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Abstract
The incentive to reduce energy consumption in the industry is big, especially
in high temperature systems. Heat pipes are of great interest for this purpose
due to their favorable thermomechanical properties. This master thesis is a
part of the ongoing study of Ph.D. candidate Geir Hansen, who is currently
developing a rectangular heat pipe with potassium as working fluid at NTNU.
The rectangular heat pipe is intended to be implemented in the walls of
electrolysis cells as a part of a heat recovery system.

The present work reports results of theoretical calculations of two im-
portant heat transfer limitations, the incipience of boiling and the capillary
limitation for two types of nickel foam wicks. Results of experimental tests
carried out on the cooling circuit for the proposed rectangular heat pipe are
also reported. The foam porosity, permeability and effective pore radius for
wick 1 is 0.797, 31·10−12m2 and 62·10−6m, respectively, and for wick 2; 0.886,
205·10−12m2 and 126·10−6m.

A literature survey showed that porous coated surfaces improves the heat
transfer and requires less superheat for boiling to commence. Calculations
performed showed no danger of homogeneous nucleation in the proposed heat
pipe. Boiling inside the nickel foam wick(s) were found to only be of concern
for wick 2 at high heat fluxes and a operating temperature of 600◦C.

Calculations of the capillary limit showed that wick 2 is the best choice
for sustaining high heat fluxes. Increasing the wick length to 20cm made
wick 2 not suitable for usage, and wick 1 was the best choice for increased
wick length. Combination of the two wick types showed to be very effective
and significantly (factor of almost 4) improved the performance. An uneven
heat flux distribution where a lower heat flux is at the bottom region of the
evaporator is found to lower the performance, while a higher heat flux at the
bottom region increases the performance.

Early tests revealed that the PID controller was marginally stable, so the
controller was tuned and stable operating conditions were achieved. Experi-
ments showed that in order to get an accurate heat balance for the test rig,
knowledge about the exact position of the thermocouples is needed.
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Sammendrag
Drivkraften for å redusere energiforbruket i industrien er stor, spesielt i
høytemperatursystemer. Varmerør er av stor interesse for dette bruksom-
rådet grunnet dets gode termomekaniske egenskaper. Denne masteropp-
gaven er en del av en pågående studie av dr.philos. kandidat Geir Hansen,
som utvikler et rektangulært varmerør med kalium som arbeidsmedium for
NTNU. Dette er planlagt å bli implementert i veggene på elektrolyse celler
som en del av et varmegjenvinningssystem.

Det foreliggende arbeidet rapporterer resultater fra teoretiske beregninger
av to viktige ytelsesbegrensninger, kokestart og kapillærtrykksbegrensningen
for to typer nikkelskum veker. Resultater fra eksperimentelle tester utført
på en kjølekrets for det foreslåtte rektangulære varmerøret er også doku-
mentert. Nikkelskummets porøsitet, permeabilitet og effektiv poreradius for
veke 1 er hendoldsvis 0.797, 31·10−12 m2 og 62·10−6 m, og for veke 2; 0.886,
205·10−12m2 og 126·10−6m.

Et litteraturstudium viste at overflater dekket av porøse strukturer forbedrer
varmeoverføringen og krever mindre overoppheting før koking inntreffer. Bereg-
ninger utført viste at det er ingen fare for homogen koking i det aktuelle
varmerøret. Koking inni nikkelskumveken(e) ble funnet å bare være mulig
for veke 2 ved høye varmeflukser og en driftstemperatur på 600◦C.

Beregninger av kapillærtrykksbegrensningen viste at veke 2 er det beste
valget for å oppnå høyest mulig varmeflukser. Ved å øke vekelengden til
20cm, ble veke 2 funnet uegnet for bruk, og veke 1 viste seg å være det beste
valget når vekelengden økes. Kombinasjon av de to veketypene viste seg å
være svært effektiv og ytelsen ble forbedret betraktelig (faktor på nesten 4).
En ujevn varmefluksfordeling der en lavere varmefluks inntreffer i den nedre
delen av fordamperen reduserer ytelsen, mens en høyere varmefluks i den
nedre regionen øker ytelsen.

Tidlige tester viste at PID-regulatoren var marginalt stabil, derfor ble
regulatoren tunet til stabile driftsforhold ble oppnådd. Eksperimenter viste
at for å utføre en korrekt varmebalanse av testriggen, er kunnskap om den
nøyaktige plasseringen av termoelementene nødvendig.
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1 INTRODUCTION

1 Introduction
In an effort to reduce energy consumption in aluminum production, a rect-
angular heat pipe, or thermosyphon, is being developed at NTNU. The heat
pipe is to be used in a heat recovery system, where the goal is to utilize the
waste heat from electrolysis cells to produce electrical power. The proposed
heat pipe is shown in figure 1.1 and 1.2.

Figure 1.1: Schematic of the proposed system taken from [1]

1



1.1 Project aim and limitations 1 INTRODUCTION

Figure 1.2: Schematic of the proposed system evaporator (left) and con-
denser (right) taken from [1]

In figure 1.1 the design and main dimensions are shown. These dimensions
will be used in the calculations throughout this master thesis. The shaded
area on the figure to the left in figure 1.2 represents the wick of the ther-
mosyphon. The wick material consist of a nickel foam, and the casing is
made of nickel [2]. The holes in the evaporator section illustrated in figure
1.2 are for heat cartridges which will be used for applying heat flux to the
proposed heat pipe. It should be noted that the proposed system do not
have an adiabatic section which is common in normal heat pipes.

1.1 Project aim and limitations
One of the aims of this master thesis is to analyze two important heat trans-
fer limitations for the proposed heat pipe, the boiling limit and the capillary
limit, and suggest solutions to avoid encountering these. A literature survey
for the incipience of boiling on porous coated surfaces shall also be performed.
In addition to investigating two heat transfer limitations, experimental test-
ing and a total energy balance for the heat pipe cooling circuit is to be
performed.

The flow of liquid in the wick is modeled by Darcy’s law in one dimen-
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1.2 Structure of the report 1 INTRODUCTION

sion, and the incipience of boiling is limited to surfaces coated with a porous
structure. The heat pipe test rig was not designed for making an energy
balance, which will make some important parameters (e.g. heat input from
tracing) impossible to determine from the experiments. Whenever there are
quantities that are not possible to measure, assumptions or explanation will
be given. In agreement with supervisor Erling Næss and the department, it
has been decided that tuning of the PID controller is to be performed, as
well as testing the response time of the system. The operating temperature
region for the proposed system is 400-650°C, and the thermophysical prop-
erties of potassium are taken from Vargaftik et al. [3]. Vargaftik et al. was
recommended by Annette Hultin after a literature survey performed in 2011
[1]. The nitrogen and air properties are taken from Incropera et al. [4]. All
property data used can be found in appendix A.

1.2 Structure of the report
This master’s thesis will first present a short overview of a heat pipe and it’s
applications and limitations. Chapter 2 presents theory of bubble formation
and boiling, as well as a literature review of boiling heat transfer from porous
coated surfaces. Calculations and discussions of the incipience of boiling for
the proposed system are also presented in chapter 2.

In chapter 3 the capillary limit is discussed and calculated for two wick
types. A solution for achieving better performance (i.e. that the wick can
sustain higher heat fluxes), and a discussion of uneven heat flux distribution
is also presented.

Laboratory experiments of the cooling circuit for the proposed heat pipe
are presented in chapter 4. Heat transfer theory, PID controller tuning the-
ory and calculations of the heat loss in the cooling circuit are also given.
Conclusions and further work is presented in chapter 5 and 6, respectively.

1.3 Principle of a heat pipe
The heat pipe is a closed container that consists of three different sections,
evaporator, adiabatic and condenser section. It can best be understood by
looking at figure 1.3 where each section is illustrated. In the evaporator sec-
tion heat is supplied and the working fluid starts to evaporate. The vapor
is driven by the higher vapor pressure in the evaporator, and mass is added
throughout the evaporator until the vapor enters the adiabatic section where
there is no addition of heat/mass. In the condenser section, heat is removed,
the latent heat of vaporization is released, and the vapor mass flow decreases
due to condensation. As is shown in Figure 1.3, a wick structure is surround-
ing the inside of the heat pipe. This structure pumps the condensed fluid
back to the evaporator section, where it is evaporated again and starts to
flow in the direction of the condenser. This process is continuous and will
proceed as long as there is sufficient capillary pressure to drive the conden-
sate back to the evaporator. This gives a system that is very reliable, has
high thermal conductivity and requires zero maintenance.

3



1.4 Applications and temperature ranges 1 INTRODUCTION

Figure 1.3: Schematic of a cylindrical heat pipe taken from [6]

1.4 Applications and temperature ranges
Heat pipes can operate over a wide range of temperatures, from cryogenic
temperatures down to 4 Kelvin, to high temperature heat pipes operating at
temperatures above 1300 Kelvin. The wide range of temperatures combined
with the various ways of constructing the heat pipe, results in many dif-
ferent applications. Aerospace, heat exchangers, electronics and permafrost
stabilization are just some of its applications. The main applications are sep-
aration of heat source and sink, temperature equalization, and temperature
control [5]. A waste heat recovery system is one application where the heat
pipe can effectively be used. The proposed heat pipe of Ph.D. candidate Geir
Hansen, is to be used in a heat recovery system for an aluminum cell [2].

1.5 Limitations
During the operation of a heat pipe there are a number of physical phenomena
that can be encountered, which may cause operating limits to the heat pipe.
In Figure 1.4 the most important heat transfer limitations are shown as a
function of heat rate and temperature.

1.5.1 Capillary limit

For the heat pipe to operate, the maximum capillary pressure must be greater
than the total pressure drop in the pipe [7]. The total pressure drop in the
pipe consists of five components; liquid pressure drop from returning the liq-
uid from the condenser to the evaporator, the vapor pressure drop necessary
to drive the vapor from the evaporator to the condenser, the gravitational
pressure drop that comes from the inclination of the heat pipe, and pressure
drops due to the evaporation and condensation at the liquid-vapor interface.
In order for the heat pipe to operate the following condition must then always
be maintained,

∆pcap,max ≥ ∆pl + ∆pv + ∆pe,δ + ∆pc,δ + ∆pg. (1.1)

4



1.5 Limitations 1 INTRODUCTION

Figure 1.4: Limitations in a heat pipe taken from Faghri [5].

If the condition above is not satisfied, and the right hand side of equation
(1.1) exceeds the maximum capillary pressure the wick can sustain, it will
cause dry out of the wick and the heat pipe will fail to operate.

1.5.2 Boiling limit

The boiling limit is related to the radial heat flux in the evaporator. If this
becomes too high, vapor bubbles form in the wick and prevent wetting of
the wall. The hot spots occurring from the vapor bubbles formed, cause an
excessive temperature difference that could dry out the wick. This is defined
as the boiling limit.

1.5.3 Entrainment limit

At the interface between the vapor and liquid flow, the vapor will exert a
shear force on the liquid flowing. If this force is too big compared with the
resisting surface tension in the liquid, droplets are entrained in the vapor
stream, and depending on the amount of liquid entrained, the entrainment
limit is reached. If too much liquid is entrained, causing the liquid flow to
stop, flooding occurs. The flooding limit will represent a failure limit because
it will cause dry out of the wick.

1.5.4 Sonic limit

Some heat pipes, in particular those with liquid metals as working fluids
can reach high vapor flow velocities. If the vapor flow becomes sonic or
supersonic, a chocked condition occurs and the sonic limitation is reached.
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This is usually encountered during startup, and as mentioned, with liquid-
metal heat pipes where the vapor velocities are high and the densities are
low.

1.5.5 Viscous limit

With liquid-metals as working fluids, the viscous forces dominate the vapor
flow during startup due to the very low vapor pressure inside the heat pipe.
Given the very low vapor pressure, the pressure difference from the con-
denser to the evaporator could be too small to overcome the viscous forces,
thus restricting the vapor flow. As heat is applied in the evaporator the tem-
perature, and also the pressure will increase, leading to a pressure difference
which is large enough to overcome the viscous forces.

1.5.6 Frozen startup limit

At startup the fluid is at a frozen state, and during the startup process the
vapor from the evaporator section could be frozen again in the adiabatic or
condenser section. If this happens, eventually there will no longer be any
working fluid left in the evaporator section, and this leads to dry out of the
evaporator.

1.5.7 Condenser limit

If the condenser is not capable of providing sufficient cooling, the maximum
heat rate transported by the heat pipe may be limited. Also, If inert gases
are present, the cooling capacity of the condenser can be reduced.

1.5.8 Continuum flow limit

A vapor free molecular or rarefied vapor flow condition can occur in small
heat pipes, or in heat pipes operating at very low temperatures. The heat
transport will then be limited because the continuum vapor state has not
been reached [5].
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2 Boiling
Formation of bubbles within the wick or at the wick-wall surface is undesir-
able because this will prevent the circulating liquid from wetting the surface.
Failing to wet the surface will cause dry-spots at the wall, leading to a sudden
increase of the wall temperature, which in turn can lead to dry-out of the
wick. In order to incipience nucleate boiling, a superheat of the liquid is nec-
essary. The needed superheat depends on fluid properties, surface conditions
and the ability of wetting of the surface [8]. Bulk boiling of pure degassed liq-
uids requires a very high superheat, water for example, could be superheated
to 300◦C in experiments at atmospheric pressure before boiling occurred [9].
However, the presence of a porous structure at the heated surface, like the
nickel foam in the proposed system could trap vapor bubbles inside the wick,
thus lowering the required superheat to incipience boiling. In the literature
the boiling limit is referred to as when there is a continuous vapor film at
the heated wall (Figure 2.5, model 4), which prevents the liquid from wet-
ting the wall, causing burn out of the heat pipe. This heat transfer limit is
similar to film boiling in pool boiling heat transfer, and must be avoided at
all time. With potassium as working fluid, or liquid metals in general, Faghri
[5] reports that the boiling limit is rarely encountered due to their favorable
physical properties. Nevertheless, due to the very low operating pressure of
the proposed heat pipe, the possibility of nucleation inside the wick or at
the wall could be of concern. Figures 2.1-2.4 are all based on figures from
the compendium "Industrial Heat Engineering" by Erling Næss and Martin
Løvland [10].

2.1 Bubble formation
The formation of bubbles is closely linked to boiling. For a vapor bubble to
exist, mechanical equilibrium has to be fulfilled, and it has to be in thermo-
dynamic equilibrium with the surrounding liquid[10]. Figure 2.1 illustrates
the force balance between a vapor bubble and the surrounding liquid. The
mechanical equilibrium for this bubble yields,

pvπr
2 = plπr

2 + 2πrσ ⇒ pv − pl = 2σ
r
. (2.1)

In order to relate the pressure difference to the superheat, the Clausius-
Clapeyron equation, (

dp

dT

)
sat

= hfg
Tsat(vv − vl)

, (2.2)

together with equation (2.1) and assuming that ρv << ρl the following equa-
tion is obtained,

Tv − Tsat,l = 2σTsat,l
ρvhfgr

. (2.3)
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As can be seen from equation (2.3), the degree of superheat is inversely pro-
portional to the bubble radius, that is, big vapor bubbles needs less superheat
than small vapor bubbles to exist in a liquid pool.

Figure 2.1: Force balance of a bubble

2.2 Homogeneous nucleation
Homogeneous nucleation will represent an upper limit for the possibility of
boiling, meaning if there is any danger of homogeneous nucleation, changes to
the proposed system must be done. "In a metastable liquid thermal fluctua-
tions occur, and there is a small but finite probability of a cluster of molecules
with vapor-like energies coming together to form a vapor embryo of the size of
the equilibrium nucleus" [11]. This process of vapor formation in a metastable
liquid is referred to as "homogeneous nucleation" [11]. The theory of homoge-
neous nucleation is rather complicated, and the derivation of equation (2.4),
which gives the rate of nucleation in a metastable liquid, will not be presented
here. The derivations can be found in Collier and Thome [11].

dn

dt
= λN(r) = λNe−∆G(r)/kTv , (2.4)

where N(r) is the number of nuclei of radius r, ∆G(r) is the free energy
of formation of a nucleus of radius r and k is the Boltzmann constant. It
is rather awkward to use equation (2.4) to evaluate Tv, and the much sim-
pler expression produced by Lienhard [12] is sufficiently accurate for most
purposes [11],

(Trv − TrSAT ) = 0.905− TrSAT + 0.095T 8
rSAT . (2.5)

The subscript ’r’ refers to a reduced quantity, i.e., an absolute temperature
divided by the critical temperature.

2.3 Bubble formation at surfaces
The required wall superheat for nucleation at surfaces is much lower than
for nucleation in the bulk of the liquid. As mentioned earlier, a superheat
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of 300◦K was reported in the bulk of water to incipience boiling, while only
a 5◦K superheat is sufficient to incipience boiling at the wall [10]. Even
the smoothest surfaces have small cavities where inert gases or vapor can
be trapped, and these cavities act as nucleation sites. Whether or not a
cavity will contain gas depends on the shape of the cavity and the wetting
properties of the fluid. The wetting properties is described by the contact
angle β in the liquid between the vapor/liquid interface and the surface of
the material. Figure 2.2 shows how the contact angle is measured for vapor
bubbles and liquid droplets. A liquid is said to be wetting when β < 90◦,
and non-wetting when β > 90◦. The cavities have a highly irregular shape,
and figure 2.3 illustrates different types of possible cavities at the surface.

Figure 2.2: Illustration of the contact angle between the vapor/liquid.

Another important criteria for a cavity to produce a vapor bubble is the
critical radius (rc). The critical radius is equal to the estuary radius of the
cavity, and for a cavity to produce vapor bubbles the superheat in the growing
bubble must be sufficient at rc. Figure 2.4 shows a growing bubble at different
time intervals and the critical radius rc. By assuming that the temperature
inside the bubble (Tv) equals the wall temperature (Tw), equation (2.3) takes
the form,

Tw − Tsat,l = 2σTsat,l
ρvhfgrc

. (2.6)

Figure 2.3: Different cavities at surfaces.
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Figure 2.4: Illustration of the critical radius

For the bubble to exist, the equilibrium condition in equation (2.6) must
be satisfied. At the heated wall, the bubble will grow in a superheated
boundary layer with thickness δ. By assuming that the temperature profile
in the boundary layer is linear, the temperature profile can be described as,

T = Tw −
qrc
kl
. (2.7)

Combining equation (2.6) and (2.7), the onset of nucleate boiling can be
calculated,

Tw − Tsat,l = 2σTsat,l
rchfgρv

+ qrc
kl
. (2.8)

By taking the derivative of equation (2.8) with respect to rc, an expression
for the critical radius yields,

rc = min

rc,max,
√√√√2σTsat,lkl

qhfgρv
.

 . (2.9)

rc,max is the maximum estuary radius for a cavity that can contain vapor,
which varies depending on the working fluid. This parameter is 5µm for
water, but for potassium there is no literature on rc,max.

√
2σTsat,lkl

qhfgρv
is the

calculated maximum estuary radius that can contain vapor based on the
assumptions above. Potassium which is to be used as working fluid in the
proposed system, and other alkali metals generally wet their containers very
well. They also wet the larger cavities and render them inactive [13]. This
combined with the fact that alkali metals have less steep vapor pressure
curves in practical temperature ranges, and their capacity to dissolve inert
gases increases with an increase in temperature, tend to give higher incipient-
boiling wall superheat compared with ordinary liquids [13].

Heat transfer in heat pipe wicks is more complicated than at a plane
surface due to the capillary structure of the wick. Properties of the working
fluid and wick play an important role in how the heat distributes inside the
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wick. Both Faghri [5] and Invanovskii et al. [9] presents four different models
of heat transfer in wicks, and these are shown in figure 2.5.

Figure 2.5: Heat transfer and vapor formation in wicks.

2.3.1 Model 1

The whole wick is saturated with liquid and evaporation takes place from
its surface. Heat is transported by conduction through the liquid filled wick,
and no boiling occurs within the wick. This is a common working condition
for non-metallic working fluids under a low heat flux, and metallic working
fluids under a low to moderate heat flux.

2.3.2 Model 2

The liquid-vapor interface has receded into the wick because of an increase
in the heat flux. If the heat flux is reduced, the receding of the liquid will
stop, and the wick will be saturated again. However, if the heat flux is not
reduced it may cause the entire wick to be depleted, thus causing burn out of
the wick. This is actually the capillary limit and not the boiling limit. The
vaporization will still take place at the liquid-vapor interface, and no boiling
occurs in the wick.

2.3.3 Model 3

If the temperature difference across the wick is large, nucleate boiling may
take place within the wick. The bubbles grow and escape through the wick
before they bursts at the surface of the liquid-vapor interface. This could
disrupt the established menisci and reduce, or even eliminate the capillary
forces for pumping the liquid in the evaporator.
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2.3.4 Model 4

The heat flux is increased and more bubbles are formed, they coalesce and
form a layer of vapor adjacent to the heated wall. This layer prevents wetting
of the heated surface, leading to a sudden increase of temperature which could
burn out the heat pipe. This is referred to the boiling limit of the heat pipe.

2.4 Literature survey - Heat transfer and the incipi-
ence of boiling from porous surfaces

The models presented above represents four different ways of describing the
heat transfer in the wick of a heat pipe. As mentioned before, there are
several factors that play a role in how the heat transfer can best be modeled,
like fluid properties and surface conditions for example. Several authors
[13][14][15] have pointed out the difference of heat transfer in porous coatings
between liquid metals and non-metallic fluids (water for instance). Winston
et al. [15] studied wicks which were fabricated from beds of packed beads or
planar slabs of sintered metal fibers and powders. They used liquid potassium
at a saturation temperature of 866K and water at atmospheric pressure as
working fluids. Their findings concluded that the mechanism of heat transfer
in the evaporator zone of a water heat pipe is that of conduction across a thin
vapor layer near the heated wall, accompanied by a flow of vapor through
the wick structure to the wick exterior. However, when liquid metals are
used, heat is transferred by conduction across a liquid-saturated wick to
the outer surface where vaporization of the working fluid takes place [15].
Ferrell and Davis [14] concluded with the same heat transfer mechanism in
the wick as Winston et al. [15]. It was also pointed out the difficulties of
determining the liquid-vapor interface in the wick with water as working
fluid, which in turn makes it very difficult to accurately predict the heat
transfer coefficient and the critical heat flux (burn out). Alleavitch and
Ferrell [16] conducted experiments with a horizontal, heated stainless steel
surface covered with a wick structure. The fluid used was water, and the
wick was flooded. The authors concluded that for values of the heat flux
below the critical, the mechanism of vaporization heat transfer from wick
covered surfaces is one of conduction across a thin, liquid saturated film in
contact with the heated surface, which is maintained by the capillary forces
existing at a liquid-vapor interface within the wick [16]. Moss and Kelly [17]
performed a neutron radiographic study of the vaporization processes which
occur interior to the wick structure of a planar heat pipe employing water
as working fluid. Their findings included two models of the heat transfer
process, which were postulated and analytically formulated. The first model
assumed that evaporation occurred only from the upper surface of the wick,
whereas the second assumed that vapor was generated at the wicks base and
released solely from the sides of the wick [17]. The second model proved
to be more realistic for correlating the test data. This is corresponds well
with [14] and [15] who also presented that with water as a working fluid the
vaporization process occurs inside the wick structure.
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One of the main incentive for coating surfaces with a porous material
is to enhance the heat transfer performance. Porous coatings, wicks and
other surface enhancing materials are often used to improve heat transfer
performance in various applications. Bergles and Chyu [18], Allingham and
Mcentire [19] and Xu et al. [20] all reported improved heat transfer perfor-
mance on surfaces with porous structures in their experiments. Allingham
and Mcentire [19] concluded that the wick fibers increase the effective heat
transfer surface area and provide active sites for bubble formation. Another
aspect concerning the improved heat transfer of porous surfaces is the needed
superheat to incipience boiling. Janusz T. Cieslinski [21] reported that with
porous coatings on a heated surface boiling commenced at lower wall super-
heat compared with those for a smooth surface. The lower wall superheat
necessary is also reported by [22][23][24].

2.5 Pressure distribution in the wick
At the bottom of the evaporator in the proposed system the pressure inside
the wick will be approximately equal to the vapor pressure. As the liquid
moves upwards inside the wick, the liquid pressure is reduced due to grav-
itational and frictional pressure losses. This reduction of capillary pressure
could be enough to lower the liquid pressure sufficiently, leading to the in-
cipience of nucleate boiling. It is therefore important to investigate how the
liquid pressure varies.

As pointed out earlier, the liquid pressure inside the wick will be a decisive
factor for nucleation to occur at the wall or inside the wick. A low liquid
pressure inside the wick will give a larger pressure difference between the
liquid pressure and the saturation pressure, leading to a larger superheat,
which again leads to greater risk of boiling. The pressure inside the wick can
be represented by the following equation,

Pwick = Po −
(
ρgz +

∫ z

0

µlṁl

ρlAcK
dz

)
, (2.10)

where Po is a reference pressure, K the permeability, and Ac the wick cross
section area. The third term on the right hand side of equation (2.10) is the
pressure drop of liquid flow in a wick structure due to frictional drag [5], also
referred to as Darcy’s law, while the second term on the right hand side is
the gravitational pressure loss. Assuming that the liquid mass flow inside
the wick decreases linearly with increasing z (See figure 2.6), a relation of
the form,
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Figure 2.6: Variation of the liquid mass flow as a function of the height
z.

ṁl = dm

dt
= ṁmax −

ṁmax

h
z (2.11)

can be used. Here h is the evaporator height and ṁmax = Q
hfg

. Combining
equation (2.10) and (2.11) the following expression is obtained,

Pwick = Po −
(
ρlgz + µlQ

ρlAcKhfg

∫ z

0

(
1− z

h

)
dz

)
. (2.12)

Performing the necessary integration, the expression for the pressure inside
the wick at height z yields,

Pwick = Po −
(
ρlgz + µlQ

ρlAcKhfg

[
z − z2

2h

])
. (2.13)

There are several factors that may or may not play an important role when
calculating the pressure loss. Temperature, which affect the physical proper-
ties of potassium, the applied heat flux, and the permeability of the wick all
influence on the total pressure loss inside the wick. It is therefore necessary
to evaluate all the different factors, and then evaluate the contribution of
each factor.

2.6 Results and discussion
Since the wick pressure, Pwick, decreases with increasing z, the most likely
place for boiling to occur is at the top of the evaporator. By making sure
that no boiling occurs at the top of the evaporator, one can be confident that
boiling is avoided in the entire wick. There is an ongoing study of identifying
the best suitable wick for the proposed system, and at present there are two
different nickel foam wicks being tested. In table 1 the permeability, effective
pore radius, and porosity for the two foam wicks which will be used in the
calculations are shown. The wick properties are determined by a "rate of
rise" experiment with heptane done by Ph.D. candidate Geir Hansen. In the
calculations no correction for the the contact angle against nickel is done for
potassium. It is therefore expected that the actual performance of the wick
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will be better due to the physical properties of potassium against nickel are
more favorable compared with heptane.

Table 1: Wick properties

Permeability (m2) Effective pore radius (m) Porosity (%)
Wick 1 31·10−12 62·10−6 79.7
Wick 2 205·10−12 126·10−6 88.6

An equation for the pressure distribution inside the wick was derived on the
basis of Darcy’s law and a gravitational pressure loss term in section 2.5.
Using equation (2.13), one can calculate the pressure at the top of the evap-
orator, and then consider if there is any danger of boiling. In the sections
to follow the effect of heat flux, wick thickness, and wick properties will be
discussed. In the calculations in this section the reference pressure Po has
been set to 5000Pa, which corresponds to a saturation temperature of 773K
(500◦C).

Pressure distribution inside the wick
No decision has been made regarding the final number of wick layers in the
proposed system, so a range from 8-15 layers were tested for different op-
erating conditions. Figure 2.7 and 2.8 presents pressure curves for wick 1
(see table 1) with 8 and 12 layers with varying heat flux. It is seen that the
performance of the wick is proportional to the thickness, where more layers
gives less pressure drop. The wick with 8 layers has a pressure of 570Pa at
the top of the evaporator with the highest heat flux (150kW/m2), while with
12 layers the pressure is 1688Pa at the top of the evaporator. However, it
should be noted that it is not possible to achieve a pressure as low as 570Pa
with 8 layers or 1688Pa with 12 layers. The reason for this is that the capil-
lary limit is encountered before the pressure has decreased to the respective
pressures. The horizontal lines in figures 2.7 and 2.8 represent the capillary
limit, and if these lines are crossed by the declining pressure curves, dry out
of the wick occurs. This is further discussed in section 3. Table 2 and 3
shows the values of the pressure inside the wick at the top of the evaporator
for 8 and 12 layers of wick 1 for different heat fluxes. What can be seen both
from table 2-3 and figure 2.7-2.8, is, that an increase in applied heat flux,
yields an increase in the pressure drop within the wick.

Table 2: Pressure within a 8 layer wick 1 at z=0.15m.

Heat flux (kW/m2) 10 25 50 75 100 125 150
Pwick (Pa) 3699 3364 2805 2246 1688 1129 570
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Table 3: Pressure within a 12 layer wick 1 at z=0.15m.

Heat flux (kW/m2) 10 25 50 75 100 125 150
Pwick (Pa) 3773 3550 3177 2805 2433 2060 1688

Figure 2.7: Pressure distribution inside a 8 layer thick wick 1 for dif-
ferent heat fluxes.
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Figure 2.8: Pressure distribution inside a 12 layer thick wick 1 for dif-
ferent heat fluxes.

Figures 2.9 and 2.10 present pressure curves for wick 2 (see table 1)
with 8 and 12 layers with varying heat flux. It is seen that wick 2 has a
significantly less pressure drop throughout the evaporator both for 8 and 12
layers compared with wick 1. The big difference in the pressure loss is due
to the permeability, which is evident by looking at equation (2.13), where
the second term on the right hand side is proportional to permeability. In
addition wick 2 is less compressed (i.e. thicker), leading to a bigger wick
cross section, which also lowers the pressure drop. Although wick 2 yields
a considerably less pressure drop, the maximum capillary pumping pressure
sustainable by the wick is also much less (1317Pa for wick 2, 2667Pa for
wick 1), which is seen from the horizontal lines in figures 2.9 and 2.10. It is
seen that the capillary limit is encountered for heat fluxes above 125kW/m2

with 8 layers, but for 12 layers the wick can tolerate heat fluxes well above
150kW/m2. Table 4 and 5 shows the values of the pressure inside the wick
at the top of the evaporator for 8 and 12 layers of wick 2 for different heat
fluxes. From a boiling point of view one could argue that wick 2 is the best
choice since it has a much lower pressure drop inside the wick, leading to
a favorable higher pressure at the top of the evaporator. However, in order
to evaluate the possibility of boiling, the critical radius at which incipient
boiling occurs has to be calculated.
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Figure 2.9: Pressure distribution inside a 8 layer thick wick 2 for dif-
ferent heat fluxes.

Table 4: Pressure within a 8 layer wick 2 at z=0.15m.

Heat flux (kW/m2) 10 25 50 75 100 125 150
Pwick (Pa) 3904 3876 3838 3783 3737 3691 3645
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Figure 2.10: Pressure distribution inside a 12 layer thick wick 2 for
different heat fluxes.

Table 5: Pressure within a 12 layer wick 2 at z=0.15m.

Heat Flux (kW/m2) 10 25 50 75 100 125 150
Pwick (Pa) 3910 3891 3860 3830 3799 3768 3737

Homogeneous nucleation
In table 6 the saturation temperature and the corresponding necessary su-
perheat for the onset of homogeneous nucleation (ohn) is calculated using
equation 2.5. It is evident that there is no danger of homogeneous nucleation
in the proposed system due to the very large superheat needed.

Table 6: Necessary superheat for homogeneous nucleation.

Tsat(K) 573 673 773 873 973
∆Tohn(K) 1491.3 1391.3 1291.3 1191.4 1091.5

Critical radius
Figures 2.12-2.19 were obtained by first calculating the wick pressure at the
top of the evaporator using equation (2.13), then using this pressure and
interpolate in a table containing the physical data of potassium to give a
saturation temperature corresponding to the wick liquid pressure. This sat-
uration temperature was then used to calculate the wall temperature based
on an equation of the form,
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q = Tw − Tsat
R

, (2.14)

where R is the resistance inside the wick defined as,

R = δ

k
+ 1
h
, (2.15)

where δ
k
represents conduction and 1

h
convection across the wick. A meeting

with professor Erling Næss led to the conclusion that the contribution to R
from convection inside the wick could be neglected because h is very large.
Having the wall temperature, a saturation pressure based on this tempera-
ture was obtained by interpolating in table for potassium properties. Lastly
equation (2.1) was used to calculate the necessary critical radius in order for
a bubble to be stable and grow, the incipience of boiling. The reason for
using (2.1) and not a Clausius-Clapeyron type of an equation, is because of
the low pressure inside the heat pipe. When the pressure is very low there
is a much larger error in using the Clausius-Clapeyron approximation (see
figure 2.11).

Figure 2.11: Clausius-Clapyerons equation / saturation curve.

Professor Erling Næss suggested that two cases, or two different oper-
ating conditions were tested in the calculations of the critical radius. The
two operating conditions tested are 450◦C and 600◦C. Figures 2.12 and 2.13
show the necessary critical radius for a bubble to be stable and grow with
potassium as working fluid and an operating temperature of 450◦C for wick
1 and 2, respectively. As can be seen from figure 2.12, with 15 layers the
curve takes a sudden change of direction at 20000W. This curvature is not
expected, but the approach used to calculate the critical radius, and the tab-
ulated physical properties of potassium give the unexpected curvature with
15 layers. With wick 1 and an operating temperature of 450◦C, the criti-
cal radius ranges from 2500µm-45000µm (ref. figure 2.12), and with wick 2
from 350µm-4500µm (ref. figure 2.13) depending on the applied heat flux
and number of layers. There is not any data regarding the roughness of the
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nickel casing, or any literature on how big the cavity size has to be in order to
incipience boiling with potassium as working fluid. However, professor Erling
Næss suggested that one could expect the critical radius to be around 50µm.
Since the calculated critical radius’s are much greater than what could be
expected, the possibility of boiling is very small.

Figure 2.12: Critical radius as a function of heat flux with wick 1 at an
operating temperature of 450◦C.
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Figure 2.13: Critical radius as a function of heat flux with wick 2 at an
operating temperature of 450◦C.

As a comparison the critical radius has also been calculated using water as
working fluid at 100◦C, where figure 2.14 and 2.15 presents the critical radius
as a function of heat flux and number of layers. With water as working fluid
the the critical radius lies in the range of 2µm-20µm with wick 1, and from
0.2µm-6µm with wick 2. If water had been intended for the proposed system
the possibility of boiling would be of concern. The second case where the
operating temperature is 600◦C and potassium as working fluid are shown
in figures 2.16 and 2.17. With wick 1 the critical radius ranges from 100µm-
1800µm, and boiling should not be of concern. However, when wick 2 is used
the critical radius ranges from about 25µm-900µm depending on applied
heat flux and number of layers of the wick material. Remembering that the
expected cavity size is around 50µm, caution should be taken when operating
with a high heat flux combined with a 15 layer wick. Again as a comparison
a case with water as working fluid operating at a temperature of 250◦C,
corresponding to a vapor operating pressure of 39.73bar are shown in figures
2.18 and 2.19. The critical radius for water at an operating temperature of
250◦C lies in the range of 0.025µm-0.4µm with 1, and from 0.02µm-0.12µm
with wick 2.
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Figure 2.14: Critical radius as a function of heat flux with wick 1 at an
operating temperature of 100◦C.

Figure 2.15: Critical radius as a function of heat flux with wick 2 at an
operating temperature of 100◦C.
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Figure 2.16: Critical radius as a function of heat flux with wick 1 at an
operating temperature of 600◦C.

Figure 2.17: Critical radius as a function of heat flux with wick 2 at an
operating temperature of 600◦C.
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Figure 2.18: Critical radius as a function of heat flux with wick 1 at an
operating temperature of 250◦C.

Figure 2.19: Critical radius as a function of heat flux with wick 2 at an
operating temperature of 250◦C.
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2.7 Chapters conclusions
A literature survey regarding heat transfer and the incipience of boiling from
porous surfaces was presented. From the literature survey it can be concluded
that with porous coatings heat transfer is improved and less superheat is
required for boiling to commence. The mechanism of heat transfer for liquid
metals is most likely conduction across a liquid-saturated wick to the outer
surface where vaporization of the working fluid takes place. However, an
experimental setup with the proposed system should be done in order to
verify the theory suggested in the literature survey. Also, it should be noted
that depending on the applied heat flux the heat transfer model for the wick
could change (ref. Figure 2.5).

The possibility of homogeneous nucleation in the proposed system is not
of concern due to the large required superheat in order to incipience homo-
geneous nucleation. The chance of wick boiling is regarded as small for both
wick 1 and wick 2. The calculated critical radius’s lies significantly (order of
10 and more) above the expected value (50µm) in most cases. However, cau-
tion should be taken if wick 2 and 15 layers is used with high heat fluxes at
an operating temperature of 600◦C. This is because the calculated radius’s lie
in the range 25µm-900µm, which is where the expected critical value should
lie. This combined with the fact that porous coatings (wicks) generally low-
ers the required superheat for boiling to commence, makes it important to
be careful at certain operating conditions for the proposed system. From a
boiling perspective, wick 1 is the best choice because the critical radius’s for
all operating conditions tested are well above the expected critical radius.
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3 Capillary limit
For the proposed system it is crucial that the capillary pressure sustainable
by the wick is greater than, or equal to the sum of pressure losses along the
heat pipe. If this criterion is not fulfilled, the heat pipe will not be able
to wet the entire wick, leading to dry out of the wick, which in turn could
destroy the heat pipe due to lack of cooling. For the heat pipe to operate
properly the following pressure balance must be satisfied,

∆pcap,max ≥ ∆pl + ∆pv + ∆pe,δ + ∆pc,δ + ∆pg. (3.1)
The maximum capillary head can be calculated by,

∆pcap,max = 2σ
reff

, (3.2)

where reff is the effective pore radius of the wick. The first and last pres-
sure drop terms on the right hand side of equation (3.1), ∆pl and ∆pg, were
introduced in section 2 and are the same here. ∆pv represents the vapor
pressure drop, and to calculate this a numerical model is needed, which is
not available at the time being. Although there is no model to calculate the
vapor pressure drop, a worst case scenario when the vapor velocity equals
the flooding velocity could be used as a first approximation. Using the rec-
ommended correlation from [25] for the prediction of the flooding velocity, a
vapor velocity of 50m/s is found. By approximating the vapor pressure loss
due to acceleration as ∆pv ≈ 1

2ρu
2, a pressure loss of about 50Pa is obtained

when a saturation temperature of 750K is assumed. A pressure drop of 50Pa
is not very much compared with the gravitational and liquid pressure drop,
but it should be kept in mind that the actual pressure drop will be slightly
higher than what is calculated. ∆pe,δ and ∆pc,δ are the pressure drops due to
the evaporation and condensation at the liquid-vapor interface, respectively,
and usually can be neglected [5].

The proposed system has a 15cm wick, and there are at the time being
two types of Nickel foam wicks (table 1) available for usage. The best wick is
the one that gives the best performance, i.e. highest heat flux. In addition to
simulating the performance of the wick for the proposed system, it is desired
to find out how a larger system (30cm wick for example) performs, and how
to achieve the best possible performance. The pressure loss inside the wick
as function of z is given below,

Ploss = ρgz + µlQ

ρlAcKhfg

[
z − z2

2h

]
≤ Pcap,max. (3.3)

The above equation will be used for calculating the pressure loss with varying
heat flux, and then compared against the maximum capillary pressure of the
wick.
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3.1 Results and discussion
Equation (3.3) has been used to calculate the pressure loss distribution inside
the wick as a function of the height z and a saturation temperature of 750K.
The maximum capillary pressure for wick 1 and wick 2 is 2677Pa and 1317Pa,
respectively. This will represent an upper limit for the pressure drop inside
the wick, and cannot be surpassed. Or in other words, the heat flux that
gives a higher pressure drop than the maximum capillary pressure sustainable
by the wick will represent the capillary limit. Figures 3.1 and 3.2 shows the
pressure loss for a 15cm wick 2 with 8- and 15 layers respectively. Figures
3.3 and 3.4 shows the pressure loss for a 15cm wick 1 with 8- and 15 layers
respectively. The horizontal lines in the figures are the capillary limit for
wick 1 and wick 2. From figures 3.1 and 3.2 it is seen that with 8 layers, one
can achieve a maximum heat flux of about 125kW/m2 for wick 2, while with
15 layers, a maximum heat flux 240kW/m2 is possible. On the other hand,
wick 1 only achieves a maximum heat flux of 70kW/m2 and 130kW/m2 with
8 and 15 layers respectively. It is evident that wick 2 is the best choice for a
15cm wick for the proposed system due to the significantly higher maximum
heat flux (a factor of almost 2).

Figure 3.1: Pressure loss inside a 8 layer wick 2 as a function of z.
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Figure 3.2: Pressure loss inside a 15 layer wick 2 as a function of z.

Figure 3.3: Pressure loss inside a 8 layer wick 1 as a function of z.
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Figure 3.4: Pressure loss inside a 15 layer wick 1 as a function of z.

Further, it is desired to investigate how the two wick types performs when
the length of the wick is increased. Wick lengths of 20cm, 25cm, and 30cm
for wick 1 and wick 2 were tested to investigate the performance. Figures 3.5
and 3.6 show the pressure loss for a 20cm wick 2 with 8 and 15 layers. Again
the horizontal line represents the capillary limit. As can be seen from figures
3.5 and 3.6, the capillary limit is reached for the entire range of heat fluxes
for both 8 and 15 layers of a 20cm wick 2. The heat flux could be reduced to
avoid the capillary limit, however, a heat flux of less than 10kW/m2 would not
be a realistic operating condition for the proposed system. Figures 3.7 and
3.8 shows the pressure loss for a 20cm wick1 with 8 and 15 layers. Opposed to
wick 2, wick 1 does not encounter the capillary limit for all heat fluxes for a
20cm wick with 8 or 15 layers. With 8 layers wick 1 can sustain a heat flux of
slightly above 30kW/m2 , and almost 60kW/m2 with 15 layers. Summarizing
the above; when the length is increased to 20cm wick 1 performs considerably
better than wick 2. This is in contrast to the case with a 15cm wick where
wick 2 was the best choice. When the length is increased, Wick 2 can not be
used because the capillary limit is encountered even for the lowest heat flux
(10kW/m2).
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Figure 3.5: Pressure loss inside a 8 layer wick 2 as a function of z.

Figure 3.6: Pressure loss inside a 15 layer wick 2 as a function of z.
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Figure 3.7: Pressure loss inside a 8 layer wick 1 as a function of z.

Figure 3.8: Pressure loss inside a 8 layer wick 1 as a function of z.

Figures 3.10-3.12 presents the pressure loss for a 25cm wick 1 with 8 and 15
layers, as well as a 30cm wick 1 with 15 layers. As expected the performance
is reduced considerably when the length is further increased. With 8 layers
and a length of 25cm the wick can operate at a maximum heat flux of about
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14kW/m2, while with 15 layers the wick can tolerate a heat flux of nearly
30kW/m2 before the capillary limit is encountered and the wick dries out.
The maximum performance of a 30cm 15 layer wick 1 is only just above
10kW/m2, which is not enough for practical purposes. Since the performance
of the longer wicks is very limited, there is a need for a solution to improve
the performance in order to cool a larger surface. One way of doing this is to
combine the two different wick types, having for instance a 15cm wick 2 at the
bottom, and a 5cm wick 1 on top. The good thing about this kind of solution
is that the production method is easy, and the extension between wick 2 and
wick 1 will be smooth. In figure 3.9 a picture of the compression process is
shown. The wanted parameters are set and then the wick is squeezed between
the cylinders showed in figure 3.9. After the compression is complete, the
layers are sintered together, and the wick is ready to be installed in the heat
pipe.

Figure 3.9: Compression method for the wick.
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Figure 3.10: Pressure loss inside a 8 layer wick 1 as a function of z.

Figure 3.11: Pressure loss inside a 8 layer wick 1 as a function of z.
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Figure 3.12: Pressure loss inside a 8 layer wick 1 as a function of z.

3.1.1 Combination of wicks

The incentive to combine two different types

Figure 3.13: Combined
wick.

of wicks is to improve the performance (i.e.
getting highest possible heat flux), or cool
down a larger surface. An illustration of
how a combined wick will look like is shown
in the figure to the right. Since the two wick
types (ref. table 1) have very different cap-
illary limits, 1317Pa and 2677Pa for wick 2
and wick 1, respectively, there are two re-
quirements that needs to be fulfilled. The
first requirement is that for a given heat flux, the length of wick 2 can not be
longer than a length which gives a maximum total pressure drop at the top
of wick 2 of 1317Pa. Secondly, the total pressure drop in the combined wick
can not exceed the maximum capillary pressure of wick 1 (2677Pa) which
is the upper material. Because wick 2 has the lowest maximum allowable
capillary pressure (1317Pa) and highest permeability (see table 1), it has to
be placed in the lower region of the combined wick.

As in the case with only one type of wick, equation (2.13), but without
the reference pressure Po, in addition to a gravitational pressure drop term
is used. The resulting equation yields,

∆pdrop = ρlgz + µlqA

ρlAcKhfg

[
z − z2

2h

]
. (3.4)
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First the extension point has to be figured out, and the most logical thing to
do would be to utilize wick 2 as much as possible, i.e. set the capillary limit
for wick 2 (1317Pa) as the upper boundary for calculating the height of wick
2. The reason for utilizing the maximum length of wick 2, is because wick
2 has a less steep pressure loss curve in the region of interest (see figure 3.1
and 3.3 as a comparison). For calculating the extension point, a total wick
length and heat flux were set, and then equation (3.5) together with the goal
seek (iteration) function in Microsoft Excel 2010 was used to find the height
z where the pressure drop was 1317Pa, and this would then be the extension
point.

0 = ρlgz + µlqA

ρlAcKhfg

[
z − z2

2h

]
− 1317 (3.5)

After the extension point has been determined, the total pressure drop is
calculated and checked up against the maximum allowable capillary pressure
for wick 1 which is seated at the upper part of the combined wick.

In table 7-10 the results of calculations with a combined wick for different
lengths and number of layers are presented. More calculations for different
lengths and layers can be found in appendix B. From table 7 it is evident that
the combined wick performs much better than wick 1 and wick 2 separately.
Where wick 2 could sustain a heat flux of 130kW/m2, and wick 1 70kW/m2,
the combined wick can actually sustain heat fluxes up to around 370kW/m2.
This is a significant improvement, and because of the easy production process
of the combined wick, it would be a very good solution if high heat fluxes
are desired. The numbers in bold in tables 7-10 are highlighted to show that
at these heat fluxes the capillary limit is encountered.

Table 7: Performance of a 15cm 8 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
150 14.5 1359
200 13.2 1507
250 12.1 1732
300 11.1 2049
350 10.2 2459
400 9.4 2960

When the wick length was increased to 20cm, 25cm, and 30cm for wick
1 and wick 2, it was shown that the performance dropped a lot, and with a
30cm 15 layer wick 1 the maximum heat flux had dropped to slightly above
10kW/m2. Studying the tables below, it is clear that with a combined wick
the performance will increase considerably even when the length is increased.
Table 26 shows that the performance has improved by almost a factor of
four compared with the 30cm 15layer wick 1. Where wick 1 only achieved
a maximum heat flux of slightly above 10kW/m2, the combined wick can
sustain a heat flux of 40kW/m2.
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Table 8: Performance of a 20cm 8 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
10 17.9 1474
50 16.1 1671
100 14.1 2094
120 13.4 2307
140 12.8 2559
150 12.4 2720

Table 9: Performance of a 25cm 8 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
20 17 2016
40 15.9 2304
60 14.8 2671
70 14.3 2877

Table 10: Performance of a 30cm 8 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
10 17.5 2372
20 16.7 2626
30 15.9 2923

It is evident that by utilizing the properties of both wick 1 and 2, one can
achieve a significantly better performance by using a combined wick com-
pared with using separate wicks.

3.1.2 Different operating conditions

The proposed experimental system allows for an uneven heat flux distribution
when operating the heat pipe. The evaporator has three regions, each 5cm,
and one can choose to have a higher heat flux at the bottom section, and then
a lower heat flux at the two upper regions for instance. In figures 3.14-3.16
HLL, LHL and LLH represents the heat distribution in the three 5cm regions
in the evaporator, where H=high and L=low. HLL will then represent high
low low, where there is a higher heat flux in the bottom region and a lower
heat flux in the two upper regions. Figure 3.14 illustrates how the liquid
mass flow varies in the wick for the two cases of HLL and LLH heat flux
distribution, and in the calculations it has been taken into account that the
liquid mass flow changes with the operating conditions.
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Figure 3.14: Liquid mass flow with different operating conditions.

Three different flux distribution cases are simulated in the figures 3.15
and 3.16. One with a high flux at the bottom 5cm and low flux at the
top, one with high flux in the middle 5cm and low flux at the bottom and
top, and lastly one case with low flux at the bottom 10cm and high flux
at the top 5cm. In figure 3.15 an even heat flux distribution of 70kW/m2,
a high heat flux of 150kW/m2 and a low heat flux of 30kW/m2 are used.
The vertical axis in figures 3.15 and 3.16 shows the pressure drop divided
by a reference pressure drop. The reference pressure drop has been set to
the pressure drop corresponding to the even heat flux distribution. From
figure 3.15 it is clear that it is more favorable to have a high heat flux at the
bottom of the evaporator, and then a low heat flux at the top. The HLL
distribution gives 22.6% less pressure drop compared with the even heat flux
distribution. In contrast the LLH distribution gives 22.6% higher pressure
drop compared with the even heat flux distribution. The LHL arrangement
will give the same total pressure drop as the even heat flux distribution. For
wick 2 the same results are seen, only that the percentage gain/loss is less
than for wick 1. Where wick 1 yielded a 22.6% loss/gain for the LLH and HLL
distribution, wick 2 yields a 4.9% loss/gain for the LLH and HLL distribution.
The results are consistent with the physical aspect of the system. When the
HLL distribution is used, more mass is evaporated in the lower region, thus
resulting in less mass being transported to the upper region. This will lead
to less pressure drop since less mass has to be transported over the entire
length of the evaporator. For the LLH distribution the opposite is the case,
less mass is evaporated at the lower region, resulting in more mass being
transported over the entire length of the evaporator, and thus leading to a
higher total pressure drop compared with the even heat flux distribution.
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Figure 3.15: Uneven heat flux distribution with wick 1

Figure 3.16: Uneven heat flux distribution with wick 2
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3.2 Chapters conclusions
The performance limitations of two wick types for different lengths, combi-
nation of wick types and uneven heat flux distribution have been presented.
Wick 2 is found to be the best choice for the proposed system. Wick 2 can
sustain heat fluxes up to 125kW/m2 for the proposed system, while wick
1’s performance stops at 70kW/m2. The performance is proportional to the
number of layers, and more layers can be sintered together in order to in-
crease the performance. However, when the length of the wick is extended,
the picture is very different. Wick 2 encounters the capillary limit before the
top of the evaporator is reached with a 20cm 15 layer wick for all heat fluxes,
but wick 1 is able to withstand heat fluxes up to almost 60kW/m2 with 15
layers. If the length is further increased to 30cm neither wick 1 or wick 2 is
suitable for usage.

However, by combining the two wick types a larger surface (e.g. wick
length of 30cm) can be cooled. There is a significant (factor of almost 4)
improvement of the performance when the wicks are combined, and the pro-
duction method is also very easy. Combination of wick types is highly rec-
ommended due to the good performance and easiness of production.

If the operating conditions are changing, leading to uneven heat flux dis-
tribution, it is important to know how the performance of the wick changes.
A higher heat flux at the bottom section, leading to more liquid mass being
evaporated at the lower region leads to less pressure drop. In contrast, a low
heat flux at the bottom region, and a higher heat flux at the top, leads to a
higher total pressure drop, thus lowering the performance of the wick.
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4 Energy balance of test rig
The proposed heat pipe is cooled using a nitrogen cooling circuit. Figure
4.1 shows the process and instrumentation diagram (P&ID) for the cooling
circuit. Inside the safety chamber is where the heat pipe will be located
during tests, but for the experiments and simulations that will be presented
in this master thesis there will be a bypass tube instead of actual the heat
pipe. This is because the construction and testing of wick material for the
heat pipe has not yet been completed. The circulation of nitrogen in the
cooling circuit is produced by a side channel blower, and the tracing will
provide the necessary heating in order to control the temperature at the
inlet of the bypass tube. After the bypass tube the hot nitrogen flow is
cooled with tap water in a counterflow plate heat exchanger, before it again
enters the side channel blower. The purpose of the experiments is to study
the dynamics and response time of the cooling circuit, in addition to making
a total energy balance for the test rig where heat loss from the components
is accounted for.

Figure 4.1: Process and instrumentation diagram for the test rig

4.1 Heat transfer theory
Since a total energy balance is to be performed of the cooling circuit there are
several different heat transfer phenomena that are encountered in the process.
Conduction, forced convection and free convection will all be investigated in
order to account for heat losses in the different components and tubing. The
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contribution from radiation heat transfer has been neglected due to the low
temperatures (<100◦C) associated with the experiments. All heat transfer
theory in the following subsections are based on the book by Incropera et al.
[4] unless other sources are cited.

4.1.1 Conduction

The heat equation shown in Cartesian and cylindrical coordinates below is
the basic tool for conduction heat transfer analysis.

∂
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For the conduction heat transfer in the tubing, steady-state conduction with
no heat generation will be assumed. Equation (4.2) then reduces to,

1
r

∂

∂r

(
kr
∂T

∂r

)
= 0. (4.3)

Integrating equation (4.3) twice, and applying the appropriate boundary con-
ditions (i.e. inner or outer) the resulting temperature distribution yields,

T (r) = Ti − To
ln(ri/ro)

ln
(
r

ro

)
+ To, (4.4)

where the subscripts i and o refers to the inner and outer radius of the
tube. Combining the above equation together with Fourier’s law the resulting
equation for the heat transfer rate yields,

qr = 2πLk(Ti − To)
ln(ro/ri)

. (4.5)

4.1.2 Convection

For internal tube flow the mean fluid temperature, or bulk temperature is
a convenient reference temperature to use when calculating the convective
heat transfer. Newton’s law of cooling using the mean temperature yields,

q′′s = h(Ts − Tm), (4.6)
where h is the local convection heat transfer coefficient, and the subscripts s
and m refers to the surface and mean temperature respectively. For a tube
of finite length the convective heat transfer rate can be written as,

qconv = ṁcp(Tm,o − Tm,i). (4.7)
It should be noted that the equation above is derived based on a few as-
sumptions; viscous dissipation is negligible, the fluid is incompressible or an
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ideal gas with negligible pressure variation, and axial conduction is neglected.
This equation applies irrespectively of the nature of the surface or tube flow
conditions because it is a general expression. Equation (4.7) applied to the
control volume in figure 4.2 yields,

dqconv = ṁcp[(Tm + dTm)− Tm]⇒ dqconv = ṁcpdTm. (4.8)

Figure 4.2: Control volume for internal flow in a tube based on figure
from [4].

Using the perimeter P, which for a circular tube is πD, the rate of convection
heat ransfer can be expressed as dqconv = q′′sPdx. Combined with equation
(4.6) it follows that

dTm
dx

= q′′sP

ṁcp
= P

ṁcp
h(Ts − Tm). (4.9)

Solving equation (4.9) for the temperature T (x) requires knowledge about
the boundary conditions. The two cases which are of interest are the cases
with constant heat flux and constant surface temperature.

Constant heat flux
The heat flux q′′s is independent of x, so that the total heat transfer rate
yields,

qconv = q′′s (P · L), (4.10)
and the above equation can be used together with equation (4.7) to determine
the temperature change, (Tm,o − Tm,i). Moreover, by integrating equation
(4.9) from 0 to x, and remembering that q′′s is independent of x, it follows
that,

Tm(x) = Tm,i + q′′sP

ṁcp
x. (4.11)

It can be seen from the above equation that the mean temperature varies
linearly with x along the tube.

Constant surface temperature
Opposed to the case with constant heat flux, a constant surface temperature
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leads to a very different result when equation (4.9) is solved for temperature.
Defining ∆T = Ts − Tm, equation (4.9) can be expressed as

dTm
dx

= −d(∆T )
dx

= P

ṁcp
h∆T (4.12)

Separating variables and integrating from the tube inlet to some distance x
it follows that,

ln ∆Tx
∆Ti

= − Px

ṁcp

(1
x

∫ x

0
hdx

)
. (4.13)

Rearranging the above expression, and using the definition of the average
heat transfer coefficient h̄ = 1

x

∫ x
0 hdx, the resulting equation yields,

Ts − Tm(x)
Ts − Tm,i

= exp
(
− Px

ṁcp
h̄

)
. (4.14)

As can be seen from the above equation is that the temperature difference
(Ts − Tm) decays exponentially with x along the tube. This is in contrast to
the case with constant heat flux where the temperature varied linearly. The
expression for the total heat transfer rate qconv requires a little manipulation,
but the resulting equation yields

qconv = h̄As∆Tlm, ∆Tlm ≡
∆To −∆Ti

ln(∆To/∆Ti)
(4.15)

Equation (4.15) is a form of Newton’s law of cooling for the entire tube, and
∆Tlm is the log mean temperature difference over the tube. Figure 4.3 shows
the temperature variation for the two cases.

(a) (b)

Figure 4.3: Temperature variation for internal pipe flow. (a) Constant
heat flux. (b) Constant surface temperature. Based on
figure from [4].

Flow conditions
The internal flow conditions in circular tubes are important for calculating
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the heat transfer coefficient. Depending on the mass flow, laminar, transi-
tion or turbulent flow conditions can arise, which in turn decide the Nusselt
correlation. Below the range of Reynolds numbers and appropriate flow clas-
sification are given,

Laminar for ReD ≤ 2300;
Transition for 2300 ≤ ReD ≤ 10000;
Fully Turbulent for ReD ≥ 10000.

For fully developed laminar flow, the Nusselt number is a constant, but differs
depending on the boundary conditions,

NuD ≡
hD

k
= 4.36 q′′s = constant (4.16)

NuD ≡
hD

k
= 3.66 Ts = constant (4.17)

For turbulent flow the following correlation has been confirmed experimen-
tally for 0.6 ≤ Pr ≤ 160, L/D ≥ 10, ReD ≥ 10000 [4],

NuD = 0.023Re4/5
D Prn, n=0.4 for Ts > Tm, n=0.3 for Ts < Tm (4.18)

For the transition region a correlation by Gnielinski [4] is valid,

NuD = (f/8)(ReD − 1000)Pr
1 + 12.7(f/8)1/2(Pr2/3 − 1) , (4.19)

where f is the friction factor. A correlation by Petukhov [4] for smooth pipes
can be used to find the friction factor,

f = (0.79 lnReD − 1.64)−2, 300 ≤ ReD ≤ 5 · 106. (4.20)

Entry length
Like determination of the flow conditions (e.g. laminar or turbulent flow),
the effect of the hydrodynamic and thermal entry length is important. In
the hydrodynamic entrance region, the boundary layer is developing and the
velocity profile is a function of r and x. After a finite length, the boundary
layer merges at the centerline, and the flow can be said to be fully developed,
meaning that the velocity profile is only a function of r. The thermal bound-
ary layer develops in the same matter as the hydrodynamic boundary layer,
and when the thermal boundary layer merges at the centerline a thermally
fully developed condition is reached. The Prandtl number, Pr = ν

α
, is the

ratio of momentum diffusivity to thermal diffusivity. Moreover, a Prandtl
number larger than 1 means that the hydrodynamic boundary layer develops
faster than the thermal boundary layer, and vice versa if the Prandtl number
is less than 1. The laminar hydrodynamic entry length can be obtained from
the following expression,

45



4.1 Heat transfer theory 4 ENERGY BALANCE OF TEST RIG

(
xfd,h
D

)
lam
≈ 0.05ReD, (4.21)

while the turbulent hydrodynamic entry length may be found from,

10 ≤
(
xfd,h
D

)
turb
≤ 60. (4.22)

The thermal entry length may be obtained from similar expressions. The
laminar thermal entry length expression yields,(

xfd,t
D

)
lam
≈ 0.05ReDPr, (4.23)

and the turbulent thermal entry length can be approximated by xfd,t =
10D. For the laminar entry region a correlation due to Sieder and Tate[4] is
suitable,

NuD = 1.86
(
ReDPr

L/D

)1/3 (
µ

µs

)0.14

. (4.24)

4.1.3 Free Convection

The fluid motion in free convection is due to buoyancy forces within the fluid,
unlike forced convection where the the motion is externally subjected. "Buoy-
ancy is due to the combined presence of a fluid density gradient and a body
force that is proportional to density " [4]. The geometry, or system of interest
is quiescent air (the surroundings) and the circular tubing of the cooling cir-
cuit. There are different empirical correlations depending on the geometry
and/or angle of the tube. For the long horizontal cylinder, Churchill and
Chu [28] recommended the following correlation for a wide range of Rayleigh
numbers,

NuD =
0.6 + 0.387Ra1/6

D

[1 + (0.559/Pr)9/16]8/27

2

, RaD ≤ 1012 (4.25)

The Rayleigh number (RaD) is defined as

RaD = gβ(Ts − T∞)D3

να
, (4.26)

where β is the volumetric expansion coefficient, β = −1
ρ

(
∂ρ
∂T

)
p
. For an ideal

gas, β = 1
T
. This correlation is also valid for vertical cylinders if the criterion

below is satisfied [27]

D ≥ 35L
Gr

1/4
L

, GrL
gβ(Ts − T∞)L3

ν2 , (4.27)

where GrL is the Grashof number.
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4.1.4 Heat exchanger

The steady flow energy equation with negligible heat transfer between the
heat exchanger and the surroundings, in addition to negligible kinetic and
potential energy changes yields,

q = ṁh(hh,i − hh,o), q = ṁc(hc,o − hc,i), (4.28)
where h is the enthalpy, and the subscripts h and c refers to the hot and
cold fluid, respectively. With no phase change and constant specific heats,
equation (4.28) may be written as

q = ṁhcp(Th,i − Th,o), q = ṁccp(Tc,o − Tc,i). (4.29)
In the figure below the temperature distribution for a counterflow heat ex-
changer is shown. The temperature difference notation in figure 4.4 is

∆T1 ≡ Th,1 − Tc,1 = Th,i − Tc,o, ∆T2 ≡ Th,2 − Tc,2 = Th,o − Tc,i. (4.30)

Figure 4.4: Temperature distribution in a counterflow heat exchanger
based on figure from [4].

4.1.5 Side channel blower

Assuming that the specific heats cv and cp are constant, the entropy change
of an ideal gas can be written as [31],

s(T2, p2)− s(T1, p1) = cp ln T2

T1
−R ln p2

p1
. (4.31)

For an ideal gas the following relations can be useful,

cp = γR

γ − 1 , cv = R

γ − 1 , γ = cp
cv

(4.32)

Combining equation (4.31) with the ideal gas relations above, the resulting
equation yields,
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T2

T1
=
(
p2

p1

)(γ−1)/γ

(4.33)

Equation (4.33) can be used together with the data sheet (see appendix C)
to estimate the temperature rise over the side channel blower.

4.2 Geometry and dimensions
In the figures below the dimensions and geometry of the insulated tubes with
and without tracing are shown, as well as the dimensions of the bypass tube.
The yellow color in figure 4.5 illustrates that this part of the bypass tube is
made of brass, while the rest of the bypass tube is made of stainless steel.
The inner tubes of figure 4.6-4.7 are also made of stainless steel. It should
be noted that the diameters shown in figure 4.5 are the inner diameters, and
that the wall thickness is 2mm. The geometry and dimensions shown in
figure 4.6 are the same for the vertical tube shown in figure 4.7, except for
the tracing which is 4mm thick. The gray shaded areas in figures 4.6 and 4.7
illustrates the Rockwool which is used for insulation around the tubes.

Figure 4.5: Bypass tube dimensions.

Figure 4.6: Horizontal insulated tube main dimensions.
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Figure 4.7: Vertical insulated tube.

Figure 4.8 shows the resistance network from the inside of the horizontal
tube to the surrounding room temperature. Tm,i is the mean gas temperature
of nitrogen at the inlet of the tube section, hi and hy are the convection
coefficients for forced and free convection heat transfer, respectively, while
ksteel and kRW are the thermal conductivity of stainless steel and Rockwool,
respectively.

Figure 4.8: Resistance network for the heat transfer from the inside of
the tube to the surroundings.

The total resistance per unit length of tube based on the resistance network
of figure 4.8 yields,

R′tot = 1
2πrihi

+ ln(r2/ri)
2πksteel

+ ln(ry/r2)
2πkRW

+ 1
2πryhy

, (4.34)

where ri is the inner stainless steel radius, r2 is the outer stainless steel
radius and ry is the outer Rockwool radius. For the vertical pipe the wall
temperature of the tracing is known, so the heat loss for the vertical pipe
will only consist of the last two resistances, kRW and hy. Since the outer
Rockwool surface temperature is unknown, an initial guess has to be made,
the total resistance calculated, and then iterate using an energy balance at
the insulated surface yielding,

kRW (Tw − Ts)
ln(Ry/Ri)

= hy(Ts − Tair). (4.35)
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4.3 Controller - Tracing
The tracing, or temperature controller can be tuned to give an accurate fixed
temperature. It can be used either as a P controller, PI controller or PID
controller depending on the users desire. All control theory in the following
sections is based on the book by Finn Haugen [29], expect for the tuning
section which is based by another book by Finn Haugen [30].

P controller
The P controller is the simplest, and it calculates the control output u by
multiplying the deviation e by a proportional gain constant Kp. The devi-
ation is the set point (desired temperature) minus the actual temperature.
The P controller is not able to remove the deviation completely, so there will
always be a stationary deviation if a P controller is used.

PI controller
By introducing the integral term I, the stationary error present with the P
controller can be eliminated or reduced significantly. The effect of the inte-
gral term is to increase the control output based on the accumulated error
over time, and correct for this.

PID controller
The derivative term D is very different from the integral term. It gives an
extra addition/reduction in the control output when the deviation changes.
The derivative term gives an addition when the error is increased, which can
give less transient control deviation, and it gives a reduction in the control
output when the error is decreased, which can give a more damped settling
of the output signal.

Stability
The stability of the system depends on all three parameters mentioned above,
proportional gain, integral time and the derivative time. To achieve good sta-
bility these parameters have to be tuned differently depending on the kind
of system the controller is regulating. In figure 4.9 three stability properties
are shown.
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Figure 4.9: Stability properties for a system.

The horizontal line in the graphs could represent a set point or reference
value for the system. The asymptotic stable system is the kind of system
which is desired for the temperature controlled system in the cooling circuit.
If a temperature of 50◦C is set at the inlet of the heat pipe, it is important
to get this temperature to control the cooling of the heat pipe, and not a
sinusodial oscillating system (marginally stable system). An unstable sys-
tem illustrated by the bottom graph in figure 4.9 is not accepted when the
experiments are running. It is therefore necessary to tune the PID controller
in order to get a satisfactory stable system.

Manual tuning - Good Gain method
The aim of controller tuning is to achieve good stability and fast response. In
a PID controller these two wishes cannot be achieved simultaneously in most
cases. So for practical purposes it is enough to have acceptable stability,
meaning good stability, but not extremely good because this would give very
slow response. One way to define acceptable stability is, "Acceptable stabil-
ity is when the undershoot that follows the first overshoot of the response is
small, or barely observable" [30]. A simple method for achieving acceptable
stability is the Good Gain method. It has proven to give good results on
laboratory processes, and the procedure is as follows,

* Bring the process to the normal specified operating point with the
controller in manual mode.

* Make sure that the controller is a P controller with Kp = 0 (set the
integral time Ti = ∞ and derivative time Td = 0). Increase Kp until
the control loop gets satisfactory stability as seen in the response in
the measurement signal after e.g. a step in the setpoint. One could
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also try to start with Kp = 1 instead of zero. The value of Kp is then
increased/decreased until some overshoot and barely an undershoot is
seen. This kind of response is assumed to represent good stability of
the control system.

* Set the integral time Ti equal to Ti = 1.5Tou, where Tou is the time
between the overshoot and the undershoot of the step response with
the P controller (see figure 4.10). The offset from the set point in figure
4.10 is because the controller at this point only is a P controller.

* The introduction of the integral term could compromise the stability
of the system compared with the P controller, and to compensate for
this Kp could be reduced to 0.8Kp.

* The derivative term D could be included by setting Td = Ti

4 .

* One should check the stability of the system after the parameters have
been tuned by applying a step change of the setpoint. If the stability
is poor, the controller gain could be reduced, possibly in combination
with increasing the integral time.

Figure 4.10: Good gain method.

4.4 Instrumentation
The flow of nitrogen is induced by a side channel blower type SAH 55. It can
deliver 750W at maximum rpm (revolutions per minute). The nitrogen gas
is heated using a temperature regulated heating tape series MIL-HT-CN.
It consists of a copper-nickel wire that can withstand temperatures up to
250◦C. In addition to being able to control the mass flow of nitrogen using
the side channel blower, a pneumatic control valve type 3241 together with an
electric actuator type 3374, both from Samson, lets the operator control the
percentage of opening in the valve. The mass flow is measured using a Sierra
series 620S fast-flow insertion mass flow meter. The hot nitrogen gas is cooled
in an Alfa Laval fusion-brazed plate heat exchanger type AlfaNova 14-10H,
and it is made of 100% stainless steel. Temperature measurements through
out the circuit are done using thermocouples type N with length 1m and
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diameter of 1mm. The measurements are calculated from the voltage signal
from the thermocouples to temperatures using a table that is programmed
in LabView (logging program). The tables come from a standard called ITS-
90, and it is the same standard that the calibration certificates uses. The
temperatures are measured where there is a "T" symbol in the P&ID (figure
4.1). In addition a loose compensation cable has been hooked up so that
measurements at other places can be done by only mounting a thermocouple
to the wanted spot, and then connect the compensation cable. This has
been done to the copper tubing of the water flowing in and out of the heat
exchanger. One thermocouple has been mounted to the inlet, and one to the
outlet of the heat exchanger. By connecting the compensation cable to one
of these thermocouples the temperature is logged, and then one could switch
to the other thermocouple in order to get the temperature difference of the
water inside the heat exchanger. The thermocouples on the water inlet and
outlet are insulated using Rockwool. Rockwool is also used for insulation
on the rest of the test rig. A simple control valve with several positions
for controlling the mass flow of water has been installed. This is manually
controlled by using a turning wheel.

4.5 Uncertainty analysis
The equipment which is used have uncertainties which need to be taken
taken into account when the results are investigated. The N-type thermo-
couples have an uncertainty of ±0.5◦C calculated by Ph.D. candidate [2].
The uncertainty includes the uncertainty related to the measured voltage of
the thermocouples to the IEC (International Electrothechnical Commission)
table for N-type thermocouples, the calibration uncertainty and the NI 9214
thermocouple input module uncertainty. In addition the mass flow meter
has a uncertainty of 1% of full scale and 0.5% of the reading. Full scale
correspond to 23.45Nm3/h = 0.00767kg/s.

4.6 Experimental procedure
Before each experiment the pressure is checked to make sure that there is an
overpressure in the circuit to prevent air from leaking in. Also, the mass flow
meter is calibrated for an overpressure of 0.2barg, and the operating pressure
should be maintained at this level to ensure correct measurements. If the
pressure is too low, nitrogen is refilled. The tracing controlled temperature
(temperature at bypass tube inlet) is set to 50◦C, which is the temperature
to be used when the actual heat pipe is ready for usage. The temperature is
gradually increased by controlling the maximum allowed power of the tracing.
By gradually increasing the control temperature one ensures that the safety
function that turns off the tracing if the measured tracing wall temperature
reaches 100◦C is not encountered. This safety temperature has been set be-
cause the pneumatic control valve cannot withstand too high temperatures
(≈ 70◦C) and it is located near the tracing (see P&ID). At startup the mass
flow of water has to be decided. Then the position of the water valve turning
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wheel is positioned correctly and the electric power supply is switched on.
After Labview is started the experiment is ready to begin. During the exper-
iments there are a multiple number of parameters that can be changed. The
rotational speed of the side channel pump, the regulating tracing tempera-
ture, the opening of the pneumatic control valve and the water valve position
can all be regulated.

4.7 Results and discussion
Controller tuning
The graph of figure 4.11 presents the temperature variation regulated by
the PID controller (tracing). The x and y axis in figures 4.11-4.16 are tem-
perature (◦C) and minutes, respectively. From figure 4.11 it is seen that
the temperature increases to the set point temperature of 50◦C, before it
starts to oscillate around this temperature, which indicate that the system is
marginally stable. Figure 4.12 shows an enlarged picture of figure 4.11 where
the marginally stable temperature variation is more clear. This is explained
by the fact that no tuning of the controller had been done at this point. The
proportional gain, integral time and derivative time were all at preset values
(see table 11). Since the system was marginally stable, manual tuning of the
controller parameters were tested (test 1 in table 11). The results of test
1 can also be seen in figure 4.11 after approximately 100 minutes where a
sharp increase of temperature is seen. At first eyesight it could look like the
system is asymptotic stable, however, in figure 4.13 the same graph has been
enlarged to show how the temperature variation in more detail. It is clear
that the system is not asymptotic stable, but rather unstable because after
the temperature seem to set on the set point temperature, a larger overshoot
follows which indicate that the system is unstable.

Figure 4.14 and 4.15 shows the temperature variation after the Good Gain
procedure (section 4.3) has been followed in order to tune the controller. It
is evident that the Good Gain method gives a stable temperature output
after the controller temperature reaches the set point. Opposed to both the
preset case and test 1, the Good Gain method gives a stable system with a
temperature variation of only ±0.05◦C. The parameters given in table 11 for
the Good Gain method is recommended for usage when running experiments
due to the good results obtained. The system is stable for these parameters.

Table 11: PID controller parameters

Case Kp Ti(min) Td(min)
Preset 1 0.01 0
Test 1 0.4 7 1.75
Good Gain method 25 5 1.25
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Figure 4.11: Temperature at heat pipe inlet for different controller pa-
rameters.
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Figure 4.12: Marginal stable PID controller.

Figure 4.13: Unstable PID controller.
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Figure 4.14: Stable PID controller.

Figure 4.15: Stable PID controller.
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Heating of control valve and mass flow meter
In figure 4.16 the temperature of nitrogen at the outlet of the vertical pipe
section and nitrogen temperature at the inlet of the bypass tube are shown
as a function of time. It can be seen that it takes about 32 minutes for
the controller temperature (bypass inlet temperature) to reach the set point
value of 50◦C. However, it only takes approximately 19 minutes for the gas
temperature to reach a temperature of 50◦C. This is because of all the steel
(i.e. pipes, control valve and flow meter) in between the tracing and controller
temperature which needs to be heated. This makes the system response much
slower than what it could have been had the tracing been placed closer to the
control temperature. If changes are to be made to the test rig, effort should
be put in rearranging the tracing in order to obtain faster system response.

Figure 4.16: Time difference due to heating of steel in cooling circuit.

Pipe Heat loss
For all calculations where parameters (e.g. mass flow, wall temperature etc.)
are taken from the LabView logging files, the values are taken after stable
operating conditions are reached, i.e. after the controller temperature has
settled at the set point. In table 12 selected parameters from tests in the
laboratory are presented for a range of revolutions per minute (rpm). ∆Tbp
is the temperature difference from inlet to outlet of the bypass tube, Tw is
the tracing wall temperature, ∆TH is the temperature drop from inlet to
outlet of the horizontal insulated pipe section, ∆TV is the temperature drop
from inlet to outlet of the vertical insulated pipe section, ṁN2 is the mass
flow of nitrogen circulating in the circuit and Tm,i is the mean temperature
of nitrogen at the inlet of the horizontal pipe section, or the outlet of the
vertical pipe section where the tracing is located. It should be noted that
Ph.D. candidate Geir Hansen pointed out that the thermocouple measuring
Tm,i is actually located somewhat down in the heated tracing section, which
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means that the gas temperature will increase more before it reaches the outlet
of the tracing section (see figure 4.3a).

Table 12: LabView logging parameters

rpm 653 983 1310 1638 1971 2469 2956
% of max rpm 20 30 40 50 60 75 90
ṁN2(kg/s) 0.00124 0.00209 0.00311 0.00406 0.00468 0.00579 0.0068
Tm,i(◦C) 47.5 47.4 46.1 46.3 48.2 50.6 52.5
∆TH(◦C) -2.5 -2.6 -3.9 -3.7 -1.8 0.6 2.5
Tw(◦C) 86.3 82.4 77.1 74.3 71.3 64.6 56.7
∆Tbp(◦C) 8.86 7 5 4.16 4 3.3 3.1
∆TV (◦C) 20.3 18 15.1 14 12.3 7 1.6

As can be seen from table 12, is that there seem to be a temperature
increase from the inlet to the outlet of the horizontal pipe section for some
of the mass flows. This can not be the case because there is no heat source
located along the pipe section. The only explanation is as was mentioned
earlier, that the thermocouple which is measuring the inlet temperature is
located at an uncertain position inside the heated region. With a mass
flow of 0.00124kg/s, there seem to be a temperature increase of 2.5 degrees
from table 12. However, looking at the wall temperature of 86.3◦C, and
taking into account that the thermocouple is located inside the heated region,
it is expected that the actual inlet temperature is several degrees higher.
Comparing with the calculated horizontal tube results from table 13, where
a temperature decrease of 4.97 degrees is obtained for a rmp of 653, one
could expect the actual temperature to be around 55◦C at the horizontal
tube inlet. When a mass flow of 0.0068kg/s is used, a temperature increase
is no longer seen, and a temperature decrease of 2.5◦C is obtained in the
experiments (see table 12). The temperature drop calculated with the same
mass flow yields 1.74◦C. The difference between the calculated temperature
drop and the drop obtained in the experiments can be explained by the fact
that the correlations which are used have uncertainties, and that there is
a lot of steel (control valve and mass flow meter) which needs to be heated
between the measured inlet temperature and outlet temperature. In addition
the thermocouples have an uncertainty of ±0.5◦C.

Table 13: Horizontal insulated tube calculations

rpm 653 983 1310 1638 1971 2469 2956
% of max rpm 20 30 40 50 60 75 90
Reynolds number 2083 3512 5242 6840 7849 9657 11292
Flow region Laminar Transition Transition Transition Transition Transition Turbulent
Entrance length (m) 4.2(3)1 0.405 0.405 0.405 0.405 0.405 0.405
R′tot (mK/W) 7.88 5.68 5.37 5.23 5.17 5.09 5.02
q′ (W/m) 2.85 3.95 3.93 4.07 4.49 5.03 5.48
QH (W) 6.41 8.89 8.84 9.16 10.10 11.32 12.33
∆TH(◦C) 4.97 4.08 2.73 2.17 2.07 1.88 1.74
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In table 14, the total heat loss and temperature difference from inlet to
outlet of the bypass tube are presented as a function of rpm. The total heat
loss includes heat loss for the 3 regions in the bypass tube which is illustrated
in figure 4.5. As opposed to the horizontal tube, the thermocouples at the
inlet and outlet of the bypass tube should be positioned more correctly, which
leads to less error in the measured experimental results. Comparing the
calculated bypass tube results in table 14 with the experimental results in
table 12 it is seen that the calculated temperature drop from inlet to outlet of
the bypass tube is less than what is obtained from the experiments. Although
there are differences between the calculated and experimental values, the
trend is the same. What could explain the deviation is the uncertainty in
the thermocouples of ±0.5◦C, the uncertainty regarding the position of the
thermocouples and the uncertainty of the correlations which are used.

Table 14: Bypass tube calculations

rpm 653 983 1310 1638 1971 2469 2956
Qbp (W) 10.15 11.06 12.71 13.63 14.08 14.76 15.35
∆Tbp (K) 7.86 5.08 3.93 3.23 2.89 2.45 2.18

Table 15 presents the calculated results for the vertical pipe section. The
heated section is 1m long, and the tracing band gives a constant heat flux
temperature variation (ref. figure 4.3a). Ts is the outer surface temperature
of the insulation in table 15, and the wall temperature Tw of the tracing can
be found in table 12. It should be noted that the position of the measured Tw
is located approximately in the middle of the vertical tube section [2], but for
the calculations it will be assumed that this measurement yields the average
over the entire tube section. The total heat generation by the tracing is not
known because no logging or instrumentation is measuring this. However,
an estimate of the total heat Q, as well as the heat flux could be done by
summing the heat loss (QV ) presented in table 15 and the heat added to the
nitrogen gas by using ṁcp∆TV . As can be seen from table 16 is that the heat
added by the tracing to the gas (ṁcp∆T ) increases as a function of rpm at
first, but then decreases again as a function of rpm. This is explained by the
fact that the temperature of the outlet of the side channel blower increases
with rpm. As the outlet temperature of the side channel blower increases
(which is the temperature used as the inlet temperature for the vertical pipe
section), the tracing doesn’t need to apply that much heat in order to reach
the set point temperature at the bypass tube inlet. Figure 4.17 shows the side
channel blower outlet temperature as a function of rpm. It should be noted
that the thermocouple measuring the "outlet" temperature of the side channel
blower is in fact located after the gas has passed through a non-insulated
tube, which means that the actual side channel outlet temperature is higher.

1The number in parenthesis is the thermal entry length. For transition and turbulent
flow conditions the thermal and hydrodynamic entry lengths are assumed to be equal.
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It is seen from figure 4.17 that in the lower rpm-region the temperature
gradient is quite different from the upper rpm-region. This is because of the
non-insulated tube connecting the side channel blower to the vertical pipe
section, and for non-insulated tubes in the lower rpm-region (low mass flow)
the heat losses are much greater (ref. table 14). The non-insulated tube
connecting the side channel blower and the vertical pipe section will most
likely have a similar temperature drop as the bypass tube has from inlet to
outlet.

The heat flux from the tracing is shown as a function of rpm in table 16.
It is clear that the largest part of the heat generated by the heating tape is
given to the gas flow, and less is lost to the environment.

Figure 4.17: Outlet temperature of side channel blower as a function of
rpm.

Table 15: Vertical insulated tube calculations

rpm 653 983 1310 1638 1971 2469 2956
% of max rpm 20 30 40 50 60 75 90
Ts (K) 310.8 310 309.2 308.7 308.2 306.9 305.4
R′tot (mK/W) 3.55 3.56 3.57 3.58 3.6 3.62 3.67
q′ (W/m) 17.28 16.12 14.58 13.76 12.88 10.93 8.65
QV (W) 17.28 16.12 14.58 13.76 12.88 10.93 8.65
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Table 16: Heat added by tracing

rpm 653 983 1310 1638 1971 2469 2956
QV (W) 17.28 16.12 14.58 13.76 12.88 10.93 8.65
ṁcp∆T (W) 26.2 39.16 48.89 59.17 59.92 42.19 11.33
Qtrac (W) 43.48 55.28 63.47 72.93 72.8 53.12 19.98
q′′trac (W/m2) 311 395.4 454 521.7 520.7 380 142.9

As an illustration the mean gas temperature sequence throughout the
cooling circuit for 2469rpm has been plotted in figure 4.18. The small pictures
(e.g picture of side channel blower) in figure 4.18 illustrates what component
that causes the temperature increase/decrease in the circuit. The largest
temperature difference of the nitrogen gas is across the plate heat exchanger,
while the side channel blower provides the larges temperature lift. It should
be noted that the temperature plot in figure 4.18 does not show the temper-
ature profiles at the different components, but rather just an illustration of
the how the mean temperature varies in the circuit.

Figure 4.18: Temperature sequence throughout cooling circuit.
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Heat exchanger and side channel blower
A heat balance for the plate heat exchanger at 2469rpm is done using the
known values of the cold stream (water). The mass flow of water was cal-
ibrated manually by setting a position on the water valve, filling a bucket
while taking the time, weighing the filled bucket and then calculate the mass
flow in kg/s. In figure 4.19 the calibration of the water mass flow is shown.
As can be seen is that there are only two positions which have been mea-
sured twice, so it is expected to be some deviation in the calibrated mass
flow and the actual mass flow. In addition the water valve turning wheel
could from experience not be said to be precise to the millimeter. The total
heat transferred between the hot and cold stream yields,

Q = ṁwcp,w(Tw,o − Tw,i) = 0.065kg/s · 4187J/kgK · 0.8K = 217W (4.36)

For the hot stream(nitrogen) the following yields,

Q = 217.7W = ṁN2 · 1041J/kgK(44− 12.5)K (4.37)

⇒ ṁN2 = 0.00664kg/s (4.38)
Comparing the calculated value above with the value in table 12, a difference
of 0.00085kg/s is seen. An explanation of the difference is most likely due
to the measurement of ∆TW which was measured to 0.8K. However, the
insulation around these thermocouples is not very good from the authors
point of view, and should explain the difference. The total heat transferred Q
is very sensitive to the temperature difference of the cooling water. A decrease
of ∆Tw from 0.8 to 0.7K would give a decrease of Q from 217.7W to 190.5W,
which would decrease the mass flow from 0.00664kg/s to 0.00581kg/s. Given
that the insulation is not sufficient, the calculated mass flow will always differ
compared with the measured.

Figure 4.19: Calibration of the water mass flow
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In table 17 the calculated outlet temperatures using equation (4.33),
and the measured outlet temperatures from the laboratory experiments are
shown. V̇ is the volumetric flow rate, ∆P is the pressure loss over the side
channel blower obtained from data sheet, T1 is the inlet temperature (taken
from labview logging file), T2,calc is the calculated outlet temperature, and
T2,exp is the measured value from the laboratory experiments. It is seen that
difference between the calculated and measured values varies from 0.2◦C to
2.7◦C. This can be explained by the fact that even though the same inlet
temperature is used, the measured outlet temperature is located after an
uninsulated tube section, which would make the actual outlet temperature
higher. However for 2469rpm the measured outlet temperature is higher than
the calculated, but the reason for this is not known. It could be related to
measurement error, and that the isentropic relation used to calculate only
gives an estimate.

Table 17: Side channel blower calculations

rpm 1638 1971 2469
V̇ (m3/h) 12.4 14.2 17.7
∆P (mbar) 389 365 337
T1 (K) 284.2 286.2 292.5
T2,calc (K) 307.9 309.4 313.9
T2,exp (K) 305.4 309.2 316.6
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4.8 Chapter conclusions
Results of a series of experiments on a cooling circuit for a heat pipe were
reported. PID controller tuning for temperature regulation was successful.
The tuned PID controller parameters are recommended for further use when
the actual heat pipe is ready. The response time of the temperature regulated
thermocouple was found to be slow due to the positioning of the heating tape.
It is advised to change the layout and move the heating tape closer to the
temperature regulated thermocouple to achieve faster response time. The
heating tape series provided more heat to the gas than what was lost to the
environment.

As expected, the largest heat loss in the cooling circuit was at low ro-
tational speeds (little mass flow), and the bypass tube section is where the
biggest temperature drop in the piping was seen. The large uncertainty re-
garding the positioning of the thermocouples should be addressed by opening
the circuit and clarify the actual position if possible.

The obtained results are satisfactory considering that the system had
never been tested before, by working properly with no major unforeseen
problems.
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5 Conclusions
Results from two important performance limitations, the boiling- and cap-
illary limitation and a series of experiments on a cooling circuit for a heat
pipe have been presented.

From the literature survey in section 2 it can be concluded that with
porous coated surfaces heat transfer is improved and less superheat is re-
quired for boiling to commence. The mechanism of heat transfer for liquid
metals is most likely conduction across a liquid-saturated wick to the outer
surface where vaporization of the working fluid takes place. The possibility
of homogeneous nucleation is considered not to be of concern. Boiling inside
the wick is only of concern for wick 2 with 15 layers combined with high heat
fluxes in the higher (600◦C) temperature region.

For the proposed system wick 2 is the best choice if high heat fluxes is
of the essence. However, when the wick length is increased to 20cm, wick 2
becomes inferior to wick 1 and wick 1 would be the best choice. The perfor-
mance of the wick is proportional to the wick thickness, and several layers
can be sintered together in order to improve the performance. Combination
of wick types is found to give a significant (factor of almost 4) improvement
of the performance and using a combined wick makes it possible to cool down
a larger surface. Uneven heat flux distribution in the wick could lower the
maximum sustainable heat flux. A higher heat flux at the bottom section of
the evaporator increases the performance compared with the even heat flux
distribution, while a lower heat flux at the bottom section of the evaporator
lowers the performance.

The results obtained from tuning the PID controller were satisfactory,
and stable operating conditions with the tuned parameters were seen. The
response time of the temperature regulation was found to be slow due to
the positioning of the heating tape. It is recommended to change the layout
and move the heating tape closer to the temperature regulated thermocouple
in order to achieve faster response time. Heat loss localization and energy
balances for the components and tubing in the cooling circuit were done.
The uncertainty regarding the positioning of the thermocouple proved to be
the largest source of error in the heat balance calculations.

67



68



6 FURTHER WORK

6 Further work
No literature is found regarding boiling in nickel foam wicks with potassium
as working fluid. There is also a large uncertainty regarding the maximum
critical radius of potassium with respect to wetting of a cavity. Therefore,
if possible, laboratory experiments using a nickel foam wick and potassium
should be done in order to get a better understanding of the boiling mecha-
nism in the proposed heat pipe.

When the actual heat pipe is ready and experiments is to be performed,
it is important that the maximum heat flux is measured and compared with
the calculated values. Due to the easiness of the production method for the
combined wick type, a combined wick should be made, tested and evaluated
against the theory presented in this thesis. Ph.D. candidate Geir Hansen
has already established a procedure for a "rate of rise" experiment, and ex-
perimental results for single wick types for a "rate of rise" experiment are
available, so a comparison should be made.

Time and effort should be put in changing the layout of the cooling cir-
cuit in order to achieve faster response. The thermocouples should be posi-
tioned at different known locations to obtain accurate measurements, and
then make an improved energy analysis of the cooling circuit. Also, a study
of where to add additional thermocouples throughout the circuit should be
done, and then add these.
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Appendices
Appendix A
This appendix includes the tables for the physical properties of potassium,
nitrogen and air. Most of the potassium values are taken form Vargaftik et
al.[3], but for the lowest temperature(600K) values from Faghri[5] are taken.
The air and nitrogen properties are both taken from Incropera et al.[4]. The
thermal conductivity for steel, ksteel = 14 W/mK, and brass, kbrass = 109
W/mK are also taken from Incropera et al. [4]. For Rockwool the thermal
conductivity used is taken from the data sheet.

I



Thermopysical properties of saturated potassium taken from Faghri [5]

II



Thermopysical properties of saturated potassium taken from Vargaftik
[3]

III



Thermopysical properties of saturated potassium taken from Vargaftik
[3]

IV



Thermopysical properties of saturated potassium taken from Vargaftik
[3]

V



Air properties at atmospheric pressure

VI



Nitrogen properties at atmospheric pressure

VII



Appendix B
This appendix includes tables for calculations of the combined wick.
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Table 18: Performance of a 20cm 10 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
100 14.9 1890
150 13.4 2308
170 12.9 2508
180 12.6 2630
200 12.1 2873

Table 19: Performance of a 25cm 10 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
20 17.3 1965
40 16.3 2182
60 15.4 2444
70 15 2591
80 14.5 2772

Table 20: Performance of a 30cm 10 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
10 17.6 2327
20 17 2520
30 16.3 2744

Table 21: Performance of a 20cm 12 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
50 16.8 1578
100 15.4 1785
150 14.1 2083
200 13 2471
220 12.5 2670
250 11.9 2981

Table 22: Performance of a 25cm 12 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
20 17.5 1933
40 16.6 2105
60 15.9 2302
80 15.1 2550
90 14.7 2687
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Table 23: Performance of a 30cm 12 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
10 17.8 2295
20 17.2 2453
30 16.7 2626
40 16.2 2815

Table 24: Performance of a 20cm 15 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
100 16 1690
150 14.9 1890
200 13.9 2150
250 13 2471
270 12.6 2628
300 12.1 2873

Table 25: Performance of a 25cm 15 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
20 17.6 1904
60 16.3 2180
90 15.4 2448
110 14.8 2657
120 14.5 2771

Table 26: Performance of a 30cm 15 layer combined wick

Heat Flux (kW/m2) Wick2 length (cm) Total pressure drop (Pa)
10 17.9 2266
20 17.4 2389
30 17 2521
40 16.6 2662
50 16.2 2814
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Appendix C
This appendix contains specifications of the plate heat exchanger, side chan-
nel blower, control valve, tracing, rockwool and calibration certificate for the
insertion mass flow meter. All information are given from the producer of
the components.
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Appendix D
This appendix includes the Risk Assessment Report for the heat pipe test
rig done by the author and Ph.D. candidate Geir Hansen.
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1 INTRODUCTION 

The test rig facility consists of a heat pipe connected to a nitrogen cooling circuit. 
However, at present the rig will be run using a bypass tube instead of the actual Heat 
Pipe. What is to be tested is the cooling circuit for the Heat Pipe. The cooling circuit 
uses nitrogen, and the hot nitrogen flow is cooled with tap water in a plate heat 
exchanger. The cooling circuit is shown in Figure 1 and is described in chapter 4.  
 
The purpose of the experiments is to study the dynamics and response time of the 
cooling circuit. Temperature effects due to regulating the rotational speed of the side 
channel blower and tracing, is also of interest.  
 
 

2 ORGANISATION 

Rolle NTNU Sintef 

Lab Ansvarlig: Morten Grønli   Harald Mæhlum 

Linjeleder:  Olav Bolland Lars Sørum 

HMS ansvarlig: 
HMS koordinator 
HMS koordinator 

Olav Bolland 
Erik Langørgen  
Bård Brandåstrø  

Lars Sørum 
Harald Mæhlum 

Romansvarlig:   

Prosjekt leder: Erling Næss/Geir Hansen 

Ansvarlig riggoperatører: Geir Hansen/Dan Adrian Odden 

 

3 RISK MANAGEMENT IN THE PROJECT 

Hovedaktiviteter risikostyring Nødvendige tiltak, 
dokumentasjon 

DATE 

Prosjekt initiering 
Prosjekt initiering mal 

 

Veiledningsmøte 
Guidance Meeting   

Skjema for Veiledningsmøte med 
pre-risikovurdering 

23.04.12 

Innledende risikovurdering  
Initial Assessment 

Fareidentifikasjon – HAZID 
Skjema grovanalyse 

 

Vurdering av teknisk sikkerhet 
Evaluation of technical security 

Prosess-HAZOP 
Tekniske dokumentasjoner 

24.04.2012 

Vurdering av operasjonell 
sikkerhet Evaluation of operational 
safety 

Prosedyre-HAZOP 
Opplæringsplan for operatører 24.04.2012 

Sluttvurdering, kvalitetssikring  
Final assessment, quality 
assurance 

Uavhengig kontroll 
Utstedelse av apparaturkort 
Utstedelse av forsøk pågår kort 

 

 



 
 
 

 

 

4 DRAWINGS, PHOTOS, DESCRIPTIONS OF TEST SETUP 

The circulation of nitrogen in the cooling circuit is produced by a side channel blower 
type SAH. It can deliver a pressure of about 420 mBarg, see Figure 2. 
 
The nitrogen gas passes through a pipe section with external heating using an 
electric heating band (tracing), it is heated to a temperature of 50 degrees Celsius at 
the inlet of the Heat Pipe, or in this case the inlet of the bypass tube. 
 
The mass flow of nitrogen gas through the Heat Pipe condenser can be regulated 
with the control valve, speed control or with the bypass valve, see Figure 1. The 
mass flow of Nitrogen gas is measured with an Insertion Mass Flow Meter. 
 
After the bypass tube the hot nitrogen gas is heat exchanged with tap water in a 
gasket free plate heat exchanger, and then enters the side channel blower again. 
 
Figure 1 below shows the Process and Instrumentation Diagram (PID) for the Heat 
Pipe test rig. The safety chamber will not be in use during the experiments because 
the actual heat pipe is replaced with a bypass tube. 
 
 
 
 



 
 
 

 

 

 
 
 
Figure 1 
 



 
 
 

 

 

 
 
Figure 2 
 
 

5 EVACUATION FROM THE EXPERIMENT AREA 

Evacuate at signal from the alarm system or local gas alarms with its own local alert 
with sound and light outside the room in question, see 6.2 
Evacuation from the rigging area takes place through the marked emergency exits to 
the assembly point, (corner of Old Chemistry Kjelhuset or parking 1a-b.) 
Action on rig before evacuation:  

Shut off the air and water supply. Power off the electrical supply. 

 



 
 
 

 

 

6 WARNING 

6.1 Before experiments 

E-mail with information about the planned experiment to:  
iept-experiments@ivt.ntnu.no 
The e-mail should contain the following items: 

• Name of responsible person: 
• Experimental setup/rig: 
• Start Experiments: (date and time) 
• Stop Experiments: (date and time)  

6.2 Nonconformance  

FIRE 
Fire you are not able to put out with locally available fire extinguishers, activate, the 
nearest fire alarm and evacuate area. Be then available for fire brigade and building 
caretaker to detect fire place. 
If possible, notify: 
 

NTNU SINTEF 

Labsjef Morten Grønli, tlf: 918 97 515 Labsjef Harald Mæhlum tlf 930 149 86 

HMS: Erik Langørgen, tlf: 91897160 
HMS: Bård Brandåstrø, tlf918 97 257 

Forskningssjef Lars Sørum tlf 928 049 25 

Instituttleder: Olav Bolland: 91897209  

NTNU Sintef Beredskapstelefon 800 80 388 

 
GASALARM 
At a gas alarm, close gas bottles immediately and ventilated the area. If the level of 
gas concentration does not decrease within a reasonable time, activate the fire alarm 
and evacuate the lab. Designated personnel or fire department checks the leak to 
determine whether it is possible to seal the leak and ventilate the area in a 
responsible manner. 
Alert Order in the above paragraph. 

 
PERSONAL INJURY  
 First aid kit in the fire / first aid stations 

 Shout for help 

 Start life-saving first aid 

 CALL 113 if there is any doubt whether there is a serious injury 

Other Nonconformance (AVVIK) 
NTNU: 
Reporting nonconformance, Innsida, avviksmelding: 
 https://innsida.ntnu.no/lenkesamling_vis.php?katid=1398 
 
SINTEF: 
Synergi 
 
 



 
 
 

 

 

7 ASSESSMENT OF TECHNICAL SAFETY 

7.1 HAZOP 

The experiment set up is divided into the following nodes: 

Node 1 Nitrogen cooling circuit 

 
Attachments: skjema: Hazop_mal 
Conclusion: 

7.2 Flammable, reactive and pressurized substances and gas 

A leakage in the Heat Exchanger will lead to water entering the cooling circuit. This 
will result in water being dissolved in the nitrogen, and water droplets can be dragged 
with the nitrogen flow. The pressure in the circuit is then expected to increase. The 
main switch has to be turned off, and the water valve closed.  
 
 
Experiment setup area should be reviewed with respect to the assessment of Ex 
zone: 
 
• Zone 0: Always explosive atmosphere, such as inside the tank with gas, flammable 
liquid. 
• Zone 1: Primary zone, sometimes explosive atmosphere such as a complete drain 
point 
• Zone 2: secondary discharge could cause an explosive atmosphere by accident, 
such as flanges, valves and connection points 
 
 

See Ex-zone map. Shall be made when ex-zones are present, with basis in P&ID. 
 
 

Conclusion: Based on the above-mentioned zones, the plant is considered as a 
zone 2; secondary discharge site that can only get an explosive atmosphere by 
accident. It is not considered necessary to equip the plant with ex-proof equipment. 
 

7.3 Pressurized equipment 

No components should be under high pressure. The largest pressure at normal 
operating conditions is 1.3 bara in the cooling circuit (ref. Figure 1). 
 
The side channel blower was leakage-tested at 1.5bara after being sealed (ref: Ph.D-
candidate Geir Hansen). The low operating pressure of the cooling circuit will not 
present any dangers if a nitrogen leakage occurs.  
 
Conclusion: The test rig has been pressure tested and is ready for use. 

7.4 Effects on the environment 

The experiments will not generate smoke, gas or special waste. 
 



 
 
 

 

 
Conclusion: No contamination to the environment 

7.5 Radiation 

There is no danger of radiation in the test rig. 
 
Conclusion: No radiation 

7.6 Usage and handling of chemicals. 

If a leak or error in the valves leads to nitrogen leakage, pure nitrogen gas has to be 
refilled in the cooling circuit. Nitrogen gas is in itself not dangerous (78% in air), but it 
can displace air, which can lead to lack of oxygen. Nitrogen is the only chemical that 
needs to be refilled. The volume of nitrogen to be used in the test is very small, so 
there is no danger with respect to suffocation.  
  
Attachments: MSDS 
Conclusion: There is no use or production of hazardous chemicals at normal 
operating conditions.   

7.7 El safety (need to deviate from the current regulations and standards.) 

NO 
 
Conclusion: All components are standard and are in accordance with current 
regulations.    

8 ASSESSMENT OF OPERATIONAL SAFETY 

For ensuring that established procedures cover all identified risk factors that must be 
taken care of through procedures and ensure that the operators and technical 
performance have sufficient expertise. 

8.1 Prosedure HAZOP 

The method is a procedure to identify causes and sources of danger to operational 
problems. 
Attachments: HAZOP_MAL_Prosedyre 

Conclusion: 

8.2 Operation and emergency shutdown procedure 

The operating procedure is a checklist that must be filled out for each experiment. 
Emergency procedure should attempt to set the experiment set up in a harmless 
state by unforeseen events. 
Attachments: Procedure for running experiments 
Emergency shutdown procedure:  
Shut off the air and water supply. Power off the electrical supply 

8.3 Training of operators 

All operators have to take the “HMS in laboratories”-course by TRAINOR in order to 
be allowed to perform experiments on the test rig.  



 
 
 

 

 

 
Attachments: “Opplæringsplan for opperatører” 

8.4 Technical modifications 

No technical modifications are to be made without consulting the Technical staff. 
Replacements of components shall be made by Technical staff. 

 

Conclusion: Replacement of components and technical modifications should 
be made by Technical staff. 

8.5 Personal protective equipment 

 It is mandatory use of eye protection in the rig zone 
 Use gloves when there is danger of contact with hot/cold surfaces. 

8.5.1 General Safety 

 The area around the staging attempts shielded. 

 Gantry crane and truck driving should not take place close to the experiment. 

 Gas cylinders shall be placed in an approved carrier with shut-off valve within 
easy reach. 
 

Conclusion: The operator should be present when experiments are running. 

8.6 Safety equipment 

There is no need for portable gas detectors during test execution. However, a fire 
extinguisher shall be available during test execution.  
 

8.7 Special actions 

During experiments the following special actions should be  
• Monitoring. 

• Safe Job Analysis of modifications, (SJA) 

9 QUANTIFYING OF RISK - RISK MATRIX 

The risk matrix will provide visualization and an overview of activity risks so that 
management and users get the most complete picture of risk factors. 

IDnr Aktivitet-hendelse Frekv-
Sans 

Kons RV 

1 Leakage of nitrogen could swirl dust on people 
operating the rig. 

1 B1 B1 

Conclusion : Participants will make a comprehensive assessment to determine whether 
the remaining risks of the activity / process is acceptable. Barriers and driving outside 
working hours e.g. 

 
 
 
 
 



 
 
 

 

 
 
 
 
 

10 CONCLUSION 

The rig is built in good laboratory practice (GLP). 
 
When the actual heat pipe is connected to the cooling circuit inside the safety 
chamber a new risk assessment has to be done. The heat pipe will present more 
possible dangers that need to be addressed.  
 
 
Experiment unit card get a period of XX months 
Experiment in progress card get a period of XX months 

 
 



 
 
 

 

 
 

11 REGULATIONS AND GUIDELINES 

Se http://www.arbeidstilsynet.no/regelverk/index.html 

 Lov om tilsyn med elektriske anlegg og elektrisk utstyr (1929) 

 Arbeidsmiljøloven 

 Forskrift om systematisk helse-, miljø- og sikkerhetsarbeid (HMS 
Internkontrollforskrift) 

 Forskrift om sikkerhet ved arbeid og drift av elektriske anlegg (FSE 2006) 

 Forskrift om elektriske forsyningsanlegg (FEF 2006) 

 Forskrift om utstyr og sikkerhetssystem til bruk i eksplosjonsfarlig område NEK 
420 

 Forskrift om håndtering av brannfarlig, reaksjonsfarlig og trykksatt stoff samt 
utstyr og anlegg som benyttes ved håndteringen 

 Forskrift om Håndtering av eksplosjonsfarlig stoff 

 Forskrift om bruk av arbeidsutstyr. 

 Forskrift om Arbeidsplasser og arbeidslokaler 

 Forskrift om Bruk av personlig verneutstyr på arbeidsplassen 

 Forskrift om Helse og sikkerhet i eksplosjonsfarlige atmosfærer 

 Forskrift om Høytrykksspyling 

 Forskrift om Maskiner 

 Forskrift om Sikkerhetsskilting og signalgivning på arbeidsplassen 

 Forskrift om Stillaser, stiger og arbeid på tak m.m. 

 Forskrift om Sveising, termisk skjæring, termisk sprøyting, kullbuemeisling, 
lodding og sliping (varmt arbeid) 

 Forskrift om Tekniske innretninger 

 Forskrift om Tungt og ensformig arbeid 

 Forskrift om Vern mot eksponering for kjemikalier på arbeidsplassen 
(Kjemikalieforskriften) 

 Forskrift om Vern mot kunstig optisk stråling på arbeidsplassen 

 Forskrift om Vern mot mekaniske vibrasjoner 

 Forskrift om Vern mot støy på arbeidsplassen 
 
 
Veiledninger fra arbeidstilsynet  
Se: http://www.arbeidstilsynet.no/regelverk/veiledninger.html 



 
 
 

 

 

12 DOCUMENTATION 

 Hazop_mal 

 HAZOP_MAL_Prosedyre 

 Forsøksprosedyre 

 Opplæringsplan for operatører 

 Skjema for sikker jobb analyse, (SJA) 

 Apparaturkortet 

 Forsøk pågår kort 
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 VEDLEGG G FORSØKSPROSEDYRE 

Experiment, name, number: Heat Pipe test rig experiment 
 

Date/ 
Sign 

Project Leader: Erling Næss / Geir Hansen 
 

 

Experiment Leader: Geir Hansen 
 

 

Operator, Duties: Dan Adrian Odden / Geir Hansen 
 
 
 

 

 

 Conditions for the experiment: Completed 

 Experiments should be run in normal working hours, 08:00-16:00 during 
winter time and 08.00-15.00 during summer time. 
Experiments outside normal working hours shall be approved. 

 

 One person must always be present while running experiments, and should 
be approved as an experimental leader. 

 

 An early warning is given according to the lab rules, and accepted by 
authorized personnel. 

 

 Be sure that everyone taking part of the experiment is wearing the necessary 
protecting equipment and is aware of the shutdown procedure and escape 
routes. 

 

 Preparations Carried out 

 Post the “Experiment in progress” sign.   

 Start-up procedure  

 Make sure that control valve is fully open  

 Fully open water valve  

 Adjust the nitrogen pressure in the circuit stepwise to maximum 0.4barg  

 During the experiment  

 Control of temperature by monitoring the computer screen which uses 
labVIEW  

 

 Control of pressure using manometers  

 End of experiment  

 Shut down procedure  

 Close nitrogen valve  

 Close water valve  

 Remove all obstructions/barriers/signs around the experiment.  

 Tidy up and return all tools and equipment.  

 Tidy and cleanup work areas.  

 Return equipment and systems back to their normal operation settings  
(fire alarm) 

 

 To reflect on before the next experiment and experience useful for others  

 Was the experiment completed as planned and on scheduled in professional 
terms? 

 

 Was the competence which was needed for security and completion of the  
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experiment available to you? 

 Do you have any information/ knowledge from the experiment that you 
should document and share with fellow colleagues? 
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 VEDLEGG H OPPLÆRINGSPLAN FOR OPPERATØRER 

Experiment, name, number: Heat Pipe test rig experiment 
 

Date/ 
Sign 

Project Leader: Erling Næss / Geir Hansen 
 

 

Experiment Leader: Geir Hansen 
 

 

Operator: Dan Adrian Odden / Geir Hansen 
 
 
 

 

 

 Kjennskap til EPT LAB generelt  

 Lab 
- adgang 
-rutiner/regler 
-arbeidstid 

 

 Kjenner til evakueringsprosedyrer  

 Aktivitetskalender  

   

   

 Kjennskap til forsøkene  

 Prosedyrer for forsøkene  

 Nødstopp  

 Nærmeste brann/førstehjelpsstasjon  
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Forsøk pågår! 
Experiment in progress! 

Dette kort skal settes opp før forsøk kan påbegynnes This card has to be posted before an experiment can start 

Ansvarlig / Responsible 
Erling Næss og Geir Hansen 

Telefon jobb/mobil/hjemme 
91897970 (Erling)  
47666881 (Geir) 

Operatører/Operators 
Dan Adrian Odden 

  

Forsøksperiode/Experiment time(start – slutt) 

23.04.2012-21.05.2012 

Prosjektleder 
Erling Næss og Geir Hansen 

Prosjekt 
Heat Pipe 
 

Kort beskrivelse av forsøket og relaterte farer 
 Short description of the experiment and related hazards 
 
Det skal utføres varmetekniske eksperimenter på vår “Heat Pipe Testrigg”, som er en kjølekrets med nitrogen 
som arbeidsmedium.  Riggen vil i første omgang bli kjørt uten heat pipe montert.  Temperaturene i kretsen når 
man varierer turtallet til sidekanalsblåseren, effektpådraget til tracingen og åpningen på reguleringsventilen vil 
bli målt.     
 
Risiko forbundet med arbeidet:  
Trykket i kretsen er relativt lavt, maks ca. 0,5 barg, men man kan få virvlet opp støv ved en eventuell lekkasje og 
vernebriller skal derfor brukes. 
Vannlekkasje (steng vannventil). 
Elektrisk feil (bruk nødstopp på el-skap). 
 
 
 
 
 
 
 
 
 

 

 
 
NTNU 
Institutt for energi og prosessteknikk 

  

 
Dato 
 

  

 
Signert 
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APPARATURKORT UNITCARD 
 

Apparatur/unit 
 

Dette kortet SKAL henges godt synlig på apparaturen! This card MUST be posted on a visible place on the unit! 
Faglig Ansvarlig (Scientific Responsible) 
Erling Næss 

Telefon mobil/privat (Phone no. mobile/private)  

91897970 

Apparaturansvarlig (Unit Responsible) 
Geir Hansen 

Telefon mobil/privat (Phone no. mobile/private)  
47666881 

Sikkerhetsrisikoer (Safety hazards) 

Trykket i nitrogenkretsen er relativt lavt, maks ca. 0,5 barg, men man kan få virvlet opp støv ved en eventuell 
lekkasje og vernebriller skal derfor brukes. 
Vannlekkasje. 
Elektrisk feil. 
 
 

Sikkerhetsregler (Safety rules) 

Vernebriller. 
Steng vannventil. 
Nødstopp på el-skap. 
 
 
 

Nødstopp prosedyre (Emergency shutdown) 

Steng vannventil hvis vannlekkasje. 
Nødstopp på el-skap. 
 
 
 
 

 
Her finner du (Here you will find): 

Prosedyrer (Procedures) 

Bruksanvisning (Users manual) 

 
Nærmeste (nearest) 

Brannslukningsapparat (fire extinguisher) Ved heis. 

Førstehjelpsskap (first aid cabinet) Ved heis. 

 
NTNU 
Institutt for energi og prosessteknikk 

  

 
Dato 
 

  

 
Signert 
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VEDLEGG I SKJEMA FOR SIKKER JOBB ANALYSE 

SJA tittel:  Uttesting av Heat Pipe Testrigg 

Dato: 19.04.2012 Sted: NTNU, EPT 

Kryss av for utfylt sjekkliste: X  

 

Deltakere: Dan Adrian Odden, Geir Hansen 

   

SJA-ansvarlig: Geir Hansen   

 

Arbeidsbeskrivelse: (Hva og hvordan?) 
Det skal utføres varmetekniske eksperimenter på vår “Heat Pipe Testrigg”, som er en 
kjølekrets med nitrogen som arbeidsmedium.  Riggen vil i første omgang bli kjørt uten heat 
pipe montert.  Temperaturene i kretsen når man varierer turtallet til sidekanalsblåseren, 
effektpådraget til tracingen og åpningen på reguleringsventilen vil bli målt.     

Risiko forbundet med arbeidet:  
Trykket i kretsen er relativt lavt, maks ca. 0,5 barg, men man kan få virvlet opp støv ved en 
eventuell lekkasje og vernebriller skal derfor brukes. 
Vannlekkasje. 
Elektrisk feil. 

Beskyttelse/sikring: (tiltaksplan, se neste side) 
Vernebriller. 
Steng vannventil. 
Nødstopp på el-skap.  

Konklusjon/kommentar: 
 

 
 

Anbefaling/godkjenning: Dato/Signatur: Anbefaling/godkjenning: Dato/Signatur: 

SJA-ansvarlig:  Områdeansvarlig:  

Ansvarlig for utføring:   Annen (stilling):  
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HMS aspekt Ja Nei Ikke 
aktuelt 

Kommentar / tiltak Ansv. 

Dokumentasjon, erfaring, 
kompetanse 

     

Kjent arbeidsoperasjon?  X  Det har ikke vært kjørt eksperimenter på 
riggen tidligere. 

 

Kjennskap til erfaringer/uønskede 
hendelser fra tilsvarende operasjoner? 

 X    

Nødvendig personell? X     

Kommunikasjon og koordinering      

Mulig konflikt med andre 
operasjoner? 

 X    

Håndtering av en evnt. hendelse 
(alarm, evakuering)? 

X     

Behov for ekstra vakt?  X    

Arbeidsstedet      

Uvante arbeidsstillinger?   X   

Arbeid i tanker, kummer el.lignende?   X   

Arbeid i grøfter eller sjakter?   X   

Rent og ryddig? X     

Verneutstyr ut over det personlige?  X    

Vær, vind, sikt, belysning, ventilasjon?   X   

Bruk av stillaser/lift/seler/stropper?   X   

Arbeid i høyden?   X   

Ioniserende stråling?   X   

Rømningsveier OK? X     

Kjemiske farer      

Bruk av helseskadelige/giftige/etsende 
kjemikalier? 

 X    

Bruk av brannfarlige eller 
eksplosjonsfarlige kjemikalier? 

 X    

Må kjemikaliene godkjennes?   X    

Biologisk materiale?  X    

Støv/asbest?  X    

Mekaniske farer      

Stabilitet/styrke/spenning?  X    

Klem/kutt/slag?  X    

Støy/trykk/temperatur? X   Veldig moderat risiko.  

Behandling av avfall?   X   

Behov for spesialverktøy?   X   

Elektriske farer      

Strøm/spenning/over 1000V?   X   

Støt/krypstrøm?  X    

Tap av strømtilførsel?  X    

Området      

Behov for befaring?  X    

Merking/skilting/avsperring? X     

Miljømessige konsekvenser?  X    

Sentrale fysiske sikkerhetssystemer      

Arbeid på sikkerhetssystemer?  X    

Frakobling av sikkerhetssystemer?  X    
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