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Abstract
This paper presents a thorough investigation of a freeze thaw phenomenon of screen mesh copper water

heat pipes for an airborne application. In the application investigated, the entire thermal system consists of
multiple heat pipes; forced convection fins and a mechanical structure. Due to the power handling required,
screen mesh copper- water heat pipes were the only feasible solution to transport the predetermined amount of
heat within the geometrical envelop given. During qualification tests of the electronics attached to the
mechanical structure surrounding the heat pipes a geometrical distortion of the heat pipes in a flattened section
was observed. In order to prevent this from reoccurring an investigation including experimentation and a review
of the work of others was conducted. The experimental phase included x-ray analysis, freeze thaw cycling,
exposure to elevated ambient conditions and thermal performance testing. These experiments identified the
freeze thaw cycling under certain operational angles was the root cause of the heat pipe distortion. The heat pipe
working fluid fill became the main focus point of the investigation as a trigger for the distortions and
optimisations of the fill were carried out to eliminate the phenomenon. Testing of heat pipes with the new
optimised fluid charge has been conducted successfully.
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INTRODUCTION
Very few theoretical investigations have been carried out by heat pipe researchers in order to

identify possible root causes of the freeze thaw phenomenon observed. Therefore, there is a shortage
of data suitable for practical application for the solution of freeze thaw phenomena. In this case,
practical experimentation is a useful way to investigate such kind of phenomenon and to prove a
possible solution to a given problem.

Peterson, Faghri and Ochterbeck have carried out some work on the subject of freeze thaw
cycling, which can be divided into two sub-categories, i.e., development of frozen start-up models and
the reporting of experimental work and results. A significant amount of work has been presented on
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the development of frozen start-up models whilst only a very few reports deal with experimental
results. In this paper the main focus will be on the more practical work whilst the purely theoretical
work will be referenced where needed. Furthermore, it has to be differentiated between the two most
common wick structures, sinter and screen mesh when investigating freeze thaw phenomena of heat
pipes. Sintered powder wicks are less susceptible to the effects of freeze thaw cycling and normally do
not suffer from any distortions unless there is excess working fluid available which can re-shape the
container material.

Chapters on frozen start-up behaviour can be found in two books authored by Peterson [2] and
Faghri [1]. Further, Faghri has additional publications dealing with modelling of heat pipes during
frozen start-up [3, 9].

Peterson[2] describes in great detail work previously conducted and also indicates three types of
freezing that can occur in a heat pipe: suction freezing, freezing blowby and diffusion freeze-out. The
third phenomenon, diffusion freeze-out, requires the presence of a NCG (Non Condensable Gas) and
is therefore not further discussed as it is not applicable to normal copper water heat pipes. The first
phenomenon was envisaged by Cheung [5] and is described in greater detail later in this paper.

Furthermore, Peterson indicates that the heat pipe would eventually start working even with the
water frozen out in the condenser section, but the heat pipes he had used, developed a large gradient
along the pipe from the magnitude of around 100 °C between evaporator and condenser. Conduction
through the heat pipe container was the mechanism which eventually caused the working fluid in the
condenser section to thaw. However, it can not be treated as an appropriate start up mechanism for
technical applications because most components to be cooled by heat pipes are not able to withstand a
temperature gradient of 100 °C. Depending on the length of the heat pipe this is a very time
consuming operation to solely rely on conduction through the pipe wall. Furthermore, the proposed
start up method of pulsed power inputs developed by Faghri [4] can not always be implemented in
electronic equipment because the systems do not always allow this method, and it may cause damage
to the electrical components attached to the heat pipes.  The second phenomenon freezing blowby was
investigated by Ochterbeck and Peterson [7, 8] and is described in great detail in a later section of this
paper.

The work of A. Faghri in his book [1] seems to be the most comprehensive on the topic of frozen
start up and mathematical modelling of the phenomenon, he is the only one who gives a very practical
explanation, in shape of a Frozen Start Up Limit, on how to deal with the low temperature start- up of
heat pipes.  Further work was published by him as well as together with others [3, 9] which support
the work published in his book.

An equation for the Frozen Start-Up Limit (FSL) dealing with the ambient conditions as well as
physical conditions of the heat pipe was developed i.e. amount of container material used, fill level
within the heat pipe etc. In order to be able to solve this equation for the pipe investigated further at a
later stage, the porosity for the screen wick needed to be determined first. Work presented by Kozai et
al. [10] allowed the calculation of the porosity directly from its physical properties like mesh number,
wire diameter and aperture. Due to the very small mass involved in the Phosphor Bronze wick utilized
in the heat pipes, the wick was neglected whilst obtaining the specific heat capacity per unit length C.
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Applying this equation to the heat pipes investigated for this paper, the original filled pipe shows a
FSL of 5.3 whilst a heat pipe with the optimised fill has a FSL of 3.8. This proves that the equation is
valid for frozen start up and supported the experimental results where a frozen start up was conducted
successfully. One minor weak point was found whilst working with this equation, with more working
fluid in the heat pipe the frozen start up is positively supported whilst in reality the excess working
fluid can accumulate in an inclined pipe and cause structural damage to the container.

K. Cheung [5] is one of the very few researchers who reported application related data about the
effects of freeze thaw cycling and frozen start up. Unlike the failure mode reported in this paper, the
failure mode he described/ envisaged is operational rather than thermal cycling/ storage condition
related. The major reason for the failure of his test samples can be seen in the geometry of the pipe
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which has a length to diameter ratio of almost 80 and the fact that there was a forced temperature
gradient along the length of the pipe. The evaporation process still took place whilst the working fluid
vapour was freezing out in the sub zero temperature region of the condenser end of the heat pipe.
Eventually a dry out of the evaporator end is reached and the heat pipe stops operating due to the lack
of working fluid in the evaporator section whilst the condenser section is frozen and fails due to a
ruptured container. Overall the failure mode is more related to work performed by Ochterbeck and
Peterson [6, 7 and 8]. In the introduction of the paper “Visualisation of the Freeze/ Thaw
Characteristics of a Copper/ Water Heat Pipe: Effects of Non-Condensable Gas Charge“ [6], it is
stated that “If enough liquid is transported into the condenser region, depletion of liquid in the
evaporator wicking structure and dryout can result.” Furthermore, the paper states that the depletion of
available working fluid inventory through mass freeze-out in the frozen or freezing condenser region
can occur. This is the phenomenon Cheung [5] has envisaged where vapour freeze out in the
condenser region occurs and therefore causes the container to rupture. The failure modes envisaged on
the heat pipes for the airborne application where not as severe and appropriate measures to stop these
effects prior to catastrophic failures are described at the end of the next section of this paper.

EXPERIMENTAL RESULTS AND ANALYSIS

a)    b) c) d)
Fig. 1. a) Isometric view of Heat Pipe geometry; b) Vertical operation orientation; c) 45° angled
operation condition; d) horizontal operation condition

Figure 1 illustrates the geometry of the heat pipe investigated (a) as well as the three angles of
inclination (b; c; d) which were investigated during the practical freeze thaw cycling tests.
Unfortunately for confidentiality reasons neither the mechanical structure nor the forced convection
fins attached to the heat pipes in the assembly can be shown. In the application the flattened section of
the heat pipe acts as the evaporator and is the area where the distortions were seen.  From the thermal
cycling tests with pipes embedded in the mechanical structure it quickly became obvious that the
problem was linked to the angles of higher inclination like 45° and vertical orientation. Through more
detailed analysis it became obvious that the heat pipes that were subjected to the vertical orientation
were more likely to show the phenomenon and the mechanical distortions were more severe than on
the heat pipes which were only inclined to the 45° orientation. From these results it was concluded that
the distortion is linked to the working fluid inside the heat pipes and its amount. First the capillary/
lifting height for that particular screen mesh was checked again and has proved to be sufficient to hold
a water column even for the vertical orientation. The theoretical working fluid charge was checked and
different literature sources were consulted. It became apparent that the amount of working fluid was
the most critical parameter linked to the phenomenon. For heat pipes in general and in particular for
sintered heat pipes there are contradicting opinions about the amount of working fluid required for a
stable heat pipe operation. For screen mesh heat pipes there are even fewer reports or guidelines about
the fluid charge required reported so far. Zaghoudi et al [4] state that sintered heat pipes only have
sufficient fluid charge to saturate the wick and therefore can be subject to freeze thaw cycling without
any degradation of performance. This statement is theoretically true, but as stated by Peterson [2], heat
pipes can have a 10–20 % overfill in order to ensure their performance, as well as for batch produced
heat pipes it has to be ensured that the heat pipes subjected to process inaccuracies, maintain at least
the required minimum fill rather than being underfilled. Therefore, there is a chance that the heat pipes
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will contain excess liquid which could support the effects as reported by Cheung [5]. Whilst dealing
with freeze thaw issues these considerations have to be rechecked and reviewed again. If ultimate
power handling capabilities are not required, a slight underfill of the heat pipes is seen favourable in
order to reduce the risk of excess working fluid accumulation. This can also be seen from Table 1
where the results of the destructive analysis of 16 test samples are presented. Prior to the destructive
analysis, x-ray images were taken in order to non-destructively investigate the wick properties in the
regions of mechanical distortions. Samples of the x-ray images are shown in a later section of this
paper and are commented upon later.

Table 1. Geometrical Data Compared to Fill Information of 16 Heat Pipe Samples

Sample № Point 1 w Point 1 h Weight 2 [g] Weight dry [g] Fill [cc] dT [° C]
8 7.76 4.2 14.52 14.05 0.48 5.63
14 7.62 4.29 14.56 14.08 0.49 5.19
6 7.67 4.35 14.64 14.09 0.56 3.27
5 7.7 4.51 14.78 14.05 0.74 3.14
15 7.64 4.57 14.61 14.06 0.56 7.14
4 7.6 4.62 14.6 13.94 0.67 DNF
11 7.46 5.15 14.76 14.05 0.72 5.01
2 7.36 5.19 14.14 13.46 0.69 4.93
13 7.35 5.27 14.2 13.48 0.73 7.23
3 7.46 5.28 14.84 14.07 0.78 7.17
1 7.22 5.36 14.19 13.49 0.71 4.75
10 7.3 5.36 14.84 14.07 0.78 5.57
7 7.34 5.38 14.88 14.09 0.80 8.61
9 7.09 5.44 14.17 13.43 0.75 10.94
16 7.17 5.7 14.8 14.03 0.78 10.59
12 7.16 5.79 14.81 14.02 0.80 7.55

The data presented above was obtained from destructive analysis as well as thermal testing of 16 heat
pipes which where recovered from a mechanical structure and is sorted by the height of Point 1 h, the
region at the flattened end of the heat pipes, where the mechanical distortions were envisaged. After
recovery from the mechanical structure these pipes were re- pressed into the original shape and thermally
tested on the original test rig. All heat pipes apart from one which could not be reshaped were found to be
thermally working. The dT values for the heat pipes between the evaporator and condenser can be seen as
indications only because the interfaces between the heat pipes and test rig/thermocouples were subject to
mechanical distortion and miss alignment compared to the previous tests.

After thermal testing, the heat pipes were weighed using high precision scales and the results for
each sample were noted. The sealed container of the heat pipes then was then broken open using a
chipless metal cutting technique in order to minimize the loss of material and improve the accuracy of
the results. All heat pipes were then subjected to an elevated ambient temperature of 125°C which was
above the evaporation temperature of the working fluid and remained at this temperature for 120 min.
After a period of cooling down to ambient temperature, the test samples’ weight was measured again
on the same high precision scales. The difference of weight divided by the density of the working fluid
at filling temperature allowed to obtain the volume of working fluid contained in the heat pipes.
Finally this data could be analysed and compared with the geometrical data previously obtained. The
correlation between the occurrence of mechanical distortions in the flattened section; their severance
and the amount of working fluid included in the heat pipes was obtained, as shown Figure 2.
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Fig. 2. Heat Pipe Fill vs. Bulging Trend Graph

Figure 2 above shows fill vs. height correlations based on the data from Table 1. It is indicated
that the amount of mechanical distortion is almost directly linked to the amount of working fluid
included in the heat pipe. The height of the D-section was 4.25 mm nominal and was measured on the
top of the bulge rather than in a fixed location. Due to different fills and therefore different bulge
locations the location of height measurement needed to be adapted for each heat pipe. Variations of the
results are  driven by the experimental errors and measurement equipment accuracy but the trendline
clearly supports the theorem stated previously.

X-RAY IMAGES OF DISTORTED HEAT PIPE SCREEN WICKS
The following x-ray images were taken from the 16 previously addressed sample heat pipes, as

well as an independent reference sample which was not subject to freeze thaw cycling. Nearly all of
the heat pipes which were freeze thaw cycled showed quite severe distortions in the flattened region.
They had been subjected to 300 thermal freeze thaw cycles between -20 and +20 °C. The thermal
ramp rate for the cycles was kept constant at 20 °C/min with a 5 min soak at each end of the cycle and
the orientation was upright (90° towards the horizontal). For length constrains of this paper only the x-
ray images of most severely disturbed heat pipes and the reference sample are shown. A more detailed
description how each picture was obtained and a discussion of the problems envisaged on each picture
will be provided after the relevant pictures.

Fig. 3. Heat Pipe with good Mesh Distribution
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Figure 3 shows a reference image of a good heat pipe of the same type as the heat pipes involved
in the freeze thaw cycling. In order to be able to show the entire flattened section of the heat pipe,
three separate x-ray images had been taken and assembled electronically. This accounts for the
different shading on the image above. From the image it can be seen clearly that the mesh is aligned
very well to the wall and that there is very little distortion of the mesh visible. No excess wick can be
found at the bottom of the heat pipe where the venting pin is located. The very light fold to the right
hand side of Figure 3 can be seen as unavoidable manufacturing tolerances.

Fig. 4. Heat Pipe with two Bubbles in the Mesh wick due to Freeze Thaw Cycling

Figure 4 shows a heat pipe with the most severe distortion. All others were similarly distorted. On
this heat pipe a double bulge was observed. The image clearly shows where the wick is removed from
the wall and the round shape of the distortions coincides in shape and position with the distortions on
the outside. Due to the orientation the pipes were cycled in, it was concluded that the freezing water at
the bottom of the pipe removed the wick from the wall. As soon as the phenomenon started it
gradually built up as the progressing cavity was supporting the problem through being filled by water.
This water then froze during the next freeze cycle and the wick was moved further away from the wall.
In extreme cases shown in Figure 4, a total blockage of the vapour path can occur and the formation of
a secondary bulge is possible. Because of the surface tension phenomenon the water column can occur
on top of the first bulge and a second bulge can be formed higher up the heat pipe.

Fig. 5. Heat Pipe with very slight Wick distortion due to Freeze Thaw Cycling

Distortions of Wick

Distortion of Wick
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Figure 5 above shows a major single distortion as well as two minor distortions of the wick which
were not severe enough to cause mechanical distortions to the container material. The amount of
working fluid, especially the part of the working fluid not contained in the wick, determines the height
of the fluid column. The re-shaping of the vapour path down to a narrow channel, as in this case, did
not help the problem of mechanical distortion due to freeze thaw. It is assumed that the top of the fluid
column is right in the centre of the occurring bulge and therefore on every pipe its location differed as
the excess working fluid level differed. The heat pipe shown above had a higher fluid level, therefore
the location of the bulge occurring was further away from the bottom of the pipe. From Figures 4 and
5, it can be seen that a little amount of rolled up screen mesh is located at the pin end of the heat pipe.
This is seen as non critical to the occurrence of bulges in general.

CONCLUSION
The root cause of the phenomenon of geometrical distortions in the flattened sections of heat pipes

due to repeated freeze thaw cycling was identified and solved through an optimisation of the working
fluid fill of the heat pipes. X-ray imaging technology has proved a very valuable and non destructive
tool for identifying distortions of heat pipe wicks.

Screen mesh heat pipes can be subjected to repeated freeze thaw cycling, and a number of factors,
such as lifting height of the wick, and the fill/ fluid charge of the heat pipe, should be given particular
attention. These parameters will become more critical when the heat pipes are flattened and/or
operated under gravitational support.

If all parameters are engineered correctly, a screen mesh heat pipe can be subjected to the harsh
ambient conditions below 0°C and be functional without any degradation of performance or
geometrical deformation.
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Nomenclature
A’w: Cross Sectional Area of the Working Fluid in the Wick [m2]
C: Specific Heat Capacity per unit length of pipe wall [J/(kg·K)]
DNF: Did Not Function
εl: Porosity, dimensionless
hfg: Latent heat of Evaporation [J/kg]
ρl: Density of the Working Fluid [kg/m3]
Tmel: Melting Temperature of the Working Fluid [K]
T∞: Initial or ambient Temperature of the Working Fluid [K]
fg:  fluid- gaseous
l: liquid
mel: melting
∞ : Infinite(here: Initial)
W: Wick
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