The driving force for liquid transport is either gravitational or centrifugal force. In non-
annular flow, a pool exists which is not rotating itself and therefore gravitational force will be
causing an axial pressure gradient, driving liquid transport. The pressure gradient follows
from a liquid height difference, resulting in hydrostatic pressure. In the annular flow regime,
Froude numbers are high and liquid layer will therefore be exerted to dominant centrifugal
forces. Due to the very thin liquid film in the non-annular flow regime, it is assumed that all
liquid transport goes via the pool. Bertossi et al. derived an equation for the axial gradient
of liquid layer thickness as a function of mass flow for annular flow based on momentum
conservation equations and a no-slip condition at the wall, with the assumption of negligible
shear stresses at liquid-vapor interface[10]:

dE _ —Sﬂl ml
dz

P25 2T e
Although this equation is based on an axisymmetric, this equation is adjusted for the analysis
of liquid transport in the pool to get to an estimation. The average height of liquid in a circle
segment h is used in this calculation and centrifugal force 7,,;Q? is replaced by gravitational
force g:

dh -3y m;

dz 5 73 2r,.sin(1/28) (4.22)

A
2r,;sin(1/206)
Where pool angle 6 is defined by Equation 2.10 and 4; is the cross-sectional area of liquid, in
which the film area is considered negligible compared to the pool. Calculating the pool height

h =
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difference over the length of the heat pipe using Equation 4.22 using the average pool height
will give a conservative value, due to the third power of h. In the case without a partly blocked
condenser, the distance of condensation and vaporization are on average 0.26m apart. For
the most viscous and conservative case, at 250°C with a viscosity y; of 0.00028Pas, the low

filling ratio of 0.135, Q = 475W, m; = Q/hs, = 0.0016kg/s, 8 = 1.82rad, h = 0.0059m this yields

dh/dz = 2.5 * 10~ 5m/m, resulting in a height difference of 7 * 10~%m, which is only 0.1% of the
height of the pool.

In the case of annular flow at a rotational speed of 750rpm, a height difference of 2.3x10™°m is
calculated by Equation 4.21, which is 0.4% of §. For this calculation, the filling compensation
amount for eccentricity is deducted, as this liquid is expected to only be in the middle of
the heat pipe. This gives a filling ratio y = 0.128. A filling ratio of 0.04 would result in a
thickness difference in the same order as the liquid layer thickness itself, which makes a
dry-out theoretically possible.

This section showed that the head required for axial liquid transport is negligible for our
operating conditions at both non-annular and annular flow. Liquid transport should be
severely obstructed in order to be too low and causing a dry-out.

4.4. Heat transfer condenser

The heat transfer in the condenser is of significant effect to the overall performance of a ro-
tating heat pipe. This is due to the relatively high heat transfer resistance of conduction
through the liquid film or layer, which is the concerning heat transfer mechanism in the con-
denser, as described in Section 2.1.2. Therefore, the liquid film thickness for non-annular
flow is included in this analysis, as well as the effect of turbulence inside the film. Figure
4.3 showed the severe effects of dry-out, likely caused by the eccentricity of the heat pipe.
This analysis of heat transfer in the condenser is limited to rotational speeds lower than the
rotational speed at which dry-out occurs, due to the disruptive effect of dry-out, which is not
considered as a normal heat pipe operation. Furthermore, results with minimal effect of the
non-condensable gas are presented. The effect of non-condensable gas on heat transfer is
handled in Chapter 5.

It is assumed that the radial pressure gradient in the vapor space is negligible, dp/dr = 0,

as the radial flow of vapor is very small. Furthermore, due to the negligible resistance of
condensation itself, it is assumed that the liquid-vapor interface is at the saturation temper-
ature of Dowtherm A. From the working principle of heat pipes and the absence of a radial
pressure gradient, it can be concluded that also no radial temperature gradient exists in the
vapor space. It is consequently assumed that condensation only happens at the vapor-liquid
interface, due to the absence of a radial temperature gradient. Last, it is assumed that all
heat transfer takes place through the film and not through the pool, as the pool height is
more than 50 times larger than the expected film thickness during the experiments of this
study.
From Section 4.3.2 it became clear that the liquid is equally distributed along the heat pipe
in the case of non-annular flow in a heat pipe with no eccentricity. Eccentricity is expected
to have little effect at low rotational speeds, at low Froude numbers. With this information,
the liquid film thickness can be calculated using Equations 2.8 and 2.9 derived by Semena
and Lin respectively. The outcome of these equations for film thicknesses expected in the TU
Delft setup are shown in Figure 4.7. The working conditions of the TU Delft heat pipe fall just
outside the region for which the expression of Semena holds, so the accuracy of the relation
in this region is uncertain. Lin provided a more general expression. At low rotational speeds,
the two expressions are very similar. Higher rotational speeds show a larger discrepancy. Lin
approximates a lower thickness there. The typical temperature dependency is also shown
in this graph, which is mainly due to the change in viscosity. A lower temperature yields
a thicker film. The dependency on the filling ratio is considered low. It is not part of the
expression of Lin and the dependency of Semena’s expression on filling ratio is minor, only
about 2% for the two different filling amounts of this study. The thickness in case of annular
flow is about 0.0016m.
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A notable difference in this study compared to Semena’s and Lin’s is the relatively high vol-
umetric rate of vaporization and condensation, due to the low latent heat of vaporization of
Dowtherm A. Semena did not include vaporization and condensation and although Lin re-
searched a rotating heat pipe with higher power, it still does not make up for the about ten
times lower value of latent heat of vaporization of Dowtherm A compared to water. Therefore,
a correction is set up for the film thickness change due to condensation and vaporization.
Condensation adds liquid to the film and liquid is removed from it by boiling. As the film
moves with the same speed as the wall, v,,, the relative size of the correction is large at low
rotational speeds. It is assumed that phase change happens homogeneously over the film,
which results in the biggest effect to be seen in the film where it is about to return in the pool
and no effect on the film is yet seen where it is pulled out of the pool. The average thickness
change for evaporator and condenser then can be given by Equation 4.23, which is negative
for the evaporator and positive for the condenser. The corrected film thickness is included in
Figure 4.7. One could conclude that the effect is significant at low rotational speeds, which
results in an evaporator film thickness to approach zero locally. In this case, the amount of
liquid in the film is too low for the power of the heat pipe, which results in a not fully wet-
tened wall surface, which in turn increases heat transfer resistance of the evaporator. The
rotational speeds from this study started from 150rpm, showing a less severe correction. A§
is higher for the evaporator due to the higher heat fluxes in the oven.
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Figure 4.7: Liquid film thickness calculation for TU Delft heat pipe at 340°C, 100% lamp power and 0.16 filling ratio by
expressions from Semena and Lin. Figure includes temperature dependency and applied film thickness correction of Equation
4.23.

In the following graphs, experimental results are compared to expressions found in litera-
ture. The data of wall sensor 5, the sensor at the adiabatic side of the condenser, is used, as
it is expected to suffer less from non-condensable gas inside the heat pipe. First, the internal
wall surface temperature is determined using wall measurements as follows:

Q/dzIn (%)

Ty =T,
wi wt 21k,

(4.24)

Subsequently, a measure for resistance is found in the numerator of the equation below, Rdz:

£ — ((Tl')3 + (Ti)4)/2 = (Twi)urs
RdZ - RdZ

Q/dz = (4.25)
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Where AT is the temperature difference over the film or liquid layer. As it is assumed that
no radial temperature gradient exists, it is the difference between inner wall surface tem-
perature and the temperature in the middle of the heat pipe. For the condenser, this is the
average of measurements by TC3 and TC4, of which the locations are shown in Figure 3.8.
Results following from film thickness calculations are plotted as Rdz using Equation 2.12
and turbulent transport is included from Equation 2.13.
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Figure 4.8: Condenser heat transfer resistance of liquid film for different rotational speeds. Solid lines are the resistances
calculated using corrected layer thicknesses for conduction and Equation 2.13 for transport due to turbulence. Working
conditions: T, = 340°C, 100% lamp power, filling ratio y=0.16

Figure 4.8 shows the film resistance versus rotational speed of the heat pipe, ranging from
about 0.015 to 0.006Km/W. For comparison; The resistance of radial conduction through
the wall is much lower, (R * dz),, = 0.0027Km/W. With the assumption that all radial heat
transport happens outside the pool, where surface fraction outside the pool ¢ = 0.69, the
heat fluxes through the film ranged from about 20875(225rpm) to 24000(750rpm)W/m? for
the data points plotted. A decreasing trend is visible in the experimental results. The differ-
ence between the three conducted experiments is small, although the experiment with the
most amount of non-condensable gas looks to show a higher resistance. According to the
expression of turbulent heat transport, it is the dominant heat transfer mechanism in the
entire range plotted. Resistance for conduction is also shown in the plot, which increases
due to the increases in film thickness with rotational speed.

The results of these experiments are overall different than the values derived from literature.
First of all, the resistance at low rotational speed is in the same order as the expected re-
sistance for conduction, but it is definitely higher. It is far from the expected values due
to turbulent transport. Dowtherm A shows no sign of turbulent transport at low rotational
speed from this plot. Secondly, the experimental values are decreasing, while the theoretical
value either stay constant or increase with rotational speed. Due to the effects of eccentric-
ity, it could be that the pool is becoming smaller in the condenser with increasing rotational
speed. As the liquid thickness is considered independent of filling ratio, this is not expected
to result in a thinner film at high rotational speed. However, the area for heat transfer, ¢,
increases with a decrease of the pool height. This does however not fully clarify the difference
between low and high rotational speed. Another effect could be that turbulent transport is
starting to have its effects on heat transfer through the film. It is remarkable that the values
at the upper rotational speeds show good agreement with turbulent resistance value.

One should note that the way of determining resistance from experimental values could lead
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to inaccuracy when non-condensable gas is present, as the internal temperature at the axial
location of the wall sensor is not measured, but taken as an average of two measurements
at closest axial locations according to Equation 4.25, which may vary due to the prevail-
ing non-condensable gas. Furthermore, non-condensable gas could cause a radial tem-
perature gradient, which increases resistance as calculated. Figure 4.3 shows the typical
decreasing temperature difference between TC3 and TC4 prior to dry-out, which suggests
that the region with non-condensable gas effects starts more downstream. Therefore, the
accuracy is expected to be higher at the high rotational speeds before dry-out, as the in-
fluence of non-condensable gas is lower. The most accurate obtained radial heat transfer
resistance of the film in the condenser is therefore considered to be just before dry-out:
R xdz = 0.006Km/W + 15%, which equals a heat transfer coefficient h = 1750W/m?K + 15% at
750rpm(Fr = 13.8) with an expected liquid film thickness § = 0.00017m(Lin,corrected).

Figure 4.9 shows resistance versus working temperature of conducted experiments at

constant rotational speed. A clearly decreasing trend could be seen from the experimental
data, although the predicted values show a slightly increasing resistance with temperature,
which is mainly due to a decrease in conductivity. The resistance to heat transfer by turbu-
lent transport decreases slightly. At low temperatures, the found resistances show a large
discrepancy.
The most obvious explanation is the effect of non-condensable gas again. The volume of non-
condensable gas decreases with temperature and so its influence will decrease as well. The
way of calculating used can be inaccurate with the presence of non-condensable gas and 2D
effects of it causes a radial temperature profile in the vapor space, increases resistance as
calculated. As already discussed in the resistance-rotational speed graph, the values at high
temperature are in the same order as the resistance for heat transfer by conduction.
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Figure 4.9: Condenser heat transfer resistance of liquid film for different internal temperatures T,,,. Working conditions: 200rpm
, 100% lamp power, y = 0.14

4.5. Heat transfer evaporator

For the analysis of the vaporization process, the same method is followed as for the con-
denser in the previous section. More accurate results are expected, due to the limited effect
of non-condensable gas in the evaporator. This time, wall sensor 2 is used, which is in the
homogeneous part of oven.

Figure 4.10 shows the resistance of the film versus rotational speed. Typical resistances
of R xdz = 0.0025Km/W were found, which corresponds to a h = 4200W/m?K of the film. The
experimental results are closely related and are slightly decreasing with rotational speed.
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Again, heat transfer resistance by conduction is plotted. The correction of Equation 4.23
causes the film thickness to be very low at the start rotational speed. Also natural convec-
tion in the film is considered, starting from Ra > 400, in this case from 575rpm. Furthermore,
the resistance to heat transfer due to turbulent flow is predicted to be lowest and indepen-
dent of rotational speed. A fourth heat transfer mechanism, nucleate boiling according to
Equation 2.20 is included, which is found to occur at least till a centrifugal force of 20g. The
error is in the order of 100% of the heat flux, which makes it predicting only the order of size
of the heat transfer resistance.

The resistance to heat transfer across the liquid film is significantly lower than the values
predicted for different transfer mechanisms at all shown rotational speeds, except for nucle-
ate boiling. This is in contrast to condenser results, which yielded mostly higher resistance
values than predicted. Furthermore, both condenser and evaporator results show a decreas-
ing trend. In the condenser this was most probably partly caused by non-condensable gas
effects. It is very unlikely that non-condensable gas is present in the evaporator. The slight
decrease could be caused by a decrease of pool angle 6 and therefore an increase in surface
fraction prone to vaporisation ¢, it could be caused by more turbulent transport than pre-
dicted by literature or it could be the centrifugal force helping transport by either enhancing
natural convection and/or nucleate boiling.

The only mechanism resulting in comparable low heat transfer resistance is nucleate boil-
ing. The theory used for this prediction is based on pool boiling, which is likely to be different
than for a thin film. However, as all other mechanisms have higher resistances and nucleate
boiling has shown to be possible in rotating heat pipes at the concerning centrifugal forces,
it is most certain that nucleate boiling is the dominant heat transfer mechanism. The resis-
tance corresponds to a film thickness of 2.3 * 10~°m for pure conduction, which is about half
the thickness approximated by Lin at 175rpm and one fifth of the thickness at 400rpm. The
effect of eccentricity is considered to be minimal at low rotational speeds.
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Figure 4.10: Evaporator heat transfer resistance of liquid film for different rotational speeds. For Rayleigh numbers larger than
400, resistance for natural convection is shown. Working conditions: T, = 340°C, 100% lamp power, filling ratio of 0.16

Figure 4.11 shows heat transfer resistance versus internal temperature. The approxima-
tions show a decreasing resistance with temperature, mainly due to an decrease of viscosity
u;- The experimental data seem to show this decreasing trend as well, but show a lower re-
sistance. The error of nucleate boiling is large, 100% of its value as shown in the graph. The
correlation for nucleate boiling is based on pool boiling, while in this case the heat transfer
takes place through a film, which brings along uncertainty as well. One should also note
that the film thickness is low at 200rpm, causing the resistance of conduction to be close to
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Figure 4.11: Evaporator heat transfer resistance of liquid film for different internal temperatures T,,,. Working conditions:
200rpm , 100% lamp power, filling ratio of 0.14

the other mechanisms.

Figure 4.12 shows resistance for different powers at multiple inner temperatures. The dif-
ference in resistance between condenser and evaporator is clearly visible. Furthermore, a
strong dependency on resistance as calculated for the condenser is visible, but this does not
apply to the evaporator. At the evaporator, a slight decrease in resistance can be seen. The
large decrease for the condenser can be explained by non-condensable gas being pushed
further to the condenser end due to an increase in vapor speed with power. This could have
decreased local radial temperature gradient and thus resistance. Condenser heat transfer
rates tested radially through the film were in the range 7300-24000W/m?. For the evaporator
this was higher: 26200-39300W/m?2. The used expressions from literature either considered
conduction, natural convection, turbulent mixing and nucleate boiling as the driving force
for heat transport. As discussed in Section 2.1.3 and shown in Figure 2.2, different boiling
mechanisms occur at different temperature differences for unforced flow. As the experimen-
tal data show a slight decrease of the resistance with power, transition boiling seems to be
not the case during our experiments. An approximation of q,,,, is made using Equation 2.18
to check whether typical heat fluxes during conducted experiments were close to the stop of
nucleate boiling. Equation 2.19 gives the maximum velocity of vapor. For the conservative
case at 250°C, at low vapor density and low rotational speed(200rpm), maximum vapor bub-
ble velocity through film is v,,,, = 0.53m/s. For a typical value of C,,,, 0of 0.1 in Equation 2.18,
this results in Q/dz,,,, = 6000W/m at restricting operating conditions. This is well above the
maximum heat fluxes seen during the experiments and therefore it is expected to not reach
transition or film boiling.

4.6. Annular flow

The results presented in this chapter fully focused on the non-annular flow regime, as dry-
out severely obstructed heat pipe operation at high rotational speed. However, at even higher
rotational speeds, the heat pipe of this setup started operating again, which could be seen
from the disappearance of the axial temperature gradient in Figure 4.3. Section 2.1.1 pre-
sented two ways of predicting the rotational speed at which complete annular flow is expected,
namely Equation 2.2 and 2.6.

Figure H.2 in the appendix shows resistances for evaporator and condenser in the upper
range of rotational speeds for two different filling ratios, y = 0.13 and 0.15. The compensation
amount for eccentricity has been subtracted, as this liquid is assumed to be fully in the mid-
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Figure 4.12: Heat transfer resistance of liquid for different local powers at condenser and evaporator at different internal
temperatures T,,. Working conditions: 0.15g air, 200rpm, filling ratio of 0.14

dle of the heat pipe due to the high Froude number. The graph clearly shows a large jump
in condenser resistance at 1050rpm(y = 0.13) and 1070rpm(y = 0.15) at 340°C. The condenser
resistance increases by more than 5 times, while the evaporator stays more or less constant.
This matches the expectations of annular flow. A significant increase in liquid layer occurs
when going from non-annular to annular flow. As the heat transfer mechanisms in the con-
denser are not expected to be enhanced by centrifugal force in particular, this significant
increase in layer thickness is likely to cause a large increase in resistance. This does not
hold for the evaporator, as nucleate boiling resistance is not dependent on layer thickness,
according to Equation 2.20. As the centrifugal force is about 30g, nucleate boiling may be
partly suppressed, but can still be the dominant heat transfer mechanism.

According to Baker’s expression for the Froude number of complete annular flow, the transi-
tion is expected at Fr = 28.06(y = 0.13) and Fr = 29.69(y = 0.15), which is 1068 and 1100rpm
respectively. Semena’s expression predicts complete annular flow at much higher rotational
speeds, 1360 and 1450rpm. Baker’s expression seems to have predicted complete annular
flow accurately.

For y = 0.15, the found resistance is R * dz = 0.050Km/W. This corresponds to a liquid layer
thickness of 0.0006m for pure conduction, according to Equation 2.12. The liquid layer thick-
ness associated to y is § = 6 = 0.0017m. This discrepancy could be explained by turbulent
mixing enhancing heat transfer again.

4.7. Conclusion

The aim of this chapter was to answer research questions regarding the performance of
Dowtherm A as a working fluid of a rotating heat pipe in terms of heat transfer efficiency
and to research the effect of rotational speed, temperature and power on heat transfer. The
heat pipe of this experimental study successfully operated and the maximum power was
estimated to be in between 280 and 480W. This study focused on internal heat transfer
phenomena at temperatures above 250°C and below the rotational speed at which dry-out
occurred. Dry-out was seen around Froude numbers where the onset of annular flow is ex-
pected and it drastically disturbed heat pipe operation and controllability. It is considered
an effect of the eccentricity. The following can be concluded for the non-annular flow regime.
The measured axial temperature difference in the vapor space between evaporator and adi-
abatic side of the condenser was 1.7 + 2.2°C and the axial resistance is two orders smaller
than conduction through the wall, which has a similar cross-sectional area. This shows that
the heat pipe is working. The axial vapor temperature gradient measured more to the con-
denser end of heat pipe was larger and likely due to non-condensable gas. The condenser
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showed signs of efficient heat transfer by turbulent mixing through the film at high rotational
speeds(700-750rpm), which is not widely reported in literature. It matches the predicted heat
transfer coefficient of turbulent mixing in the film within 10%. The found heat transfer co-
efficient through the film at those rotational speeds is h = 1747W/m?K 4 15%. No conclusion
can be made for the condenser at lower rotational speeds due to the likely effects of non-
condensable gas. It seems clear that nucleate boiling causes efficient heat transfer in the
evaporator causing low resistance compared to the condenser. The heat transfer resistance
showed a minor decrease with an increase in temperature, rotational speed and heat flux
rate. The heat transfer coefficient of boiling at the film typically is h = 4200W/m?K + 15%.
The thickening of the liquid film with rotational speed did not lead to a noticeable increase
of its resistance. Baker’s expression seems to predict complete annular flow well, as signs of
annular flow were seen at rotational speeds within 3% of the correlation. The resistance of
heat transfer through the film in the condenser increased by 5 times when entering annular
flow, while the evaporator showed little dependence.

The upper half of the operating temperatures of the intended use of heat pipes with Dowtherm
A in a heat pipe assisted annealing line have been tested. Furthermore, the same axial heat
fluxes as noted in Table 1.1 were reached during conducted experiments. 60% of the radial
heat flux through the film in the condenser was reached, while in the evaporator heat fluxes
of 95% the heat fluxes as in the application were reached. The expected film thickness scales
with /1,;, while radial heat transfer area scales with r,,;, according to Equation 2.9. This may
cause local dry-out when too little liquid is dragged upwards with the wall for the vaporization
rate, as described by Equation 4.23. For a filling ratio of y = 0.14, onset of annular flow is
expected at 220rpm/(Fr = 15.0) and complete annular flow at 305rpm(Fr = 28.9) at a full scale
heat pipe.



Modelling of Non-Condensable Gas

The presence of non-condensable gas greatly influences the working of a heat pipe condenser,
therefore understanding the effects is key in the internal analysis of heat pipes with non-
condensable gas. A steady-state model has been developed which shows the quantitative
and qualitative effects of non-condensable gas. Existing models, as described in Section 2.2,
have been taken into account.

As pointed out in Section 1.4, the accumulation of non-condensable gas at the condenser

end is caused by the convective flow from evaporator to condenser. Due to the high non-
condensable gas concentration at the condenser end and a lower concentration at the adi-
abatic side, a concentration gradient exists. This gradient causes a diffusive transport of
non-condensable gas in the opposite direction as the convective flow.
This diffusive transport causes a region of coexistence instead of a sharp front with con-
densable at one and non-condensable gas on the other side. The region of coexistence can
be characterized by the distribution of non-condensable gas, shown by the profile of mole
fraction x, in axial direction at the condenser. As the condensable and non-condensable
fractions are directly related by definition (x, = 1 — x;), the profile of non-condensable gas
also gives the partial pressure p,, profile in the condenser at equilibrium according to Raoult’s
law for the vapor pressure in an ideal mixture. The vapor pressure in turn is related to the
temperature at which condensation occurs, Ty, which is the equilibrium temperature for a
certain mole fraction.

This chapter describes the model developed to predict the influence of non-condensable
gas in the condenser of the rotating heat pipe setup of TU Delft. The effects of amount of gas,
temperature, power and rotational speed are shown. For application of rotating heat pipes in
a future innovative annealing line of a steel factory, the size of the blocked heat pipe section
in terms of heat transfer rate and temperature is of main relevance.

5.1. Type of Model

The model is based on equilibrium conditions inside the heat pipe and therefore gives a sta-
tionary solution of the non-condensable gas distribution in the condenser with the associated
saturation temperature. From the heat transfer to the sink, the local condensation rate is
determined, which gives information about the condensable flow inside the heat pipe.
Furthermore, the model is in 1D, in the axial direction. An additional model for the wall tem-
perature is used to iteratively provide the model for the non-condensable gas distribution
with the corresponding wall temperature profile.

The radially outward flow of condensable vapor to the condenser wall is known to cause a
gradient of non-condensable gas concentration in radial direction[21, 39]. The extent of this

effect depends on several system characteristics. For simplicity reasons, the model is kept
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in 1D. The disability to take this effect into account should however be kept in mind when
analysing the results.

Peterson published a dimensionless parametric study for the non-condensable gas distribu-
tion in a heat pipe, more specifically in a vertical thermosyphon with a wick. The difference
of a flat front, a 1D and a 2D model in terms of the shut off length for condensation is shown
for different parametric values and a parametric analysis on the radial distribution of non-
condensable gas is presented. The study is based on two parameters:[39]

ceM,Dh
=< v 19 (Diffusion parameter)
h(Te_Tc)rv
C
= (Wall conduction parameter)
2nrgh

Low values of E and W bring along large 2D-effects, according to the study of Peterson.
E is a measure of diffusion versus heat transfer rate outwards. W is a measure of axial wall
conductance versus heat transfer rate outwards. A rough calculation for E and W of the TU
Delft setup for two cases in Table 5.1 shows if 2D-effects are likely. The values shown are
obtained from experimental data.

Table 5.1: Values for parametric study Peterson

Variable TU Delft (300°C) | TU Delft (350°C) Unit

c. = molar density in evaporator 0.055 0.123 [kmol/m3]

M, = molecular weight condensable 166 166 [kg/kmol]

D = mass diffusivity coefficient 7.93 x 107 3.99 x107° [m?/s]

hrq = latent heat of vaporization 274.2 * 103 244.0 * 103 U/kgl]

h = heat transfer coefficient from liquid 50 33 (lower power) | [W/m?K]
-vapor interface to sink condenser

T, =temperature evaporator 573 623 [K]

T, = temperature sink condenser 303 303 [K]

r, = radius of vapor space 0.022 0.022 [m]

C = sum of axial conductivity-area 0.0213 0.0213 [Wm/K]
products Y k;A;

E 0.067 0.086

w 6.4 9.6

The heat transfer coefficient includes a liquid layer, the wall and both convection and radi-
ation at the outside wall. Itis converged to a single value of h, such that Q,,; = 2nr,,;Azh(T;—T,)
holds for the part upstream of the front.

A comparison can be made between the non-condensable gas distribution in the vapor space
of a vertical thermosyphon and a horizontal rotating heat pipe, as the flow in the vapor space
is essentially the same and:

* The effect of gravity on the non-condensable gas distribution is negligible;

* The effect of rotation on the gasses is limited in the non-annular flow regime, as de-
scribed in 4.3.1;

* The parameters are adjusted to be applied to a liquid layer instead of a wick.

Peterson concluded that 2D-effects become important when Wall conduction parameter W is
less than 10 and Diffusion parameter E is less than 1. He presented the severity of 2D-effects
of cases with different values of E and W. To conclude from the values in Table 5.1 and the
findings of Peterson, the TU Delft setup is likely to have a 2D distribution of non-condensable
gas, but it is not severe. The expected concentration difference between r = 0 and r =, is
expected to be in the order of 0.01. The associated temperature difference is in the order of 1°C
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To summarize, the goal of the model presented in this chapter is to calculate the non-
condensable gas distribution in the condenser and the associated temperature profile in the
vapor space and wall. Also to obtain the flow of condensable vapor. This is done by a 1D-
model of the vapor space of the condenser, with the addition of a separate model for the
wall temperature, to iteratively get to the solution. The magnitude of 2D effects is estimated
and can subsequently be used for the analysis of the results where a 1D distribution was
assumed.

5.2. Working principle model: Vapor space

The basis of this model originates from a 1D study of heat and mass transfer in the vicinity
of the non-condensable gas front in a heat pipe by Edwards and Marcus[16]. This study has
some shortcomings, especially because the TU Delft setup has relatively thick walls. Fur-
thermore, the model by Edwards and Marcus is made for non-rotating wicked heat pipes.

The used coordinate system and variables characterizing the vapor flow, the size and lig-
uid layer thickness of the heat pipe are shown in Figure 5.1. According to this coordinate
system, the convective flow is in the negative z-direction.

f'wo
rw
rwi

Figure 5.1: Coordinate system, velocity direction and size variables of condenser

5.2.1. Governing of equations
The equations used describe the axial transport of non-condensable gas, condensation rate
and heat flows in and out of a wall element.

Non-condensable gas transport

dxgs
—cD 1 + cvxg, =0 (5.1)
Equation 5.1 describes the stationary transport of non-condensable gas per unit area
cross section. The first term is the diffusive transport due to the axial concentration gradient
by Fick’s law of diffusion, where D is the binary diffusion coefficient of a mixture of vapor
and gas. The second term is the transport of non-condensable gas by the bulk convective
flow. Velocity v is the mole average velocity. As the distribution is stationary and no net flow
of non-condensable gas is present, the sum is zero. The change of condensable flow, drm/dz,
and non-condensable gas distribution are qualitatively visualized in Figure 5.2.
x4, is the spatial/area weighted average mole fraction, whereas x,, is a bulk property, area-
velocity-weighted average. In this 1D model, these values are assumed to be equal. Equation
5.1 becomes —cDdx,/dz + cvx,; = 0, the subscripts drop out. Downstream of the front, where
radial flow is very low, this 1D assumption has little effect. At other sections, where radial
flow is significant, this assumption can bring along inaccuracies. These inaccuracies will be
estimated with the study of Peterson.
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Condensable flow (negative)

Non-condensable gas

Figure 5.2: Non-condensable gas distribution due to convective and diffusive transport

Condensation rate

Next, the heat flow through liquid layer and wall due to the radial temperature gradient is
calculated. This heat flow, coming from condensation of the working fluid, gives the conden-
sation rate, which in turn can be used to calculate the condensable flow.

0 o (,-T) (5:2)
da= - '
con ln(%) ln(:_\d") v w
v + wi
fkl kw
Variable K is introduced, such that:
Qcona = Kdz(T, — T,,) (53)
,where
K = 21
In Twi n| Tw
( v ) + (Twi)
fkl kw

The condensation rate per unit length is represented by the change in axial mass flow of
condensable vapor m. From the working principle of a heat pipe, we know that the condens-
able vapor flow is O @ z=0 and reaches its absolute maximum at the evaporator end of the
condenser, or at the adiabatic section in case of an adiabatic section with heat losses. As the
convective flow is in negative z-direction, m is negative.

@ _ Qcond/dz

= (5.4)
dz hfg
Heat balance wall element
Wall element ]
ﬁ Heat flow |:>

Figure 5.3: Heat balance of a wall element
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The wall is an important part of this study, as the determining heat flows go through it.
The heat flows in and out of a stationary wall element including liquid layer are shown in
Figure 5.3. The heat balance of a stationary element with length dz is given by Equation 5.5.

2

d?T,,
C? + K(TU - Tw) - Qout/dz =0 (55)

,where C is the conductivity-area product of the condenser cross section, which comprises
out of conduction through wall and liquid layer. The first term is the net axial heat inflow of
a wall element of length dz, the second term the radial inflow of heat of condensation through
liquid to wall center and the third term is the outflow of heat from the middle of the wall to
surroundings by forced convection and radiation. The share of the wall on C is dominant,
so the second derivative of the middle of the wall temperature, T,, is taken as the driver for
axial heat flow through the wall.

C= kWT[(T'MZ,o - rmzzi) + le[(TMZ,i - rvz) (5.6)

For the heat transfer out, Q,,.:/dz, the equations for radiation and forced convection from Sec-
tion 4.2.2 are used. These have been compared with the TU Delft setup experimental data.
Above wall temperatures of S00K, the heat transfer out matches the experimental data within
20%. Below 500K, an underestimation of the heat transfer out can be expected. Equation
4.16 gives the heat transfer out. The quantities from Table 4.2 are used.

EwolTTyo

€woAlwo
+ Swohwo (1 _ ¢
€ductAduct ( duct)

Qout/dz = Qc/dz + Qr/dz = 1 O-(Tv?/o - Tguct) + 2n'rwohc(Two - Tair) (57)

For this 1D study, without the integration of wall, the wall temperature is considered to
closely follow the temperature inside the heat pipe. In the case that this holds, the following
assumption can be made:

dT?  dT?
a2 422 (5-8)
Equation 5.5 changes to:
d2
c dzz” +K(T, = Ty) — Qoue/dz =0 (5.9)

The validity of this assumption requires a thorough analysis of the wall temperature. Espe-
cially with thick walled heat pipes, this assumption does not hold and requires the addition
of a wall temperature calculation to the model. It is a major shortcoming of 1D models. The
addition of wall calculations is described in Section 5.3 and the effect is shown in Section
5.5.2, where also a characteristic number is presented at which this wall calculation addition
is necessary in showing the effect of non-condensable gas.

Temperature and mole fraction relation

Empirical data for the vapor pressure at a certain temperature has been used in the analysis
of the experimental data. Two alternatives are the theoretical Clausius-Clapeyron relation
and the empirical Antoine equation for vapor pressure. These are however considered less
accurate compared to the empirical data for Dowtherm A.

For the analytical term d?T,/dz?, an expression of x, as a function of T, is needed. As the
aim is to describe the influence of the gas using physical analytical equations, the Clausius-
Clapeyron relation is used. This also allows the model to be used for other working fluids.
The Clausius-Clapeyron relation defines the vapor pressure curve as[51]:

d_P _ hfg

dT  T(vy, —vy)
where the specific volume of liquid is a lot smaller than that of the vapor and where the vapor
is assumed to behave like an ideal gas:

(5.10)

RT
U < vv=? (5.11)
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Equation 5.10 can be rewritten and integrated to:

dp hfgp

=~ 2 (5.12)
() = -9 4 e, 5.13
n(p) - RT + n(ClTlt) ( . )

As discussed in Section 2.2, Raoult’s law can be used to relate the partial pressure of con-
densable p, to the mole fraction x,. The Clausius-Clapeyron derived equation can then be
used to relate T, to x,, to be used for an analytic expression of dT,/dz2.

X, = =2 (5.14)

In(x,) = —hﬂ(l - i) (5.15)

where p is the pressure in the heat pipe, which is assumed to be constant.

The ideal gas law and Clausius-Clapeyron relation were used to get to this expression. Inac-
curacy can be expected at high pressure and low temperature, as molecule interaction makes
a gas behave less like an ideal gas, causing a value of compressibility factor Z to be far from
1.

5.2.2. Model differential equations

The governing equations discussed in previous section are reduced to two first order dif-
ferential equations for condensable flow m and non-condensable mole fraction x,. The full
derivation of these two differential equations can be evaluated in Appendix I.

To mathematically ease the derivation of the two differential equations, the dependent vari-
able x, is transformed to another domain and named ¢, according to:

¢ = ln<i>. xg=e? (5.16)

Xg

Gradient gas fraction
The following expression of the condensable flow rate m can be inserted in Equation 5.1,
which after transformation becomes:

m = cvA,M, (5.17)
,where v is the mole average velocity.
d¢ .
CAvaDE +m=0 (5.18)

This directly results in the first equation of the model:

d¢ m
dz ~ cA,M,D (5.19)

This differential equation of the gradient of the transformed gas fraction is based on stationary
non-condensable gas distribution and therefore no net transport of the gas molecules. It is
a function of local condensable flow, molar concentration, cross sectional area of the vapor
space and the diffusion coefficient. A relatively large convective flow results in a high gradient,
whereas a high diffusion coefficient yields a low gradient. Remember that x, = ™%, at low ¢
the gradient affects x,(high) the most due to the negative exponential.
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Gradient condensable mass flow

If we get back to the working principle of a heat pipe, we know that the condensable vapor
flow is zero at condenser end and reaches its maximum value at the evaporator side. The
flow gradually increases. The condensation rate is a measure for this increase, as it is the
only sink of the condensable vapor. The following method is used to obtain an expression for
dm/dz.

From Equation 5.3 and 5.4 follows:

dm
K(T,-T,) = _Ehfg (5.20)
which can be inserted in the heat balance of a wall element, Equation 5.9:
d*T, dm
dz2 - Ehf‘g - Qout/dz =0 (521)

It can be seen that under assumption in Equation 5.8 and this insertion, the wall tempera-
ture has been eliminated, provided that Q,,; is provided as a function of T, and not of T,.

Next, an analytic expression of d?T, /dz? is made by derivation of transformed Equation 5.15
with respect to z.

_T_O(Tﬂ_l)
e_¢:1—xv:1—e Tev \ Ty

(5.22)
where h
fg
Ty = 22
7 R
de® d _To (Tev_
— = E(l_e rev(rv 1)) (5.23)
dT, d¢pT? e m  TZ e?®
v _ _¢_" — = — L - (5.24)
dz dzTy1—e® CA,M,DTy1—e¢
2T, 1 T2 e¢ dm N 2rz/or,  em2¢ e 5 25
dz2 ~ cAyM,D Ty 1—e % dz CAM,D ) To\'To (1—e=%)2 (1 —e9)2 (5.25)
Equation 5.21 and 5.25 can be combined to form an expressions for ‘2—7:
. d?T,
d_m _ Fr Qout/dz (5.26)
dz hfg
m 2Tv2 Ty e~ 2¢ e~ ¢
dm _ C(CA,;MUD) T_O(Za(l—e“p)z - (1—e‘¢)2) ~ Qoue/dz
i T 7 o? (5.27)
CAyMyD Tp 1-e—¢ +hyg

Equations 5.19 and 5.27 form the basis of the model. The first is based on the station-
ary transport of non-condensable gas and the latter is based on the heat balance of a wall
element. The Clausius-Clapeyron relation is used for the expression of d?T,/dz2.

5.2.3. Boundary conditions

Now we have the equations to be solved by the model, the boundary conditions can be set
up. As the two equations are of first order, two boundary conditions are required to get to a
solution. They are of the Dirichlet boundary condition type.

BCs@z=0:

0s0="0 (5.28a)
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¢ = ¢y (5.28b)

@ z=0 B

The first boundary condition directly follows from the working principle of the heat pipe, as
earlier discussed. As the wall is supposed to be the only sink of condensable vapor in the
condenser, the mass flow is zero at z = 0.

The second boundary condition prescribes the mole fraction of gas at the condenser end.
This is a guess at first and gives a solution with a certain amount of non-condensable gas
in the heat pipe, which is unknown on forehand. Iteratively this value of ¢, is changed, as
described in Section 5.2.5.

5.2.4. Assumptions
1. The radial concentration gradient is negligible: '%q =~ 0.

2. The energy of subcooling of liquid and superheated vapor is considered negligible com-
pared to the energy of condensation.

3. Radial transport of condensable vapor is not limiting the condensation rate.

4. The supply of vapor by the evaporator is sufficiently large to not limit the condensation
rate.

S. Condensation only takes place at the vapor-liquid interface at the wall, not at the con-
denser end side or away from the interface.

6. Pressure drop due to flow losses is considered to be small and not causing a temperature
drop in the vapor space.

7. The second derivative of the wall temperature is equal to that of the vapor temperature:
d?T, _ d?T,

dz2 dz?

2
8. The Clausius-Clapeyron relation accurately gives an expression for C;;”.

9. The heat transfer out, Q,,; can be expressed as a function of T}, and vs4y,.

The last three assumptions will fall out if the wall model of Section 5.3 is used. These as-
sumptions will then only be used to get an initial solution for the iteration process.

5.2.5. Solver of vapor space model

Since the differential equations and boundary conditions are now set up, the part left is solv-
ing them. The equations are ordinary non-linear differential equations of ¢ and m and the
boundary conditions are imposed at one side. Very low values of ¢ and m are expected at
low z. At the downstream side of the front, dm/dz starts to increase(more negative) and gets
to a stable value upstream of the front. As m gets more negative with an increase in z, d¢/dz
increases, which causes an exponential growth of ¢p from just downstream of the front till the
end at z = Leongenser-

Special attention should be paid to the section at the upstream side of the front. In this
section, T, increases rapidly followed by it getting stable at the value T,,. Therefore, d?T,/dz?
is very negative in this section and so d?T,,/dz? will be very negative as well. From the heat
balance derived Equation 5.26, we can conclude that this causes a large negative dm/dz.

To conclude, a suitable solver should be used to deal with a locally large dm/dz at the up-
stream side of the front, a large d¢p/dz at high z and very low values of ¢ and m at low z. As we
are interested in x, and not in transformation variable ¢ after all, inaccuracy of ¢ at large ¢
is not of concern, because it is not affecting x, at large ¢ (x;, = e~?), provided this inaccuracy
does not affect the rest of the solution.
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Computational method

A suitable solver for this problem is the boundary value problem bvp4c solver of Matlab. It
uses the implicit Lobatto IIIA fourth order accuracy collocation method, which can be called
part of the Runge-Kutta family of solving methods. An implicit solver is chosen for stability
reasons, as the solver has to deal with high and quickly changing gradients. Furthermore, it
is characterized by its limited damping of extremes. Damping could lead to inaccuracy of the
expected local peak of dm/dz, due to the damping out of the peak. However, a fine mesh here
is probably required to get stability. The computational cost of the implicit method is chosen
to be of less importance at this time, as the model is only in 1D and for a stationary solution.
One of the advantages of the bvp4c solver of Matlab is the ability to deal with poor guesses.
As the exact location of the front is unknown on forehand, it is extremely hard to make a
good guess, so this ability comes in handy. The Lobatto IIIA is considered to be accurate
for stiff equations demonstrated by multiple studies. Due to the accuracy and the favorable
stability characteristics, the bvp4c is chosen as the solver.[23, 40]

Model setup

Due to the fact that the boundary conditions are both imposed at the same side, the problem
actually is an initial value problem. Matlab’s boundary value problem solver bvp4c treats a
case with boundary conditions at one boundary the same way as common initial value prob-
lem solvers, so the bvp4c solver is suitable for our case, although we have an initial value
problem.[23]

The condenser is split into small sections of 0.001m, which are solved individually one after
the other. The section at z = 0 is solved first, using the boundary conditions given by Equa-
tions 5.28. The final values of ¢ and m at the other side of the current section are used as
boundary conditions of the following section, until z = L.yngenser 1S reached. The individually
solving with the passing on of the end values at one side to the next section is possible, be-
cause the boundary values are set at one side only and the gradients d¢/dz and dm/dz are a
function of local values only and do not depend on gradients of neighbouring nodes.

The splitting up is done to ease the solving and to get more insight in the solving process. The
mesh can be defined differently for each section, based on the expected local stiffness of the
equations. When no convergence is reached in a section, the solution of previous sections
can still be analysed to visualise the problem. Furthermore, the error in small sections can
be controlled better compared to a single large section. Each section is allowed to reach its
maximum tolerated error, which can be individually controlled. However, care must be taken
to set the error tolerance such that accurate values of ¢ and m are passed to the next sec-
tion, such that the building up of the error passed on is not affecting the rest of the solution.
Also, a guess method can be used which does not require knowledge about the front location.

As already mentioned, it is hard to make a good guess for the solver, as the location and
shape of the front are unknown. A different guess method is used for the initial run of the
vapor space model compared to during the iteration.

For the initial run, the guess of each small section is equal to the given value at the low z
side of the section. A constant value is guessed, but due to the small size of the section, it is
not far off the solution.

During the iteration with the wall temperature model, the values of ¢ and m of the previous
solution of the vapor space model are used as a guess. With this guess method, the necessity
of the use of small sections partly disappears.

Mesh

The bvp4c solver of Matlab tries to get to a solution complying with the error tolerance by
using a small amount of mesh points. The maximum amount of points to be used can be
set individually for each small section of the condenser. This is set to 1000 points/mm for
x4 > 0.01 and 100 points/mm for the remaining section. The determination of the mesh size
is explained in Appendix J.
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Iteration non-condensable gas

The solver finds a solution associated with ¢ = ¢, at z = 0. The mole fraction of non-
condensable gas is set at the condenser end of the heat pipe. A change of this boundary
conditions results in a shift of the front. Lowering ¢, moves the front upstream and thus
results in a solution with a higher amount of non-condensable gas. The amount of non-
condensable gas is defined as:

Leondenser

my = pgA,,f xgdz (5.29)
0

For the initial run of the vapor space model, ¢, is iteratively changed until a solution is found
with the right amount of non-condensable gas. The acceptable error of this amount can be
changed according to the application and will be given in Section 5.5.1 for the model runs in
this study.

During the iteration of the vapor space model and the wall temperature model, this method
of finding a solution with the right amount of non-condensable gas is not applied. Instead,
the solution is just shifted to a position with the right amount of gas. This can be done if
the values of ¢ and m are constant at the condenser end of the heat pipe and if this shift is
only small. This shifting instead of iterating decreases the computational time needed. As
the integration of the wall causes only a minor change in front location, this shift is indeed
small. During the iteration with the wall, ¢, is taken as the value of ¢ at z = 0 of the previous
shifted solution. Boundary condition 5.28b during iteration with the wall model is:

¢ @z2=0,7n = ¢0,n = ¢(0)n—1

The amount of non-condensable gas and total heat rejection of the condenser are related,
as the influenced part of the condenser is dependent on the non-condensable gas amount.
The vapor space model iteration can be changed in order to find a solution with the desired
heat rejection of the condenser. A decrease of ¢, results in the front to move upstream,
which causes a lower total heat rejection of the condenser. If desired, the iteration can be
changed such that a solution is found for a certain heat rejection instead of amount of non-
condensable gas.

5.3. Working principle model: Wall temperature

The main model equations are derived using some questionable assumptions to make the
study a 1D case. As a recap, the main model outputs the profile of mole fraction x; and the
profile of condensable flow 1. The temperature inside is obtained by relating the mole fraction
x, to the saturation temperature using Raoult’s law. By detailed study of the model results,
the necessity of the integration of a wall model can be analysed. For this analysis, values for
d?T,,/dz? are obtained for the condenser and compared to the values of d?T,/dz? used by the
main model. To make this comparison and potential integration, a wall temperature model
has been devised.

5.3.1. Model differential equation

For this wall model, a heat balance of a wall element is set up again. This time, the balance
is used to determine the wall temperature instead of the condensation rate. The input of the
wall model is the vapor temperature, which comes from the mole fraction of the main model.
Equation 5.5 can be rewritten to:

dZTw — Qout/dz - K(Tv - Tw)
dz? C

(5.30)

This second temperature derivative in axial direction is needed to balance the heat flows in
and out of a wall element. Q,,; is a function of T,,, sink temperatures and cooling air velocity
Vran- in this wall calculation and can be found in Equation 5.7.
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5.3.2. Boundary conditions

The second order differential equation requires two boundary conditions. The first boundary
condition is a result of the constant(d/dz = 0) heat flux and temperature inside, T,, upstream
of the front as x; becomes zero. In equilibrium, a constant T, yields a constant T,, if the heat
flux is constant as well.

The second boundary implies a constant T,, as well, but then at —c. As the gradient and
temperature at z = 0 are unknown, the rotating heat pipe wall in the model is extended
beyond z = 0 to apply the zero gradient wall temperature at the imaginary end. The location
of this imaginary end is taken as z = —4L.ongenser- Afterwards, it should be checked that
dT,,/dz = 0 well away from the imaginary end. No condensation takes place in this imaginary
part beyond the vapor space, so the heat balance is achieved by Q,,; and the axial heat
inflow. In common rotating heat pipe designs, the pipe will not end at the vapor space, as
space is required for the mounting by means of bearings and for the connection to the motor
for example. The heat outflow and the conductivity-area-product C is assumed to be equal
in this negative z section as in the condenser. Another expression for ¢ and Q,,; could also
be set in the model.

This results in the following two Neumann type boundary conditions, which are shown in

Figure 5.4.
BC’s:
dT,
—w =0 (5.31a)
@ z=Lcondenser
dr,
- =0 (5.31b)
@ z=—o0
%o O

Figure 5.4: Boundary conditions of wall temperature model

5.3.3. Assumptions Wall model

The following additional assumptions need to be made for the wall model:

1. Quut/dz(T,,) and C in the heat pipe part without vapor space (z < 0) is the same as in the
part with condensation (z > 0).

2. Constant wall temperature at the condenser end: ddL;” =0@ z = Leondenser

5.3.4. Solver of wall temperature model

The term K(T, — T,,) gives the radial heat inflow between vapor-liquid interface and wall, as
shown in Equation 5.30. The source of the heat inflow at r, is the condensation of vapor.
Vapor space temperature T, comes from the 1D axial mole fraction profile of condensable
vapor in the heat pipe, determined by the vapor space model.

Condensation limit

At low mole fractions of condensable vapor, the condensation can be limited by the transport
of condensable vapor molecules to the vapor-liquid interface. For the vapor space model,
it was assumed that the supply of vapor was not limiting condensation rate, which seems
valid for the TU Delft experimental setup due to the expected negligible pressure drop, as
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discussed in Section 4.3.1. The presence of non-condensable gas could however also limit
the transport of vapor towards the vapor-liquid interface. When looking at this transport, one
could analyse this by looking at an imaginary cell in the vapor space right at the vapor-liquid
interface. Condensable vapor molecules leave this imaginary cell due to condensation. The
same amount of molecules enter this cell by a convective inflow driven by a pressure differ-
ence. This entering flow consists partly out of non-condensable gas molecules in the region
of coexistence. This means that a convective inflow alone yields a net transport out of con-
densable molecules. Equilibrium is reached by a diffusive inflow of condensable molecules,
which means a negative radial concentration gradient dx,/dr < 0 is present in equilibrium.
A condensation rate therefore requires a certain diffusive rate and thus a radial concentra-
tion gradient. As T, in condensation rate K(T, — T,,) is taken to be equal over a vapor space
cross-section due to the 1D approach, this results in the assumption that radial diffusive
transport is not limited, which does not hold in the region of coexistence. An expression is
derived for the limit on condensation rate to prevent unrealistic condensation rates in the
non-condensable gas area. This limit is applied to the axial region of the heat pipe where
diffusive transport is significant and larger than convective transport:

—XyV
dxy,
dz

<1 (5.32)

This limit expression is based on the diffusive transport in an outer annulus of a slice of
the vapor space, as shown in Figure 5.5. For this, the net diffusive inflow of the annulus is
defined equal to the condensation rate of vapor supplied by diffusion, which is (1 —x,,)dm/dz
as discussed above:

dm 2 2 azxu 0xy
-(1- xv)g = cDMn(rf — rx)? = —cDMZm’vW (5.33)

r=ry,

—| =

—) —

Figure 5.5: Left: A slice of the vapor space of the heat pipe. Arrows indicate condensable vapor transport. Right: Cross-section
of the vapor space, showing outer annulus(blue) in which radial diffusion takes place

d?x,/dz? is assumed equal over the cross-section for this approach. By integrating Equation
5.33 for the case where the limit is reached: x, = 0 @ r = r;,, an expression for the radial profile
of x, is derived. By taking the average of x,, over the cross-sectional area of the vapor space,
a limit for the condensation rate with 1D variables is acquired, a function of x,, and d%x,/dz?,
shown in Equation 5.34. This limit holds for the region where diffusion is the dominant heat
transfer mechanism. The full derivation is shown in Appendix K.

8x, L% DM
dm XU az2 T[TVC
- (5.34)

-7 1—x,

limit
Furthermore, when T,, > T,, the term K(T, — T,,) suggests an inflow of heat to the vapor

space. As conduction through gas is considered to be negligible, this term suggests vapor-
ization when T,, > T, in the condenser. As the pressure is nearly homogeneous in the heat



5.4. Combined vapor space and wall temperature model 61

pipe, vaporization occurs at T, in the condenser as well. T,, can become higher than T, due
to axial heat flow in the front. In the front, T, is lower than T,,, which means no vaporization
of liquid occurs in the condenser:

oo (5.35)

Model setup

The wall temperature model uses the same solver as the vapor space model. A description of
the Lobatto IIIA Matlab solver can be found in Section 5.2.5. The to be solved problem of the
wall is less difficult, as the single component is less stiff compared to the components in the
vapor space model, especially compared to dm/dz. Furthermore, a guess of the solution is
easier to make, as the location of the front is known from the vapor space model. Although
the accuracy and stability of this fourth order accuracy method may not be needed, it is
chosen for consistency and user-friendliness reasons. A mesh size which is not large limits
the computational time.

The information of the vapor space model is valuable input for the guess of wall temperature
model solution. The wall temperature profile will have a similar shape as the vapor temper-
ature profile, especially for thin walled heat pipes, therefore the educated guess in Table 5.2
could be made.

Table 5.2: Guess for Wall Temperature model solution

Guess
Initial lteration
— Qconad/dz
Tw,i - Tv - K Tw,i—l
dfw _ dr, dT,,
dz i dz dz j-1

5.4. Combined vapor space and wall temperature model

The solution of the non-condensable gas distribution gets more accurate by combining the
vapor space and wall temperature model, as multiple assumptions fall out, which are not
valid at all conditions. The wall model provides values for T, (z) and d?T,,/dz?(z) as an input
for the vapor space model. Instead of solving Equation 5.26, the original equation for the
change in condensable flow can be solved. Q,,;/dz is a function of T), in Equation 5.36.

d?T,

dm _ CF - Qout/dz
dz hfg

(5.36)

The two models are combined by iterating them. The results of the vapor space model are
the input of wall temperature model and the other way around. This iteration process is
illustrated by Figure 5.6.

5.5. Results

This section provides results of the model presented in this chapter. First, the general out-
come and effect of the combined vapor space model is presented. Afterwards, the sensitivity of
multiple parameters is shown. Furthermore, the validity of the developed model is presented
and subsequently a comparison with obtained experimental data is given.
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Eq. 5.19 & 5.27
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Figure 5.6: Combined model iteration process

5.5.1. Input variables

Table 5.3 provides the input variables required by the model. The values shown belong to the
TU Delft experimental setup. One of the values which changes significantly with temperature
is the non-condensable gas density p,, due to the vapor pressure change. Material properties
of Dowtherm A at saturation conditions are provided in Appendix F.

Figure 5.7 shows results of the model for the 300°C case. Both the initial vapor space result
and the combined model result are shown. The effect of the wall integration is clearly visible.
The concentration x, gradient has increased at the upstream side of the front. Downstream
of about x; = 0.55, the line bends and the gradient decreases. This is the location from where
the condensation limit is applied and results in a flattening of the front. This translates to
a similar profile of T,,. Figure 5.7a also shows the associated wall temperature profile, which
already decreases far left of the front. Figure 5.7b shows the associated mass flow and its
gradient. Condensation rate dm/dz shows a large peak for the initial result, while after iter-
ated this peak has flattened. The initial model assumes d?T,,/dz? = d?T, /dz?, which basically
suggests that the wall temperature profile follows the vapor temperature closely, which is
clearly not the case in this study, as the condensation rate profile has changed significantly
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Table 5.3: Input variables of model. Values shown are applicable for TU Delft experimental setup with Dowtherm A as its

working fluid
Variable Note Value 275°C  Value 300°C Value 350°C Error
ky [W/mK] Eq. F.1 17.8 18.2 19.0
c [Wm/K] Eq. 5.6 0.0233 0.0238 0.0248
o) [kg/m3] 833.4 806.8 748.6
Py [kg/m3] 5.74 9.07 20.43
Py [kg/m3] 0.949 1.445 3.007
k; [W/mK] 0.098 0.094 0.086
hsg [J/kg] 287422 274200 244000
c [kmol/m3]  p,/M, 0.035 0.055 0.123
D [m2/s] Sec. F.0.4 0.112%10™* 0.076+*10™* 0.039 x10™* ~4%[42]
M, [kg/kmol] 166
Qout/2z  f(Two, Vair) from Eq. 4.16 and Table 4.2 +25%
Vfan from experimental setup
mg from experimental setup + ~ 0.3g
Leond 0.195m
T Twi = 0.022m Two = 0.030m

after wall integration. Furthermore, also a larger condensable mas flow m is presented after
iteration. Apparently, more condensation happens in the vicinity of the front after iteration.
The process of iteration can be seen in Figure L.1.

The condensation limit shows to affect the solution downstream of the front, which can be
seen from the condensation rate downstream of the front in Figure 5.7b, where condensation
rate at the iterated solution is lower than at the initial solution. As the limit is applied to
the wall model, it is not included in the initial solution. The limit shows to yield a higher
non-condensable gas fraction downstream of the front. Figure L.2 in the appendix shows the
effect of wall thickness variation. A thin wall yields a less steep temperature gradient at the
upstream side of the front, which is closer to the gradient of the initial solution. However,
the condensation limit has resulted in the front to be upstream of the initial solution, while
steepening alone causes the front to move downstream.

5.5.2. Sensitivity analysis

Figure 5.8a shows the effect of a change in diffusivity coefficient and in Q,,;/dz. The effect
of a 100% change in diffusivity coefficient is negligible, while the effect of heat outflow is
clearly visible. A 25% change is equal to the expected error of the heat transfer outwards to
the cooling duct. An increase in power steepens the front of vapor and non-condensable gas,
which is expected due to the higher velocities pushing the non-condensable gas downstream.
Figure 5.8b presents the effect of different operating temperatures on the non-condensable
gas distributions. From the area under the mole fraction x; line, it could clearly be seen
that the volume of the present non-condensable gas decreases with temperature. This is as
expected due to the increase in density with an increase in pressure. It can be concluded
that temperature is of large influence on the location of the front, due to the changing non-
condensable gas density. From the same figure it can be concluded that the condensable
mass flow m increases with temperature as well, due to an increased power, as a smaller
part of the condenser is blocked at a high operating temperature.

5.5.3. Literature comparison

Due to the unknown amount of non-condensable gas in the TU Delft experimental setup, it
is not suitable to validate the model using obtained experimental data. Therefore, validation
is done using experimental temperature data reported in literature for heat pipes with non-
condensable gas. In order to validate the model with a comparable heat pipe and operating
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Figure 5.7: Initial and final solution after iteration of vapor space and wall temperature model for conditions as in the TU Delft
experimental setup, as noted in Table 5.3. Axial location is the distance from the condenser end. T,,, = 300°C, y = 0.14,
6 =0.0001m, vgq, = 5.1m/s and my = 0.15g of air

conditions, dimensionless numbers have been set up for key heat transfer mechanisms. The
first one is axial mass convection versus axial mass diffusion:

X,V
Rl = dx. (537)
D=
dz

The second dimensionless number includes wall conduction. The TU Delft experimental
setup has a thick walled heat pipe, which is uncommon for heat pipes, as it increases heat
transfer resistance. From results in this section it was seen that the wall effect is expected to
be notable and the developed model is designed to include wall effects. The second dimen-
sionless number represents axial mass convection versus axial wall conduction:

X, VA,pph
, =2 "_dég (5.38)
—kWAwa

It was chosen to validate the model with experimental data of a heat pipe with water and
air from a study by Edwards & Marcus[16] and with experimental data of a heat pipe with
sodium and argon by Harley[19]. Both are studies on a heat pipe with a wick. The values
of the two dimensionless numbers are stated in Table J.1 at the upstream(x, = 0.95) and
downstream(x, = 0.05) side of the front. The values used for determination of the dimension-
less numbers are shown in Appendix L. The TU Delft experimental setup has been modelled
for different wall thicknesses and thus values for R,, which showed that the steepening due
to wall conduction almost disappeared at a value of 2, which is comparable to that of the
case of Harley.

From the values of R, one could include that the experimental data of Edwards & Marcus
is very similar in terms of the magnitude of convection and diffusion in the front. The data
from the heat pipe with sodium and argon has relatively more mass convection compared
to diffusion in the front. Unfortunately, both studies do not closely match the value for
convection versus wall conductance. The value of most interest is the one upstream(x, =
0.95), as largest wall effects have been seen from the model at the upstream side of the front.
The experimental data from the study by Harley is closest, but still has a value of R, more
than four times larger, meaning lower wall effects. More comparable reported experimental

data has not been found.
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Figure 5.8: Sensitivity analysis of different parameters showing initial solution. A change in heat outflow equal to its error and
dependency on diffusivity coefficient D are shown(a). Furthermore, the effect of different evaporator temperatures are
presented(b). y = 0.14, § = 0.0001m and my = 0.15g of air. The cooling air velocities were
Vign = 6.88m/s(275°C), 5.08m/s(300°C), 1.60m/s(350°C)

Table 5.4: Values of dimensionless numbers of Equation 5.37 & 5.38

TU Delft exp setup Edwards Harley
Values shown @[x,, = 0.95 - x,, = 0.05] Dowtherm A - Air ~ Water - Air  Sodium - argon
R; (convection/diffusion) 19.5-0.05 18.2-0.05 148-0.32
R, (convection/wall conductance) 0.42-0.0001 6.94-0.002 1.78-0.002

Figure 5.9 shows the experimental wall measurements and the results of the model of this
study for the same cases. For both cases, the effect of the separate wall calculations of the
combined model is almost invisible and the condensation limit is not reached, partly due to
the relatively high diffusivity coefficients. The model matches the experimental data points
from literature accurately, especially the shape of the front, but also the magnitude of the
data points agree with the model. Edwards reported that the amount of non-condensable
gas had an expected error of 5% mass basis. Model results with this extra 5% have been
included, but the front still is a bit upstream. This could be due to a larger uncertainty
on non-condensable gas amount. A notable radial temperature gradient from 2D effects is
unexpected, according to the parametric study of Peterson for the case of Edwards. From
the results presented by Harley, there is a remarkable data point, which is the fifth from the
upstream side. It looks like a plateau is present just before the full temperature drop. This
phenomenon has not been reported in other studies and is therefore considered a measure-
ment error.

The validation done shows the accurateness of the developed model. However, no valida-
tion could be done on the wall conduction effects, which are clearly present in the TU Delft

experimental setup.

5.5.4. TU Delft setup experiment comparison
This section provides a comparison between obtained experimental data and modelling re-
sults from the same parameters. As noted in Table 5.3, the error on the non-condensable gas
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Figure 5.9: Model validation using experimental data from Edwards & Marcus and from Ponnapan, reported by Harley

inside the heat pipe is about 0.3g, which is more than the absolute value. From the energy
balance study in Section 4.2 it seemed that the expected amount of non-condensable gas is
smaller than the pressure readings suggest.

Figure 5.10 shows modelling results for different non-condensable gas amounts, tempera-
tures and powers. It should be noted that it is impossible to do a full analysis, due to the large
uncertainty in non-condensable gas amount. The difference in gas amounts of the shown
results is small compared to the measurement error and it shows to shift the temperature
profile significantly. One remarkable observation is that both T, and T,, seem to decrease with
about the same small amount in downstream direction. This could be clarified for the wall
measurements when looking at the predicted profile. T, is however expected to drop quickly
at the upstream side of the front, so a small decrease equal for different non-condensable gas
amount therefore is unexpected. It could however be a systematic error during these tests.
In Figure 5.10b the vapor speed has been kept about constant between 340°C and 350°C,
in order that the pure effects of non-condensable gas density change could be seen, but no
conclusions could be drawn due to measurement inaccuracies.

5.6. Conclusion

This chapter presented a model able to calculate non-condensable gas distribution in a heat
pipe, which is based on 1D transport equations of non-condensable gas by diffusion and
convection. The non-condensable gas distribution has shown to be strongly dependent on
operating pressure and amount of non-condensable gas. For the cases where wall conduction
is significant compared to axial vapor convection, the inclusion of wall calculations show that
the front is steepened due to wall conduction at its upstream side. A combined model has
been devised in which the non-condensable gas transport equations and wall temperature
calculations are iteratively solved. With the addition of wall temperature calculations, a
condensation limit was required for the region with high non-condensable gas concentration.
During validation it was observed that it matches literature data accurately, although the
wall conduction addition could not be validated. This model provides a computationally
efficient way to model non-condensable gas effects on the temperature profile of heat pipes
loaded with non-condensable gas. Especially when the non-condensable gas amount is not
exactly known, the error of the model may be acceptable in many cases. The separate wall
temperature model can be used to determine the wall temperature profile and to consider
the necessity of wall conduction integration into the calculation by the combined model.
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Figure 5.10: Model results comparison with experimental temperature measurements. (a) shows numerous non-condensable
gas amounts, with ¥ = 0.14, § = 0.0001m and 200rpm. v¢4, = 6.49m/s(blue), 3.63m/s(green), 5.08m/s(purple)(b) shows
two different T,,,, and for 340°C two different powers are shown. The low power is chosen such that axial vapor velocity is
equal to the case at 350°C, according to Eq. 3.3. y = 0.14, § = 0.0001m and 200rpm



Non-condensable gas in heat pipe
assisted annealing

The value of the obtained knowledge of Dowtherm A as the working fluid in a rotating heat
pipe in the non-annular flow regime and the developed model describing axial condenser
temperature profile lies in its potential to predict performance of such heat pipes in a rotating
heat pipe assisted annealing line. The conclusions of the experimental campaign can be
translated to a rotating heat pipe as in the application, which was described in Chapter 4.
However, when looking at working conditions affecting non-condensable gas distribution,
there are differences between the TU Delft experimental setup and a rotating heat pipe to be
used in a heat pipe assisted annealing line. This chapter aims to give insight in this difference
and in the predicted non-condensable gas distribution and associated temperature profile.
Furthermore, a design adjustment is suggested to ensure homogeneous heating of the cold
strip.

Dimensions and characteristics of the full scale heat pipe were given in Section 1.5. The
main differences in characteristics affecting non-condensable gas distribution between the
TU Delft setup and the heat pipe in application at an annealing line lay in the following points.

* Sink temperature;
* Vapor velocity;
e Wall thickness;

* Type of non-condensable gas.

6.1. Rotating heat pipe operating conditions

In the application, the transfer of heat to the sink goes with a much higher heat transfer
coefficient. The sink in this case is a steel strip, which wraps over the heat pipe, as was
illustrated in Figure 1.5. Earlier experimental research in the heat pipe assisted annealing
line project showed that the heat transfer coefficient between outer heat pipe wall and strip
is around 7000W/m?K and the total power of each heat pipe is about 50kW[11]. In initial
plant designs, the heat pipes were positioned in a way that heat transfer takes place over
110° of the heat pipe, which is called the wrap angle. The effective heat transfer coefficient
then is 7000 * 110/360 = 2100W/m?K. With this information it can be determined that the
temperature difference between steel plate and outer wall required to reach heat pipe power
is about 13°C. Typical heat transfer coefficients of the TU Delft experimental setup from outer
condenser wall to cooling air were in the order of 20W/m?K. The sink temperature is therefore
very different.

Furthermore, the perimeter is 10 times larger, condenser length 5 times and the cross-
sectional area of vapor space 4, is 160 times larger for the rotating heat pipe at full scale.

68
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The power is scaled up 100x, from ~500W to ~50kW. With the relatively large increase in
A,, the maximum axial vapor velocity v,, is 1.6 times smaller compared to the values in the
TU Delft experimental setup. Vapor velocity is one of the key parameters when calculating
non-condensable gas distribution.

6.2. Working fluid and type of non-condensable gas

Different working fluids were selected for heat pipe assisted annealing. Section 1.3.2 de-
scribed the different working fluids and noted their difference in the magnitude of their vapor
pressure. Different fluids are used at different temperature ranges, such that vapor pressures
do not exceed 5 bar. Besides Dowtherm A, this study also includes an analysis of heat pipes
with cesium as its working fluid. The two proposed fluids and their temperature range are
listed in Table 6.1 and the vapor pressure of cesium is calculated using the Antoine equation
given in Section F.0.5.

This table also shows the diffusivity coefficient for Dowtherm A and Cesium. The type of
non-condensable gas in a heat pipe assisted annealing line is in this case not likely to be
air. Annealing is done in a environment of N, & H,. Hydrogen is able to diffuse through
metals relatively easily, so it is likely that hydrogen enters heat pipes in a heat pipe assisted
annealing line. The experimental campaign of this study has shown the large negative effects
of non-condensable gas, which entered through a leak. Heat pipes in a heat pipe assisted
annealing line will need to be leak-tight, so the present non-condensable gas in this case
is considered to be hydrogen instead of air. For this analysis, the diffusivity coefficient for
working fluid with hydrogen is taken. This binary diffusivity coefficient is calculated using
the method provided in Section F.0.4 for Dowtherm A. For cesium, values from Arefev et
al. for cesium and helium are taken, as no better alternative is available in literature, but
these values are considered comparable due to the similar characteristic length of helium
and hydrogen[7].

Table 6.1: Temperature range and binary diffusivity coefficient D for Dowtherm A and Cesium with hydrogen

Temperature range[°C] D low T [m?/s] D high T [m?/s]
Dowtherm A 150-350 9.6 x107* 0.18 x107*
Cesium 450-700 43 %1074 3.4%107*

6.3. Non-condensable gas distribution

The results presented in this chapter are acquired with the vapor space model described in
Chapter 5. For this sensitivity analysis, no wall iteration is used. The non-condensable gas
distribution for the lower and upper temperature of both Dowtherm A and cesium in a heat
pipe assisted annealing line have been modelled. The conditions are similar to heat pipes
operating in a heat pipe assisted annealing line. Table 6.2 lists the input variables of mod-
elling work. For the sink temperature, a difference between outer wall and vapor space of
20°C is estimated, which is similar to values found in Chapter 5, where similar heat fluxes
were present. This is added to the temperature difference between steel strip and heat pipe
outer wall to find the temperature difference between sink and inner heat pipe. The molar
concentration for the cesium cases has been estimated by considering the molar concentra-
tion of hydrogen at the operating temperature and pressure. The non-condensable amount
(0.1g of hydrogen) has been chosen arbitrarily in order to show the effects of several operating
conditions.

Figure 6.1 shows the non-condensable gas distribution of heat pipes with Dowtherm A and
cesium at their lower and upper internal temperature. Chapter 5 already showed the effect of
temperature, which is also clearly visible in this figure. For both working fluids, an increase
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Table 6.2: Input variables of model. Values shown are applicable for rotating heat pipes as in a heat pipe assisted annealing
line. h,,, is the effective heat transfer coefficient from outer wall to sink

Variable Dowtherm A(150°C) Dowtherm A(350°C) Cesium(450°C) Cesium(700°C)
Lcona [m] 1.0

Two [m] 0.3

Tii [m] 0.278

Ao [W/m?K] 2100

Pvapor  [bar] 0.050 5.39 0.054 1.1
Tsink [°C] 117 317 417 667
M [kg/kmol] 166 166 132.9 132.9
c [kmol/m3] 0.0013 0.123 0.0018 0.028
Py [kg/m3] 0.0029 0.21 0.0018 0.028
k; [W/mK] 0.12 0.086 36 36
ky [W/mK] 15.8 19.0 20.5 24 .4
hsg [J/kg] 340000 244000 510000 510000

in temperature moves the front downstream due to the decreased non-condensable gas vol-
ume. The effect of non-condensable gas is largest for cesium at 450°C, which is due to its low
vapor pressure, causing the volume of non-condensable gas to be high. Furthermore, a new
phenomenon is also visible. The mole fraction x, for the low temperatures has a maximum,
which is at the equilibrium value of x,, at the sink temperature.

Figure 6.2 shows the associated temperature profiles. For the low temperatures the stabiliza-
tion is also clearly visible. The temperature at which it stabilizes is temperature of the strip.
At this temperature, no heat is rejected to the strip and therefore no condensation takes
place. This part is characterized by the absence of vapor flow and thus no gradient in mole
fraction exists at steady-state, according to Equation 5.1. For cesium at 450°C, the satura-
tion temperature equal to strip temperature corresponds to a mole fraction x, of just below
0.5. This effect is lower for water at the shown lower temperature, as the gradient of vapor
pressure over temperature is larger at that point. This gradient increases generally with va-
por pressure, so this effect is worst at low vapor pressures. This phenomenon increases the
condenser length affected by non-condensable gas significantly, as a lower non-condensable
gas volume is stored in the blocked part of the condenser.
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Figure 6.1: Non-condensable gas distribution over the axial length of the condenser with Dowtherm A and cesium as working
fluid and hydrogen as non-condensable gas. Hydrogen amount: 0.1g, local power condenser(away from non-condensable gas
front): 50kW/m, heat transfer coefficient outer wall to strip: 7000W/m?K, wrap angle: 110°
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Figure 6.2: Temperature profile from non-condensable gas distribution for Dowtherm A(a) and cesium(b). m, = 0.1g hydrogen

6.4. Design adjustment

The effect caused by a low temperature difference between strip and heat pipe in the con-
denser shown in previous section causes the effect of non-condensable gas to be even larger.
To decrease its effect, a design adjustment is looked into. This adjustment simply is an ex-
tension of the heat pipe beyond the cold strip, as shown in Figure 6.3. This extension serves
as extra space for the present non-condensable gas. Furthermore, it allows the condenser
end to cool down below strip temperature, making it possible to decrease the blocked con-
denser length. This effect will be shown by modelling results. In these modelling results,
the extension had its own heat transfer coefficient to the sink, which was at a much lower
temperature than the steel strip.

Extension

4

Figure 6.3: Design adjustment shown; heat pipe with condenser side of heat pipe extended. Cold strip is shown in blue and hot
strip in red. The red arrow indicates heat loss from the extension.

Figure 6.4a shows the effect of an extension of 0.2m. For the heat pipe at 700°C, the front has
just moved to the right, which is the first advantageous effect of the extension. The second
effect is visible at the 450°C case, where the maximum of mole fraction x, has almost doubled
due to the extension. This is due to the fact that condensation occurs at a lower temperature,
due to a lower sink temperature of the extension. It is clearly visible that the blocked length
has decreased more than the extended length.

Figure 6.4b subsequently shows the effect of heat transfer rate outwards at the extended
part. A high heat transfer coefficient yields a steeper front and a small blocked condenser
length.

An extension of the heat pipe also brings along extra heat loss. Table 6.3 states the heat
outflows according to the model. For the low temperature case, the extension is full of non-
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Figure 6.4: Graphs showing the effect of an extension of 0.2m, as shown in Figure 6.3. The change in mole fraction profile for
cesium heat pipes is illustrated h,,; = 20W/m?K(a) and the effect of heat transfer coefficient of outer wall to environment is
shown for a cesium heat pipe at 450°C(b)m, = 0.1g hydrogen

condensable gas, which causes it to be at a relatively low temperature. This in turn makes
the energy loss of the extension low. The extra heat outputted to the strip is much higher
compared to the heat loss of the extension, which shows that the heat pipe is being used
more effectively. This is different at high temperature, where the heat loss is high and the
increase of heat to the strip is of the same order, which is due to a lower mole fraction of
non-condensable gas in the extension.

Table 6.3: Total heat outflow to strip and from extension for a cesium heat pipe at 450°C and 700°C with and without extension
of 0.2m, heyr = 20W/m2K

Cesium 450°C Cesium 700°C
Heat out [W]  Heat out [W] Heat out [W] Heat out [W]
from extension to strip from extension to strip
w/o extension 26900 45300
0.2m extension 740 45600 3000 50000

6.5. Conclusion

The non-condensable gas distribution has been modelled for operating conditions as in a heat
pipe assisted annealing line. During continuous annealing, it is essential that heat transfer to
and from the strips is homogeneous to prevent strip breakage. Non-condensable gas causes
a temperature gradient to exist in heat pipes, which complicates homogeneous heating. A
low difference between heat pipe and cold strip temperature worsens heat pipe performance
when non-condensable gas is present, especially at low operating pressure. By extending the
condenser beyond the cold strip, space is created for non-condensable gas accumulation.
This is especially favorable at relatively low temperatures, due to the associated low pressure
and low non-condensable gas density. A high heat transfer coefficient from the outer wall
of the extension has shown to increase the amount of non-condensable gas stored in the
extension. However, for high temperatures, a significant extension may not be needed, which
makes it beneficial to determine the most suitable extension length for every individual heat
pipe.



Conclusions & Recommendations

Valuable knowledge has been acquired on the internal heat and mass transfer of a rotating
heat pipe with Dowtherm A as its working fluid for an innovative energy-efficient concept
for annealing steel. The rotating heat pipe has been studied by experiments which were
supplemented by theoretical analysis. During commissioning of the experimental test rig
multiple impactful deficiencies came to light, notably an eccentricity affecting liquid flow, a
leak causing non-condensable gas presence and an inaccurate pressure sensor inside the
heat pipe causing the amount of non-condensable gas to be unknown. The deficiencies how-
ever encouraged a thorough analysis of the perceived phenomena and resulted in additional
research done on the effects of non-condensable gas in heat pipes. This study partly suc-
ceeded in acquiring full knowledge on the performance of Dowtherm A in a rotating heat pipe,
which was not researched before and is required for the industrial application. Furthermore,
a computationally efficient model has been derived that is able to predict non-condensable
gas distribution, which can be used to model a heat pipe assisted annealing line in operation
and find the operating boundaries. The model is unique, as it combines the simplicity of a
1D model with additional calculations of the wall, which is of large influence for heat pipes
with a relatively thick wall.

7.1. Conclusions

The following conclusions can be given as an answer to the research questions of this study.

Heat transfer characteristics

* Dowtherm A is able to serve as the working fluid of a heat pipe and has shown to be able
to transport at least 280W axially through the inner geometry, which is 192,000W/m?
and corresponds to a vapor flow of 0.001kg/s. The internal axial vapor temperature dif-
ference between evaporator, adiabatic section and begin of the condenser was 1.7 +2.2°C
at operating conditions minimizing non-condensable gas effects. The axial convective
transport shows to be between two and three orders more efficient than pure conduc-
tion through stainless steel. This makes it utmost suitable for homogeneous heating
and cooling of a steel strip. The axial temperature gradient measured over the condenser
is most probably due to non-condensable gas.

* A typical heat transfer coefficient radially through the film in the evaporator of 4200W/m?K+
15% has been found in the non-annular flow regime with an expected film thickness
ranging from 0.5%10"*m to 1.6*10~*m and heat fluxes between 26,200 and 39,300W/m?.
Nucleate boiling was the most likely dominant heat transfer mechanism for tempera-
tures and rotational speeds tested, between Froude numbers 0.75 and 16 as predicted
by literature for a centrifugal force below 20g(900rpm). Nucleate boiling is the heat
transfer mechanism with lowest resistance at the rotational speeds studied.

* Signs of enhanced heat transport by turbulent mixing in the film in the condenser have
been seen at the higher rotational speeds tested in the non-annular flow regime. A heat
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transfer coefficient of 1750W/m?K + 15% was found at rotational speeds between 700
and 750rpm with an expected film thickness of 1.7 * 10~*m at 340°C. Measurements at
lower temperatures and rotational speeds were considered inaccurate. It matches the
correlation used for heat transport by turbulent mixing.

* An increase in rotational speed is expected to thicken the film in the non-annular flow
regime, which itself causes an increase in heat transfer resistance. However, a minor
decrease with rotational speed in the evaporator was seen. The obtained results in the
condenser suggested that turbulent mixing was the dominant heat transfer mechanism
at the upper rotational speeds tested in the non-annular flow regime, which is expected
to be independent on rotational speed. The effect of thickening is apparently compen-
sated by the increased centrifugal force and wall velocity. No accurate data is available
at low rotational speeds in the condenser. Furthermore, a further increase of rotational
speed to the annular flow regime was associated with a five times larger resistance of
the condenser liquid layer, to R *dz = 0.050Km/W + 15% for y = 0.15. No notable change
was observed in the evaporator.

* The resistance of the film in the evaporator slightly decreased with a temperature in-
crease in the non-annular flow regime. This is according to expectations, as viscosity
decreases. No accurate data was obtained for the resistance dependency on tempera-
ture in the condenser.

* No dependency on heat flux and power input/output was observed. A slight decrease
of resistance of nucleate boiling is expected, which seemed present but was within the
error margin. The resistance of axial fluid transport dependency on heat flux is expected
to be negligible in the non-annular flow regime at the operating pressures studied. For
the condenser, no accurate data was available due to non-condensable gas effects.

* The rotational speed at which complete annular flow started, was well predicted by
Baker’s empirical expression based on a heat pipe with water. For y = 0.15 and 340°C,
annular flow was reached at 1070+25rpm, while it was expected at 1100rpm. A lower
filling ratio yielded in annular flow to be reached at a lower rotational speed, as expected.

* Axial liquid transport is vital for heat pipe performance. The loss of controllability of
the heat pipe has been experienced to the fullest at rotational speeds where dryout
occurred, as reaching steady-state at dryout was not succeeded. Evaporator dryout was
considered an effect of heat pipe eccentricity and started at a rotational speed between
725 and 860rpm for different filling ratios, heat flows and temperatures. The heat pipe
retook operation at around 1000rpm.

* The low figure of merit is not a perfect indicator for working fluid heat transfer perfor-
mance in operating conditions studied and intended operating conditions of a heat pipe
assisted annealing line. It is based on working fluid properties affecting conduction
through the film, axial liquid transport and axial vapor transport. Resistance to axial
vapor and liquid transport through the pool in the TU Delft experimental setup were
considered negligible and other heat transfer mechanisms were dominant in both con-
denser and evaporator. Improved models should include properties affecting nucleate
boiling, natural convection and turbulent mixing within the film, as those enhance heat
transfer significantly if present.

Non-condensable gas

* The effect of non-condensable gas is most significant at low pressure, disturbing the
axial temperature homogeneity of the heat pipe. High axial vapor velocity decreases
this effect. Furthermore, the amount of non-condensable gas directly influences the
part of the condenser influenced by it.

* For the modelling of non-condensable gas distribution in a thick walled heat pipe, the
2,q derivative of wall temperature in axial direction causes a significant steepening of
the condensable vapor and non-condensable gas front, making it necessary to add wall
temperature profile calculations to a 1D model.
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* Although validation for heat pipes with relatively high axial wall conductance could not
be done, it did show to agree well with literature data for common heat pipe dimensions
and operating conditions. As it has shown to be difficult in this study to measure non-
condensable gas amount, the error of the gas amount is likely to bring along higher
inaccuracies than the inaccuracy of the model in many cases. The computational ef-
ficiency of a 1D model is an effective way of predicting non-condensable gas effects in
those cases.

* The sink temperature of the condenser is of large influence on non-condensable gas
distribution, especially at low vapor pressures. A sink temperature close to internal
heat pipe temperature increases the condenser length affected by non-condensable gas.

* The derived model has shown that an extension at the condenser end serves as a con-
tainer for non-condensable gas and leads to a higher concentration when cooled below
cold strip temperature, resulting in a decrease of blocked condenser length by more than
the extension length. Extra heat losses at the extension may increase total power to the
steel strip. Whether this is the case mainly depends on the amount of non-condensable
gas, operating pressure and temperature difference between heat pipe and cold strip.

7.2. Recommendations

This study could not fully answer the research questions set up at the start. Further research
is recommended in certain area’s.

* The obtained experimental data on heat transfer through the film at the condenser
did not allow strong conclusions to be drawn due to the presence of non-condensable
gas. Further experiments with a more leak tight heat pipe are required to gain more
knowledge about heat transfer characteristics of Dowtherm A in the condenser.

* The minor eccentricity had a large negative effect on heat pipe operation. This is not
expected to be a problem at low Froude numbers. However, the phenomena observed
related to eccentricity are not well understand and the effects are disruptive for heat pipe
operation. It is therefore recommended to look further into the phenomena regarding
eccentricity.

* Obtain experimental data on a rotating heat pipe on full scale, as this has never been
done before and could result in deviations from information on rotating heat pipes in
literature, which were not clearly present at the scale of TU Delft experimental setup.
Compared to this study, centrifugal forces will be higher at full scale.

* Assess the minimal amount of pulled up liquid by the wall required to fully wet the
evaporator wall at maximum power. This should be sufficient for the vaporization rate.
If this is insufficient, local dryout occurs. The rotational speed should be increased if
this is the case. Large heat pipes with similar heat fluxes are more prone to this type
of dryout, as the film thickness increases with r/? and the vaporization rate increases
with r with constant heat flux.

* Determine the expected amount of non-condensable gas inside the heat pipes and use
it to model the effect of it on a heat pipe assisted annealing line.
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A. Appendix: Rotating Heat Pipe drawing
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Appendix: Heat flux sensor error freezer
test

As described in Section 3.2, a test is carried out to obtain more knowledge about the error
of the heat flux sensors. During commissioning, it turned out that all heat flux sensors
were measuring a radial heat inflow in stationary ambient condition. In the absence of a
temperature gradient and therefore a driving force for heat flow, this is not feasible. This
error is expected to be an absolute offset. The goal of this test is to check whether this error
is relative or absolute. The test has been done two times. The following steps were carried
out:

1. Heat pipe disconnected from slip ring and rotational motor. Upper parts removed from
bearing houses, oven and air duct.

Inserting heat pipe in climate chamber, which is set to cool to 253K.
Keeping the heat pipe inside climate chamber during the day.

Prepared setup: insulate contact points (bearings)

S S

Removed heat pipe from climate chamber, placed back into setup and connected slip
ring. All as quick as possible and without touching of the central part of the heat pipe.
Gloves reduced the contact heat conduction during the placement.

6. Allowing it to heat up to ambient temperature, while measuring the temperatures and
heat fluxes of the heat pipe. It is not rotating during the test. The cabinet stayed closed,
to minimize local air flows.

Characteristics of the two tests are given in table B.1. A picture of the heat pipe just after

being placed back into the setup is shown in figure B.1. The temperature of the heat pipe
right after being placed back into the setup is plotted in figure B.2.
When the heat pipe has a uniform temperature over the axial length, a more or less homo-
geneous heating up is expected. During the test, the values of the heat flux sensors are
corrected, such that they measure zero at ambient conditions of the heat pipe. This correc-
tion is an absolute number and ranges from —433W/m? to —1074W/m?. If the error is relative
to temperature or heat flux instead, non-homogeneity would be expected in heat flux read-
ings, in relation to the size of the correction.

The results of both the first and second test are shown in figure B.4. The applied ab-
solute correction is the same for both tests. Wall temperature readings, heat flux readings
and outer wall temperature (converted by equation G.1) are plotted. The main differences
between these tests are the start temperature, the ambient temperature and whether there
is liquid inside or not.
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84 B. Appendix: Heat flux sensor error freezer test

Figure B.1: Heat pipe just out of climate chamber/freezer, with insulation at contact areas and slip ring connected

Table B.1: Freezer tests characteristics

Test #1 Test #2
Pressure inside Ambient Ambient
Ambient Temperature 18°C 24°C
Amount of Dowtherm A in Heat Pipe Empty 95¢g
Open or closed Open(at filling hole) Closed
Angular position sensors Top side Top side

Overall results show non-homogeneous readings of the heat flux sensors. During both tests,
wall sensor 4 measures relatively high heat fluxes, which is also clear from the graph show-
ing heat flux as a function of outer wall temperature. In an ideal situation with a constant
and homogeneous ambient condition, the heat flux against outer wall temperature would be
equal for the six sensor locations. However, the readings show something else. From the
temperature plots it is also clear that the middle of the heat pipe is heating up more quickly
than the sides. This is confirmed visually by figure B.3. This could be due to a higher con-
vective heat transfer coefficient at the outside surface in the middle.

Besides, the local peak of the heat fluxes at an outer wall temperature of about 16°C is an
interesting observation. At this wall temperature, the inner temperature reads 12°C, which
is equal to the freezing point of Dowtherm A at ambient pressure.

Conclusion

The heating up of the heat pipe did not happen in a fully homogeneous way. The geom-
etry of the heat pipe and the non-homogeneous ambient conditions, causing the outside
heat transfer coefficient to differ over the axial length, are likely to play a major role in non-
homogeneity. For example, the outside wiring tube has relative small volume to outer area
ratio and is therefore likely to heat up more quickly. Axial heating from that end of the heat
pipe then starts to play a role as well, making the interpretation of the results more difficult.
Furthermore, the distribution of solid Dowtherm A in test #2 probably was not homogeneous
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Figure B.2: Wall temperature sensors readout right after coming out of the climate chamber

as well. The heat pipe was more or less horizontal in the climate chamber, but probably not
exactly, The result of this is a higher heat capacity at one end of the heat pipe, which causes
non-homogeneity again.

However, no sign of a relative error has been seen in these tests. A sign would be a relation
between heat flux correction and magnitude of heat flux during heating up. From these tests,
no correlation could be seen. The heat fluxes of wall sensor 1 and 6 are for example close
to each other during heating up, but their offset correction is very different. As there are
signs of a non-uniform outside heat transfer coefficient and a non-uniform heating up due
to the geometry (beside the main part) of the heat pipe, it is not possible to draw a complete
conclusion on the type of offset of the wall heat flux sensors. The absence of an observable
relative error in this test does give information for the worst case scenario where the offset is a
relative offset. These tests give insight in the severity of this possible relative offset, although
an absolute offset is more likely.

During the experimental campaign, the maximum heat fluxes typically were around 20, 000W/m?
in the oven and 13,000W/m? in the condenser. At low power, typically these were around
13,000W/m? in the oven and 6,000W/m? in the condenser. The accuracy of the heat flux
sensor calibration is +-15%, which implies minimally +-900W/m? (condenser, low power). As
the offset at ambient conditions is of the same order of size as the considered accuracy of
the heat flux sensors, only an extreme change in the offset with temperature and heat flux
would cause a worsened accuracy.

Recommendations

These tests did not allow to draw a strong conclusion. For future similar cases, it is advised
to have more accurate calibration done. This is difficult due to the temperature limitations of
the outside wiring tube, which cannot handle low and high temperatures. Recommendations
for future tests:

* Perform the test with an empty heat pipe in order to eliminate an uneven solid Dowtherm
A distribution (and thus an uneven heat capacity distribution) and the effect of the
melting of the working fluid;

* Close the heat pipe with a plug in order to eliminate convective heat inflow at one side
through the filling hole;
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Figure B.3: Heat pipe after 2 minutes, showing ice to start disappearing in the middle of the heat pipe

* Improve the homogeneity of the outside heat transfer coefficient;

* Apply some insulation at the outside wiring tube, in such an amount that the outside
wiring tube temperature profile over time equals that of the main part of the heat pipe.
This can be measured with the wiring temperature sensor;

¢ Perform more tests to exclude randomness in the results.
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Appendix: Rotational unbalance heat
pipe

The eccentricity also brings along a rotational unbalance. This caused heavy audible vibra-
tions, which restricted the maximum rotational speed and could influence liquid flow inside.
This has been overcome by adding balancing weights to the heat pipe. The balancing was
done using rollers, as shown in Figure C.1. As the support points of the rollers are in the
middle of the heat pipe instead of at the bearing surfaces at the sides, the eccentricity in
this case is at the opposite side in angular direction. These rollers can be used to determine
the size and angular location of the balancing weight. Once balanced on the rollers, the bal-
ancing weight is moved 180 degrees in angular direction to have a balanced heat pipe in the
actual setup. The balancing weight is placed at the heat pipe part in the condenser, as shown
in Figure 3.6. Lightweight screws are inserted into special holes in the bearing block to fine
tune the balancing. The total weight of the material used for balancing was about 95g on a
total weight of the heat pipe of 11.3kg. The weight could have been reduced if the balancing
weight was placed on a smaller angular range, but this way of mounting the weight was most
practical, also with regard to the limited space in the setup.

The rollers had some resistance, which brought along inaccuracy. The resistance was low
enough to balance the heat pipe accurate enough, such that the entire range of rotational
speed was accessible without remarkable vibrations.

Figure C.1: Process of balancing showing the heat pipe on the rollers
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Appendix: Setup control & safety
measures

The setup is controlled via a connected PC. Measures are taken to minimize hazards and to
protect the components of the heat pipe.

The setup is controlled by Labview via a GUI in which rotational speed, lamp power and
cooling fan power can be set. The lamp power is set as a percentage of the maximum power.
The measurements of all the sensors are visible. Inside temperature, heat flow and inside
& wall temperature measurements are plotted real-time to allow the monitoring of the heat
pipe, which visualizes measurement trends and slopes during running. Furthermore, an es-
timation of the total heat input by the oven is calculated real-time according to the method
described in Section 4.2.1. The GUI is shown in below. The cooling of the outside wiring tube
is controlled directly via four needle valves.

Safety measures are taken first of all to protect people working with the setup or in the
lab in general. The combination of the high speed rotation of a large mass and the working
temperatures bring along potential risks for people working with it. Secondly, measures are
taken to prevent the heat pipe’s components from breaking. The following is done to ensure
a safe and durable operation of the heat pipe:

* The setup is in a closed cabinet with acrylic panels. This allows visual monitoring of the
components, but will prevent potential flying objects leaving the cabinet, which have
come loose;

* The setup has an emergency button, which shuts down the rotational motor, oven and
condenser cooling fan;

* Contact sensors check whether the cabinet doors are closed;

* Contact sensors check the position of the hot upper oven panel. If it is not in the correct
place, the setup stops automatically. It is essential that the lamps are shut down when
the oven panel is not in the position as designed, as it gets much hotter than other
components;

* The oven and cooling fan can only be started when the heat pipe is rotating;
* The set rotational speed is constantly compared with the actual rotational speed. A
discrepancy may be caused by the heat pipe being blocked. Rotational power is unde-

sired in this situation and therefore the rotational motor is stopped when a discrepancy
occurs;
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D. Appendix: Setup control & safety measures

* An upper limit for the pressure is set in two ways. Exceeding this limit shuts down the
oven. The pressure is measured with the inaccurate pressure sensor. Furthermore,
it is also determined from the inner temperature readings using the vapor pressure of
Dowtherm A. This pressure limit also functions as a temperature limit.
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Appendix: Working fluid degradation

This section provides the data of the gas chromatography-mass spectrometry analysis on
used Dowtherm A in the rotating heat pipe setup. It has been used for about 80 hours at a
maximum temperature of 350°C

Figure E.1 shows the qualitative results, which shows the presence of phenol, naphthalene
and dibenzofuran. Subsequently, a quantitative analysis has been done, which results in the
following concentrations:

¢ Phenol 97mg/kg;
» Dibenzofuran 88mg/kg;
* Naphthalene 12mg/kg.

The relevance of this analysis is the potentially extra non-condensable gas formation.
Phenol and naphthalene have vapor pressures higher than that of Dowtherm A, making it a
potential non-condensable gas. The values showed that the mass concentration of those sub-
stances is 0.01%. It has been calculated that this causes about 1% extra non-condensable
gas, which is considered negligible compared to the large non-condensable gas uncertainty
in the rotating heat pipe.
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E. Appendix: Working fluid degradation
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Appendix: Material properties

F.0.1. Thermal conductivity of SS316

The following equation based on experimental results by Watson and Robinson is used[55]:

2

k =100=(0.1333 + 0.1727 ! 004334( d )
= * (0. . —— —0. R
55316 1000

T 3
500 +0.o332(—1000) ) (F.1)

With kgg316 in W/mK and T in °C.

F.0.2. Surface tension of liquid Dowtherm A

The following equation is an expression for surface tension of Dowtherm A in air is found in
literature.

Source: https://www.thermalfluidscentral.org/encyclopedia/index.php/Thermophysical
Properties: Dowtherm

o =1/1000 * exp(4.3058 — (1.7285 % 1072)T + (1.4156 * 10™*)T? — (6.784 « 10~7)T3
+ (1524 + 107°)T* = (13701 + 10'3)T%)  (F.2)

Where T is in °C and ¢ in kg/s?.

F.0.3. Coefficient of thermal expansion Dowtherm A
f =1158+1078T% — 2,157 * 107°T + 9.916 + 10~* (F.3)

Where fisin 1/K and T in °C.

F.0.4. Diffusivity coefficient

The binary diffusivity coefficient of Dowtherm A with air and of Dowtherm A with hydrogen
is determined according to the method of Fuller et al. described in the book 'The Properties
of Gases and Liquids’[42]. It states that the diffusivity coefficient can be determined with an
error of about 4% with the following equation for substances A and B.

0.00143T175

2
PM3S(E):"” + CF°)

-1
Where T is in Kelvin, P in bar, My = 2(1/MA + 1/MB) and D,z is the binary diffusion

coefficient in cm?/s. ¥, is the sum of atomic diffusion volumes, as stated by Figure F.1.

Dyp = (F.4)
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TABLE 11-1 Atomic Diffusion Volumes

Atomic and Structural Diffusion Volume Increments

C 15.9 F 14.7
H 2.31 Cl 21.0
0 6.11 Br 21.9
N 4.54 I 29.8
Aromatic ring —18.3 S 22.9
Heterocyclic ring —18.3
Diffusion Volumes of Simple Molecules

He 2.67 (610) 18.0
Ne 5.98 CO, 26.9
Ar 16.2 N,0 35.9
Kr 24.5 NH; 20.7
Xe 32.7 H,0 13.1
H, 6.12 SFg 71.3
D, 6.84 Cl, 38.4
NQ 18.5 Brz 69.0
0, 16.3 SO, 41.8
Air 19.7

Figure F.1: Atomic diffusion volumes[42]

F.0.5. Cesium vapor pressure
Vapor pressure of cesium according to the Antoine equation and its parameters[1]:

B
log1o(p) =A— TrC (F.5)

With vapor pressure p in bar and temperature T in Kelvin

A B C
3.69576 3453.122 -26.829

F.0.6. Dowtherm A saturated liquid and vapor properties

Table F.2 and F.3 show the saturated liquid and vapor properties of Dowtherm A supplied
by the manufacturer.
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Figure F.2: Saturated liquid properties of Dowtherm A[15]

Table 3—Saturated Liquid Properties of DOWTHERM A Fluid (SI Units)

TEMP [VAPOR |VISCOSITY | SPECIFIC | THERMAL | DENSITY | TEMP |VAPOR |VISCOSITY| SPECIFIC | THERMAL | DENSITY

PRESS. HEAT COND. PRESS. HEAT COND.
°C bar mPa sec kJ/kg K W/mK kg/m® °C bar mPasec | kJ/kgK W/mK kg/m®
12 0.00 5.52 1.550 0.1400 1065.9 225 0.48 0.33 2.148 0.1059 883.5
15 0.00 5.00 1.558 0.1395 1063.5 230 0.54 0.32 2.162 0.1051 878.7
20 0.00 4.29 1.573 0.1387 1059.6 235 0.61 0.31 2.176 0.1043 873.8
25 0.00 3.71 1.587 0.1379 1055.7 240 0.69 0.30 2.190 0.1035 868.9
30 0.00 3.25 1.601 0.1371 1051.7 245 0.77 0.29 2.204 0.1027 864.0
35 0.00 2.87 1.616 0.1363 1047.8 250 0.87 0.28 2.218 0.1019 859.0
40 0.00 2.56 1.630 0.1355 1043.8 255 0.97 0.27 2.231 0.1011 854.0
45 0.00 2.30 1.644 0.1347 1039.8 257.1] 1.01 0.27 2.237 0.1008 851.9
50 0.00 2.07 1.658 0.1339 1035.8 260 1.08 0.27 2.245 0.1003 849.0
55 0.00 1.88 1.673 0.1331 1031.8 265 1.20 0.26 2.259 0.0995 843.9
60 0.00 1.72 1.687 0.1323 1027.8 270 1.33 0.25 2.273 0.0987 838.7
65 0.00 1.58 1.701 0.1315 1023.7 275 1.48 0.24 2.288 0.0979 833.6
70 0.00 1.46 1.715 0.1307 1019.7 280 1.63 0.24 2.302 0.0971 828.3
75 0.00 1.35 1.729 0.1299 1015.6 285 1.80 0.23 2.316 0.0963 823.0
80 0.00 1.25 1.744 0.1291 1011.5 290 1.98 0.22 2.330 0.0955 817.7
85 0.00 1.17 1.758 0.1283 1007.4 295 217 0.22 2.344 0.0947 812.3
90 0.00 1.09 1.772 0.1275 1003.2 300 2.38 0.21 2.359 0.0939 806.8
95 0.00 1.03 1.786 0.1267 999.1 305 2.60 0.20 2373 0.0931 801.3
100 0.01 0.97 1.800 0.1259 994.9 310 2.84 0.20 2.388 0.0923 795.8
105 0.01 0.91 1.814 0.1251 990.7 315 3.10 0.19 2.403 0.0915 790.1
110 0.01 0.86 1.828 0.1243 986.5 320 3.37 0.19 2.417 0.0907 784.4
115 0.01 0.82 1.842 0.1235 982.3 325 3.66 0.18 2432 0.0899 718.6
120 0.01 0.77 1.856 0.1227 978.1 330 3.96 0.18 2.448 0.0891 772.8
125 0.02 0.73 1.870 0.1219 973.8 335 4.29 0.17 2.463 0.0883 766.9
130 0.02 0.70 1.884 0.1211 969.5 340 4.64 0.17 2.479 0.0875 760.9
135 0.03 0.67 1.898 0.1203 965.2 345 5.00 0.17 2.494 0.0867 754.8
140 0.03 0.64 1.912 0.1195 960.9 350 5.39 0.16 2.511 0.0859 748.6
145 0.04 0.61 1.926 0.1187 956.6 355 5.80 0.16 2.527 0.0851 7423
150 0.05 0.58 1.940 0.1179 952.2 360 6.24 0.15 2.544 0.0843 735.9
155 0.06 0.56 1.954 0.1171 941.8 365 6.69 0.15 2.561 0.0835 729.4
160 0.07 0.53 1.968 0.1163 943.4 370 7.18 0.15 2.579 0.0827 722.8
165 0.08 0.51 1.982 0.1155 938.9 375 7.68 0.14 2.597 0.0819 716.1
170 0.09 0.49 1.996 0.1147 934.5 380 8.22 0.14 2.616 0.0811 709.2
175 0.11 0.47 2.010 0.1139 930.0 385 8.78 0.14 2.636 0.0803 702.2
180 0.13 0.46 2.023 0.1131 925.5 390 9.37 0.13 2.657 0.0795 695.0
185 0.15 0.44 2.037 0.1123 920.9 395 9.99 0.13 2.678 0.0787 6817.7
190 0.18 0.42 2.051 0.1115 916.4 400 | 10.64 0.13 2.701 0.0779 680.2
195 0.21 0.41 2.065 0.1107 911.8 405 | 11.32 0.12 2.725 0.0771 672.5
200 0.24 0.39 2.079 0.1099 907.1 410 | 12.03 0.12 2.751 0.0763 664.6
205 0.28 0.38 2.093 0.1091 902.5 415 | 12.78 0.12 2.779 0.0755 656.5
210 0.32 0.37 2.107 0.1083 897.8 420 | 13.56 0.11 2.809 0.0747 648.1
215 0.37 0.35 2.120 0.1075 893.1 425 | 14.38 0.11 2.842 0.0739 639.4
220 0.42 0.34 2.134 0.1067 888.3
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F. Appendix: Material properties

Figure F.3: Saturated vapor properties of Dowtherm A[15]

Table 5—Saturated Vapor Properties of DOWTHERM A Fluid (SI Units)

TEMP | VAPOR LIQUID |LATENT| VAPOR | VAPOR | VAPOR VAPOR Zywor | SPECIFIC |  RATIO
PRESSURE |ENTHALPY | HEAT |ENTHALPY |DENSITY | VISCOSITY | THERMAL HEAT |OF SPECIFIC
COND. (cp) HEATS

o
C bar kJ/kg kJ/kg kJ/kg kg/m’ mPa sec W/mK kJ/kg K e,
12 0.00 0.0 409.0 409.0 0.0053 0.0074 1.000 1.032 1.050
15 0.00 49 407.2 4121 0.0054 0.0075 1.000 1.044 1.050
20 0.00 131 404.4 4174 0.0055 0.0078 1.000 1.062 1.050
25 0.00 213 4015 4228 0.0056 0.0081 1.000 1.081 1.049
30 0.00 295 398.8 4283 0.0057 0.0084 1.000 1.100 1.048
35 0.00 377 396.1 4338 0.0058 0.0086 1.000 1118 1.047
40 0.00 460 393.4 4395 0.0059 0.0089 1,000 1137 1.046
45 0.00 54.4 3909 445.2 0.0011 0.0060 0.0092 1.000 1155 1.045
50 0.00 627 388.3 4510 0.0015 0.0061 0.0095 1.000 1173 1.045
55 0.00 712 385.8 457.0 0.0021 0.0062 0.0098 1.000 1191 1.044
60 0.00 79.6 383.4 463.0 0.0029 0.0062 00101 1.000 1209 1.043
65 0.00 88.1 380.9 469.1 0.0040 0.0063 0.0104 1.000 1.227 1.043
70 0.00 96.7 3786 4152 0.0053 0.0064 00107 1.000 1245 1.042
75 0.00 1053 376.2 4815 0.0072 0.0065 00110 1.000 1262 1.041
80 0.00 114.0 3739 4879 0.0095 0.0066 00113 1.000 1280 1.041
8 0.00 1227 3716 4943 0.0125 0.0067 0.0116 1.000 1297 1.040
% 0.00 1315 369.4 5008 0.0162 0.0068 00120 0.999 1315 1.040
95 0.00 1403 367.1 507.4 0.0210 0.0069 00123 0.999 1332 1.039
100 0.01 1492 364.9 514.1 0.0268 0.0070 00126 0.999 1349 1039
105 0.01 158.1 3627 5209 0.0341 0.0071 00129 0.999 1366 1.038
110 0.01 167.1 360.6 5271 0.0430 0.0072 0.0133 0,999 1382 1.038
115 0.01 176.2 358.4 534.6 0.0538 0.0073 00136 0.999 1399 1.037
120 0.01 185.4 356.3 541.6 0.0669 0.0074 00139 0.998 1416 1037
25 0.02 194.6 354.1 548.7 0.0826 0.0075 0.0143 0.998 1432 1.037
130 0.02 203.8 3520 555.9 0.1013 0.0076 00146 0.998 1.448 1.036
135 0.03 2132 349.9 563.1 0.1235 0.0077 00149 0.997 1464 1.036
140 0.03 226 347.8 570.4 0.1498 0.0078 00153 0.997 1481 1036
145 0.04 2321 345.7 577.8 0.1806 0.0078 0.0156 0.996 1497 1.035
150 0.05 2416 343.6 585.2 0.2165 0.0079 0.0160 0.995 1512 1.035
155 0.06 2512 3415 592.7 0.2583 0.0080 00163 0.995 1528 1.035
160 0.07 2609 3304 6003 0.3065 0.0081 00167 0.994 1544 1035
165 0.08 2707 3373 608.0 03621 0.0082 00170 0.993 1:560 1035
170 0.09 2805 3352 615.7 0.4257 0.0083 00174 0.992 1575 1.034
175 011 2904 3331 623.5 0.4984 0.0084 00178 0.991 1,500 1.034
180 013 300.4 3310 6313 0.5800 0.0085 00181 0.990 1.606 1.034
185 0.15 3104 3288 639.2 0.6744 0.0086 00185 0.988 1621 1.034
190 0.18 3205 326.1 647.2 0.7798 0.0087 0.0189 0.987 1636 1.034
195 021 3307 3246 655.2 0.0088 00192 0.985 1651 1.034
200 0.24 3409 324 6633 0.0089 00196 0.984 1666 1.034
205 0.28 351 3202 6715 0.0090 0.0200 0.982 1681 1.034
210 032 361.6 318.0 679.7 0.0091 0.0204 0.980 1.696 1.034
215 037 3721 3158 687.9 0.0092 0.0207 0,978 L1711 1.034
220 0.42 3826 313.6 696.2 0.0093 00211 0975 1.726 1.034
225 0.48 393.2 3114 704.6 0.0094 00215 0.973 1.741 1.034
230 0.54 403.9 309.1 713.0 0.0095 0.0219 0.970 1.755 1.034
235 0.61 414.6 306.8 7214 0.009 0.0223 0.967 1770 1.035
240 0.69 4254 3045 729.9 0.0097 00227 0.964 1785 1.035
245 017 4363 302.1 738.4 0.0098 00231 0.961 1.799 1035
250 0.87 4472 299.8 7410 0.0099 00234 0.958 1814 1.036
255 0.97 4582 2974 755.6 0.0100 00238 0.954 1.829 1.036
2571 101 4629 2964 759.2 0.0100 00240 0,953 1835 1.036
260 1.08 4693 2949 7643 0.0101 00242 0.951 1843 1.036
265 120 4805 2925 3.0 0.0102 0.0246 0.947 1.858 1.037
270 133 4917 2900 817 0.0103 00250 0.942 1872 1037
275 148 503.0 2875 790.4 0.0104 00254 0.938 1.887 1038
280 1.63 5143 2849 799.2 0.0105 0.0258 0.934 1.902 1.038
285 180 5258 2823 808.1 0.0106 0.0263 0.929 1916 1039
290 1.98 5373 279.6 816.9 0.0107 0.0267 0.924 1931 1.040
295 217 548.8 2710 825.8 0.0108 00271 0.919 1.946 1.041
300 238 560.5 2742 834.7 0.0109 0.0275 0913 1.961 1.042
305 2.60 5722 2715 843.6 0.0110 00279 0.908 1976 1.042
310 284 583.9 268.6 852.6 00111 00283 0.902 1.991 1.044
315 3.10 595.8 265.8 861.5 0.0113 0.0287 0.896 2.006 1.045
320 337 607.7 262.8 8705 00114 00292 0.889 2021 1.046
325 3.66 619.7 259.8 879.5 0.0115 0.0296 0.883 2.036 1.047
330 3.96 6317 2568 888.6 0.0116 0.0300 0.876 2.052 1.048
335 429 643.9 253.7 897.6 0.0117 0.0304 0.869 2.068 1.050
340 4.64 656.1 2505 906.6 0.0119 0.0309 0.862 2.084 1.052
345 5.00 668.4 2473 915.7 00120 0.0313 0.854 2.100 1053
350 5.39 680.7 2440 924.7 0.0121 00317 0.846 2116 1.055
355 5.80 693.1 2406 933.8 0.0122 0.0322 0.838 2133 1.057
360 6.24 205.7 2372 942.8 0.0124 00326 0.830 2150 1.060
365 6.69 7182 2336 951.9 00125 00331 0.82 2.168 1.062
370 7.18 7309 2300 9609 0.0126 0.0335 0.812 2.186 1.065
375 7.68 7437 2263 970.0 0.0128 0.0340 0.803 2.204 1.068
380 8.22 7565 225 979.0 0.0129 0.0344 0.793 2024 1071
385 8.78 769.4 2186 988.0 0.0131 0.0349 0.783 2244 1075
390 9.37 782.4 2145 997.0 0.0132 00354 0773 2.264 1.079
395 9.99 795.5 2104 1005.9 0.0134 0.0358 0.762 2.286 1.083
400 10.64 808.7 206.1 10148 0.0136 0.0363 0.751 2309 1.088
405 1132 8220 2017 1023.7 0.0138 0.0368 0.740 2333 1.094
410 12.03 835.4 197.1 10325 0.0139 00373 0.728 2359 1100
415 12.78 8489 1924 10413 0.0141 00378 0715 2387 1107
420 1356 8625 187.5 1050.0 0.0143 0.0383 0.703 2417 1115
425 1438 8763 1823 1058.6 0.0145 0.0388 0.689 2450 1125




Appendix: Heat inflow oven calculations

G.0.1. Heat inflow profile of non-homogeneous part of oven

FLIR measurements were done at three different temperatures (T,,) and at two different run-
s/days. Axial locations accessible were measured, which was between 0 and 0.048m from the
left end of the central oven chamber. The averages of the two measurements at T,, = 300°C
are shown in Figure G.la. In this plot, the temperatures derived from wall sensors HF1 and
HF2 are also shown. As those temperatures are measured inside the wall, Equation G.1 is
used to calculate the outside wall temperature, which can consequently be compared with
the values obtained by the thermographic camera. In this equation, 7, is the radial position
of the wall temperature sensors, which is 0.024m. k,, is the temperature dependent thermal
conductivity of the SS316 wall, which can be found in Appendix F.

Q/dzIn (T‘”—”)
+— Tw?®

Two = Tw ook (G.1)
w
340 .
X v
x 3,000 v
335 v
330 [
5 — 2,500
il £
o 325| =
=}
2 : :
[} =
g 3201 o v S 2,000
@ o T
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3151 7 + from T, corr.(250°C)
k|
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3101 o % Two FLIR ' +  from Ty cOM.(340°C)
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Axial distance from left end of inner oven chamber [m]  Axial distance from left end of inner oven chamber [m]
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Figure G.1: Plots showing thermographic camera measurements at T, = 300°C and its correction(a) and heat flow
determination(b) at sides of central oven chamber. Power was 100%
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100 G. Appendix: Heat inflow oven calculations

One could see a significant difference between temperatures measured with the thermo-
graphic camera and the two points obtained from the wall sensors in Figure G.la. This
is most probably due to inaccuracy of the measurement method using the thermographic
camera. The gap between upper and lower oven panel was small, through which had to be
measured. Furthermore, escaping radiation through the gap was also likely to give higher
values for the temperature. It was also difficult to measure perpendicular to the heat pipe.
The thermographic camera is not very accurate itself, but due to the other inaccuracies, it
was chosen to continue with this camera. The measured values were corrected to match with
the value derived from the wall sensors at the sides of the measuring domain. For this, it is
taken that the wall surface temperature stays equal from the most right measurement on-
ward, from z = 0.048, as the gradient is relatively low at this point compared to at z = 0. The
correction was done according to the following equation, in which Tr;;z are thermographically
measured values and T,,, the values derived from the wall sensors:

_ Trur (z) — TrLir(0)
TFLIR,corr.(Z) - TFLIR (0.048) — TFLIR (0) (Two (0) - Two (0-055)) + Two (0) (G2)

Now that an approximation of the outside wall temperature at multiple points in the non-
homogeneous section is obtained, the local heat flow can be calculated using:
AT (z) — AT(0)
AT(0.048) — AT(0)

Q/dz(z) = (/4212 = (Q/d2)ir1) + (Q/42) 1 (G.3)

Where AT (z) = Trrir corr.(2) — Tey and (Q/dz) yrq is the heat flow per unit axial length measured
by heat flux sensor 1. Consequently, curve fitting was applied to get to a function for the heat
flow per unit axial length for each T,, in the form of Az + Bz + C. The obtained components
were rewritten in terms of T,,, (Q/dz)yr and (Q/dz)yr,. The result is shown in Figure G.1b
and the obtained expression is given in Equation G.4.

Q/dz(z) = —Az> + Bz+ C (G.4)
A = 2031T,, — 50360

B = 20.833((Q/dz)HF2 — (Q/dz)HFl) + 0.0484
C=(Q/d2)yp1

Integrating Equation G.4 results in the following expression for the heat input at the non-
homogeneous heating part of the central oven chamber:

Ononnom = 0.0374T,, + 0.024((Q /d2) et + (Q /dz),m) ~0.9282 (G.5)

Where T,, is the inside evaporator temperature in °C.



Appendix: Additional experimental
results
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Figure H.1: Graph showing internal temperature measurements at different axial locations of the heat pipe. In the legend, the
difference between TC1(left) and TC3 is indicated. The error of the thermocouples is 2.2°C. Operating conditions: y = 0.14,
mg ~ 0.15g, 200rpm and 100% lamp power* except for lowest temperature.
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H. Appendix: Additional experimental results
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Figure H.2: Resistances of condenser and evaporator for different filling ratios at 340°C(red) and 350°C(blue). Values
between 750 and 975rpm are not included due to dryout occurring at these rotational speeds



Appendix: Derivation model equations

hig(1 1
ln(x,,) = _T(T_V - E) (|1)
OY (R
X, =e R (Tv Tev) (|2)
Mg 1
N 1.3)
_To (Tev _
b —1—e rev(rv 1) (1.4)
where Ty = hsg/R
Derivation to z:
de=® d _T_o(Tﬂ_l)
= — (1o T\ Ty l.
© dz(l e (15)
d¢ d
—_ _¢ = TO/Teu_ _TO/TV |6
1z e dz(e ) (1.6)

49y _ To dﬁe‘T_o(z_?‘I)

— Tev 1.7
dz TZ dz (17)
dT, d¢ T? e ¢ (18)
dz  dz T, ev '
R Cay
From equation 1.4 follows:
dT, d¢TZ e™® (19)
dz  dzTyl1—e ¢ '
By combining this equation with equation 5.19:
dr, m  TZ e
V- - (1.10)
dz CAM,DTy1—e¢
The second derivative then is obtained by differentiating with respect to z once more:
d’7T, d m TZ e®
L= —(- L ) (1.11)
dzz2  dz\ cA,M,DTy1—e®
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104 I. Appendix: Derivation model equations

dva _ 1 d ( T2 e~® ) 112
dz2 =~ cA,M,DT, dz M —ed (112)
Where: 0 - - .
d e” dm e” dT, e~ d e~
— (M2 ———) = —T2 2mT,— nTZ —
dz(mvl—e“i’) Gz VT=ee temhvy, 1—e‘¢+m”dz(1—e‘¢)
In which the equation below can be inserted in the above equation:
4@ 1 _ g9y _ g9 d=e™®)
ety S g UTe DT e | Ao et
dz\1—e ¢ dz (1—e9)2 dz (1—e~9)2
d e ¢ dm e dr, e ¢ dp e ¢
—(m——— )= —T2——— 4+ 2T, — ———— — T ————
dz(m"l—e‘q’) a1 T T e m”dz(l—e“”)2

After substituted in Equation [.12:

d’T, 1 drhT2 e”® T dr, e ? 72 dp e ? (113)
dzz2 ~ cA,M,DTy\ dz "1 —e~® gy 1—e® MV (1—e"9)2 ’

Expressions for d¢/dz and dT,/dz given by Equation 5.19 and 5.24 respectively can be filled
in. This finally results in an expression for d?T, /dz? as a function of T, ¢, m and dr/dz.

d?T, 1 dm_, e™® , m T2 e ® e? L, M e”?
= — _T‘U - ZmTv e + mTV
dz?2 cA,M,DTy\ dz "1 —e® CAM,DTy1—e¢1—e? cA,M,D (1 —e9)2
d?T, 1 dm_, e™® m* T e %? , m e™?
= == —T72 — —2 - —— + T2 —
dz cAyM,DTo\ dz *1—e=® “cA,M,D T, (1 —e~%)2 cA,M,D (1 —e~9)2
d’T, 1 T2 e ¢ dm N ( m )2 T2( T, e %¢ e ? (114)
dz2 ~ cAyM,DTy1—e% dz \cA,M,D/ Ty\"To(1—e%)2 (1—e%)2 ’

Equation [.14 is subsequently used in Chapter 5.



Appendix: Computational efficiency

As one of the requirements of the model is its computational efficiency, the influence of mesh
size on the solution has been tested, such that a mesh size can be chosen which results in
efficient and accurate modelling. A base case has been set with a fine mesh and subsequently
coarser meshes are compared with the base case. The difference between the two solutions
is considered the error due to the mesh size. x, and m are considered of main relevance on
the results. The results are presented in Table J.1.

A mesh size of 1000/ mm showed an error of well below 1% for both x;, and m. A coarser mesh
results in significant increasing of the error. One could conclude that a mesh of 100/mm
results in an entirely different solution. 1000/mm is considered to result in an solution
which is accurate enough.

Table J.1: Deviations in solutions of x; and m when a coarser mesh is used compared to the base case. The maximum
deviation is stated, with the relative error between the brackets

Mesh density AX g max Ay gy
Base case (10000/mm) 0 0
1000/mm 61075 (0.06%) 2+*1077(0.13%)
500/mm 9.2x107* (0.9%) 4.1%107° (2.7%)
100/mm 0.05 (50%) 0.00045 (300%)
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Appendix: Condensation limit wall model
derivation

dx, d?x,
~ cDM2nr, = 072 ——cDM(nr — mr?)
dx, d?x,
BAP L Sl (w7 —1d)
1d%x 1d%x, 12
—dx = (G = 5 )dr
2 dz? 2dz? T,
1d?%x, .1 1d?x,
v= [ g qreer= [ g
1d%x, 2x
x=2d2 r2ln ()—— “r2 4+ Cy
@r=rn-x=0 @limit
1d%x 1d%x
=S - 7w+ G
1d%x, 1d%x,
Cl 4 dZ2 TUZ - E dZZ rlen(rv)
1d%x 1d%x
% = 5 A ) + g 0 =)

(K.1)

(K.2)

(K.3)

(K.4)

(K.5)

(K.6)

(K.7)

(K.8)

(K.9)

The average mole fraction can then be expressed by the following equation. From r =0 —>r,,

x, is constant. Between r, and r,, it is given by Equation K.9.

f x,2mrdr + x(r)nr?

a- X)Tfrv

Xavg =

1d?x, 1d%x,
rx fln( yrdr + = > dg2 T frdr——

Ty
2 j—
fr x,2nrdr = 2 dg2

x

where:

" inyrar = (" [ rar - L anct dr)d
J; n(g)r r= n(g)fr r—a( n(g))(fr r)dr

X
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(K.11)

fr3dr

(K.12)
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frvzrd—lrlzf“%z K3
N n(rv)r r= n(rv)zr —ordr (K.13)
L e 1 1 1
L — I (ENZ 2 4 2 2
J;x ln(rv)rdr ln(rv)zrx + 2% T g (K.14)
Which can be substituted in Equation K.11:
d?x, 1 d?x, 5
foZm’dr— P 1 ( rx —Zr,, ln( ) Ty )+4 07 nrv(r,, —1%)— = (K.15)
v d?x, 1 3 2x
f Xy 2nrdr = FEE: (——rv + 8rx ——rxl ( )+ (K.16)
Tx z
Subsequently,
1d%x, 2 1d%x,
fx(rx)Zm‘dr= f > 2 win(= )2nrdr+f 1 dz2 —2 (12 —r2)2nrdr (K.17)
frx drdr = 2y 1y Ly, K.18
Ox(rx)rtrr > 472 ()r[ 142z T T 2 (K.18)
Equation K.10 becomes:
1d v d?xy,
3 dzxz 4ln( )7r+4 - zrvzrxzn—zdx; i+ & n(rx( —n, + rx ——rxln( ))+
X =
avg TL'T,;
(K.19)
d?x, 1 2 112
Xavg = dz2 (_ v (__ - )) (K20)
1, can subsequently be determined:
dm d?x,
T n(r? —r2)cDM 172 (K.21)
dr
sz = T2 — W (K22)
mc
dzxv(l , 1 2, i—j 1rx) (K.23)
Xavg dz2 Qv er Z dzx,, 2 .
ic Mdz
dm (@)2
R (R - ) = (K.24)
nmcDM Tz néc?D*M (?)
dm i 5
d?x, 1 1 1 4 1 1 ()
Xavg dz2 (_7'172 - Z 1;2 + Z Zdzxv grvz + g ) FEr (K25)
cDM— 7 nzczDzMz(d7)2
dm
d?x, 1 —
Xavg = dZZU (g( d a2z, )?) (K.26)
T dz?
dm d?x,
i 8X4g 17 1,ctDM (K.27)



108 K. Appendix: Condensation limit wall model derivation

These model equations were derived when the sign of 1 was still the other way around.
Conversion to new:
dm d?x

E = — 8x17avg ?;TVCTIDM (K28)



Appendix: Modelling additional
information and graphs

Temperature change during iteration
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Figure L.1: Graph showing iteration process of combined model for TU Delft experimental setup. The result was obtained after
eight iterations.
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110 L. Appendix: Modelling additional information and graphs
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Figure L.2: Graph showing internal temperature T, for different wall thicknesses. The initial case is as stated in Table 5.3.
Different values for R, (Eq. 5.38): 0.42(8mm wall), 0.95(4mm wall) and 1.99(2mm wall)
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Figure L.3: Values of TU Delft experimental setup for determination of dimensionless numbers of Eq. 5.37 & 5.38

Values of dimensionless parameters for experimental setup

TU Delft setup @ 300°C (2.38 har) Upstream front | In front (x, = Downstream
0.95 —0.05) front

D [m?/s] 7.93*10°%

A, [m?] 0.0013

A, [m?] 0.0013

pv [kg/mi) 9.071

hy, [J/kg] 274200

R [1/keK] 50.08

k.. [W/(m-K)] 16.3

k ['w/(m-K]] 0.0275(Dowh) 0.0356 (avg.) 0.0444 (Air,refp)

T[K] 573 570-450 370

v [m/s] 0.05 0.007-0.00003 0

Xy 1 0.95-0.05 0

dx,/dz [1/m] 0 43-3.7 0

dx,/dT [1/K] 0.017 0.016-0.0020 0.00021

dT/dz [K/m] 0 2410-1850 0

TU Delft setup @ 300°C Upstream front | In front Downstream

front

Ry (convection / mass diffusion) o 19.5-0.0511 no conv

R; (convection / wall conductance) o 0.421-0.000124 | no conv

R: [diffusion / wall conductance) 0.0206 0.0154-0.00240 | 0.000258

Rs (convection / vapor or gas conductance) | « 1933-0.0566 no conv

Rs (diffusion [ vapor or gas conductance) 12.2 8.88-1.10 0.0939
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L. Appendix: Modelling additional information and graphs

Figure L.4: Values of Edwards & Marcus experimental setup for determination of dimensionless numbers of Eq. 5.37 & 5.38

Comparison with literature

Edwards & Marcus (water, air 1.2525 bar) | Upstream front | In front (x, = Downstream
0.95 — 0.05) front

D [m?/s] 0.41%10*

A, [m?] 1.086% 10

A, [m2] 3.8596%10°

pv [ke'm?] 0.7272

hy, [1/kg] 2240500

R [J/kgK] 461.5

k,, [W/(m-K)] 16.1

k W/ {m-K]] 0.02578 (water) | 0.02610 {avg.) 0.02632 (air)

T[K] 379.2 378 - 307 299

v [mys] 0.096 0.011-0.000040 | O

X, 1 0.95-0.05 0

dx,/dz [1/m] 1] 14-0.93 0

dx,/dT [1/K] 0.034 0.033-0.0025 | 0.0018

dT/dz [K/m] 0 429 - 363 0

Edwards & Marcus (water, air 1.2525 bar) | Upstream front | In front Downstream

front

Ry [convection / mass diffusion) @ 18.2 —0.0525 no conv

R: [convection / wall conductance) w 6.94 — 0.00160 no conv

R (diffusion / wall conductance) 0.357 0.385-0.0292 | 0.0210

Rs [convection / vapor or gas conductance) | @ 1521 —0.344 no conv

R: [diffusion / vapor or gas conductance) 88.1 84.5 - 6.40 4.57
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Figure L.5:

Values of experiment reported by Harley for determination of dimensionless numbers of Eq. 5.37 & 5.38
Harley (Sodium, argon) Upstream front | In front (x, = Downstream
0.95-0.05- front
0.025)
D [m?/s] 0.0204 (p = 1250pa, T = 717.5K)
A, [m?] 1.267%10*
A, [m?] (wall + wick) 2.604*10*
pv [keg/m?] 0.003
hy, [/kgl 4370000
R [/kgK] 361.6
C=k,* A, [Wm/K] 0.0081
ke [W/(m-K)] 0.034 (Sodium, | 0.028 (avg) 0.0225 (Argon)
est.)
T[K] 782.2 780—-655-634 | 3356
V [m/s] 94 27-0.42-0.07 (0O
X, 1 0.95-0.05-0.025 [ 0O
dx,/dz [1/m] 4] 8.5-3.7-18 0
0.020 0.019 - 0.0014 — | 2*1Q
0.00081
dT/dz [K/m] o 29502634 - 1]
2467
Harley (Sodium, Argon) Upstream front | In front Downstream
front
Ri (convection / mass diffusion) o 148 - 0.318 — no conv
0.0477
R: (convection / wall conductance) el 1.78 -0.00190 | no conv
R (diffusion / wall conductance) 0.0837 0.0795—0.0055 | 8.37*10°10
R4 (convection / vapor or gas conductance) | « 4071-4.27 no conv
Rs (diffusion / vapor or gas conductance) 157 181-13.4 2.38*10°




