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Abstract

Permafrost ice cellars have been used for generations by Arctic communities for
subsistence food storage. Many of these ice cellars have been recently reported to be
difficult or impossible to maintain due to thawing and water accumulation inside the
cellar. The thesis objective is to investigate the effectiveness of implementing passive
techniques to lower the surrounding permafrost temperature, ideally to 0°F, the USDA
recommended temperature, throughout the year.

Numerical finite element modeling was used to investigate the effects on permafrost
temperature with the addition of two-phase, closed thermosyphons and/or ground
insulation. Thermosyphon condensers installed both above and below ground were
studied. The numerical models were created using Comsol Multiphysics.. The modeling
results indicated that the addition of thermosyphons and insulation caused a decrease in
permafrost temperatures surrounding the ice cellar, although the target temperature of 0°F
could not be maintained throughout the year by any of the methods studied. Subsurface
insulation decreased the amplitude between the minimum and maximum temperature of
the cellar wall 4.5°C. Air thermosyphons decreased the average temperature 8.5°C, and
with additional insulation, 9.6°C. Ground thermosyphons were less effective, decreasing
the average wall temperature 2.4°C. Additionally, thermosyphon performance was found

to be rate-limited by conduction through permafrost.
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Chapter 1 Introduction

1.1 Ice Cellars

Ice cellars (or more accurately permafrost ice cellars) have been used for generations by
Arctic communities for subsistence food storage. An ice cellar is an excavated
compartment in the upper permafrost that provides a storage temperature below 0°C (or
ideally 0°F) year round. A picture of the entrance to a traditional ice cellar located on
Herschel Island off the northwest coast of Canada is shown in Figure 1-1. Many ice
cellars have been reported as becoming difficult or impossible to maintain due to thawing
and water build up inside the cellar (Brubaker et al., 2009). One possible cause of these
problems is increasing permafrost temperatures that have been reported at many

circumpolar locations (Osterkamp and Jorgenson, 2006).

Figure 1-1 Entrance to a traditional ice cellar located on Herschel Island, Canada.

Photograph courtesy of Prof. Chris Burns, Carlton University.



1.2 Cooling of Permafrost

There are a few different methods to remove heat from permafrost, including both active
and passive techniques. The use of vapor compression refrigeration can be used to cool
permafrost, but it can be costly and requires maintenance, which often makes it
impractical in remote arctic locations. Vapor compression refrigeration would be a more
practical solution for an above ground freezer. The use of passive methods (i.e. no power
input) would be ideal for traditional ice cellars that are often located far from electrical
power sources. Passive methods include thermosyphons (closed and open), re-vegetation
of the surface, natural convection through the cellar volume, and surrounding the cellar
with insulation. The two methods investigated for this dissertation are the two-phased

closed thermosyphon, and sub-surface insulation.

1.3 Objective and Scope of Thesis

The objective of this project is to investigate the possibility of using passive techniques to
lower the permafrost temperature surrounding a traditional ice cellar to -17.8°C (0 °F or
Tuspa) or lower during the warmest part of the year. This target temperature would
provide an optimum food storage temperature as determined by the US Dept. of
Agriculture (USDA) (Brubaker et al., 2009). A finite element model was built and used
to determine if the installation of thermosyphons and/or ground insulation could decrease
the cellar temperature low enough to bring it within the USDA standards.

The structure of the thesis is the following. A literature review is given in Chapter 2,
reviewing the pertinent facts of permafrost ice cellars, permafrost conditions, two-phase
thermosyphons and sub-surface insulation. Chapter 3 describes the methods used to
create the finite element model that was used to study the effects of different insulation
and thermosyphons configurations. The numerical methods were then verified by
comparing the finite element model to exact analytical solutions of idealized geometries
and boundary conditions, and also comparison to collected field data. The results of the
different thermosyphon and insulation configurations are described in Chapter 4. The

overall conclusions and recommendations for future work are given in Chapter 5.



Chapter 2 Literature Review

2.1 Ice Cellars

Traditional ice cellars are typically built by excavating compartments in the upper
permafrost, and ladders are used to access these compartments. These ice cellars are
usually used by an entire community or multiple families, and serve as a subsistence
freezer unit. They are essential for the village communities that rely on seasonal hunting
because of the high cost of other refrigeration alternatives such as conventional
vapor-compression refrigeration.

Ice cellars that are used along the Arctic Coast of Alaska are becoming difficult or
impossible to maintain due to the changing environmental conditions. (Gray, 2007,
Brubaker et al., 2009; Brubaker et al., 2010a; Brubaker et al., 2010b; Conhran and Geller
2002). The temperature within an ice cellar is determined by a balance between the
earth's geothermal heat flux, the seasonally varying ground surface temperature, and the
latent heat loads associated with the items put into the cellars. The three major issues that
traditional ice cellars are facing are permafrost warming, changing surface water
hydrology, and sometimes encroaching coast lines. With the warming of the permafrost,
the depth of the permafrost top, or the maximum depth of thaw, is increasing. This is
strongly affected by ground surface conditions (e.g. climate, vegetation). When the
permafrost thaws in a cellar and the water refreezes, it creates bulk ice build-up on stored
items, food contamination, and decreased structural integrity of the cellars. By increasing
the cooling during the winter the permafrost could provide a more stable food storage

cellar.
2.2 Permafrost

2.2.1 Basics of Permafrost

Permafrost is defined as ground that has stayed below the freezing point of water for two
or more consecutive years (CRREL, 2010). Permafrost can be classified as either
continuous or discontinuous. Continuous permafrost is where the permafrost is

uninterrupted in both the vertical and horizontal directions, while discontinuous



permafrost only exists in certain areas (CRREL, 2010). Permafrost ground makes up
approximately 26 percent of the land surface of Earth, with a depth of up to 2,000 feet in
Siberia (Black, 1954). The ground above the permafrost that freezes and thaws seasonally
is called the active layer. The thickness of the active layer varies depending on
environmental conditions of each permafrost site. The active layer is shown in Figure 2-1

(CRREL, 2010).

32°F

32°F

{Picgram is exaggerated) Unfrozen
Ground

Figure 2-1 Permafrost ground regime (CRREL, 2010)

2.2.2 Northern Alaska Permafrost Conditions

Alaska's land mass consists of 80 percent permafrost, with 32 percent of that continuous
(Jorgenson et al., 2008). The continuous permafrost in Alaska generally begins north of
the Brooks Range (CRREL, 2010). The depth of permafrost on the North Slope of Alaska
is normally between 200-400 meters (Jorgenson et al., 2008). A large amount of ground
ice is found in the northern coastal areas of Alaska. Black (1984) found that 25-60
percent of the weight of soil was from different types of ice. His study was conducted at
McLeod Point, Alaska. Exposed ice was studied on the coastal bluff on Barter Island,

showing large amounts of ice as thick as 6-7 meters. These ice masses were just below



the active layer to a depth of 8 meters (Kanevskiy et al., 2008; Jorgenson and Shur,
2008). There has been permafrost warming in Alaska north of the Brooks Range since the
1970's. The magnitude for the Arctic Coastal Plains has been 3-4°C (Osterkamp, 2005,
Romanovsky, 2006; Osterkamp and Jorgenson, 2006; Osterkamp, 2008, Brown 2008).
The warming of permafrost on Barter Island has been studied by Osterkamp and
Jorgenson. Borehole temperatures were measured in 1985, 1998, and 2004, with the
results showing an increase in temperature as shown in Figure 2-2 (Osterkamp and

Jorgenson, 2006).
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Figure 2-2 Kaktovik borehole tempeatures (Osterkamp and Jorgenson, 2006)



2.2.3 Methods of Cooling Permafrost

There are a few different methods for artificially cooling permafrost. These include use of
two-phased closed thermosyphons, open thermosyphons, re-vegetation, and insulation.
The open thermosyphons are open on one end and use cold atmospheric air to cool the
permafrost. This method has proven effective when there is a sufficient forcing of air
throughout the volume of the open thermosyphon (Lock et al., 1989). Re-vegetation is
another method used to cool permafrost. This effect can be demonstrated by the varying
n-factor values for different surface materials. In 1978, Lunardini provided a table of
n-factors for several general surfaces which shows that the summer n-factors for gravel
and disturbed vegetation are almost six times as large as undisturbed vegetation
(Lunardini, 1978). With lower summer n-factors, the amount of heat transferred into the
ground during the summer months would be greatly reduced. From 1946 to 1972, the
U.S. Army Corps of Engineers conducted a study on the effects on permafrost when
vegetation was removed. After 26 years, the depth of the active layer for the area that was
undisturbed was 1 meter, 4.7 meters with trees and brush removed, and 6.7 meters with

surface vegetation removed (Linell, 1973).

2.2.4 Phase Change Material

The phase change of ice is a key factor in problems that deal with permafrost, due to its
large latent heat effects. There are very few exact analytic solutions for phase change
situations due to the nonlinearity of the energy balance equation. The first and still most
comprehensive solution is the Neumann's solution from the 1860's. The Neumann
solution was modified in 1889 by Stefan to provide a solution for the growth of polar ice
as shown in Equation (2.1) (Lunardini, 1981), where k. is the thermal conductivity of
ice, Tfsion 1s the phase change temperature of ice, 7, c 1 the temperature of the surface,
L, 1s the volumetric latent heat of water, and X is the thaw depth.

X = \/ A
I 2.1)




The major limitation with the Stefan solution is that it only takes into account the latent
heat effects occurring at the phase change boundary. This assumption is fairly accurate
when the latent heat effects are much larger than the sensible heat effects. The Neumann
solution was modified again by Berggren for use in soil phase change problems, i.e.
freezing and thawing of permafrost. Berggren's equation was then modified by Aldrich in
1953 to create an equation for freezing of permafrost as shown in Equation (2.2)
(Aldrich, 1956), where m,n., 1s the winter surface n-factor, /7 is the air freezing index, A
is a function determined from the Neumann solution, and R is the net thermal resistance

above the freezing layer.

2 2
winterF[/l_ :RX+ X
LV 2kice (22)

These analytic methods discussed above are of limited use in this investigation due to
both the complex geometry of an ice cellar, and the seasonally varying ground surface
temperatures. However, they can be used to verify that the finite element model is
behaving properly under a simplified geometry before further investigations are
undertaken.

There are two main methods of modeling latent heat effects in a finite element model.
These methods are the apparent heat capacity method, and the moving phase boundary.
The apparent heat capacity method adds latent heat into sensible heat over a small finite
temperature range (Zhu and Michalowski, 2004). The moving phase boundary associates
the latent heat effects on boundary elements of the freezing front (Goodrich, 1982;
Adjerid and Flaherty, 1986; Beckett et al., 2001; Cao et all.,, 1999; Mackenzie and
Robertson, 2000). Goodrich explains both of these methods in detail, and describes these
techniques in a 1-D finite element model. He explains that the moving boundary
technique leads to a more accurate solution and takes less computing power, but can be

difficult to implement. Both the moving mesh and apparent heat capacity methods require



their time step to be sufficiently small in order to avoid skipping over the latent heat

effects (Goodrich, 1978).
2.3 Thermosyphons

2.3.1 Basics of Thermosyphons

The two-phase thermosyphon is a passive heat transfer device that uses gravity to move
the working fluid (e.g. CO;). Thermosyphons have three general sections. When oriented
in the gravity-assisted vertical position, these sections are, listed from top to bottom, the

condenser, adiabatic region, and evaporator, as shown in Figure 2-3.

!

Energy <+—— (Condenser

Output <«

<+— Adiabatic

Energy

—>
Inout <+— Evaporator
p —

Figure 2-3 Diagram of a two-phase closed thermosyphon

Thermosyphons are only active while the condenser is colder than the evaporator, which
occurs during the winter. While the thermosyphon is active, the working fluid in the
evaporator boils near the bottom, creating vapor that rises into the condenser section by
buoyancy forces. The vapor then condenses on the wall of the condenser, releasing the
latent heat of vaporization. The liquid then flows back into the evaporator via gravity
forces. The adiabatic section has little or no heat transfer in or out of the wall. Instead, it

simply provides a conduit that allows the vapor and fluid to flow between the condenser



and evaporator. When the condenser is warmer than the evaporator, the vapors do not
condense in the condenser, so there is no heat transfer between the condenser and
evaporator.

Thermosyphons have been extensively investigated for improving permafrost stability
and the fluid transfer inside of the thermosyphon. This overview will cover the use of
thermosyphons for permafrost cooling and will not attempt to describe the detailed heat

and mass transfer workings of the thermosyphon interior.

2.4 History of Thermosyphons

The use of two-phase heat pipes was adapted for permafrost cooling during the 1960's.
When used in permafrost they are commonly referred to as thermosyphons (Long, 1963).
One of the most notable installations of thermosyphons is along the Trans-Alaska
Pipeline System (TAPS). The vertically orientated units transfer heat from the permafrost
into the air during the winter and then effectively shut off automatically during the
summer. The thermosyphons along the TAPS increase the stability of the permafrost by
removing heat and preventing any additional thaw around the support. The use of
thermosyphons for road and foundation stability has been more extensively investigated,
while the use of thermosyphons to cool the ground for food storage is somewhat less

understood.

2.4.1 Lab and Test Sites

The performance of thermosyphons has been tested in labs and test sites since the early
1960's. The first notable installation of a thermosyphon was the Aurora site in Alaska,
which was headed by the US Corps of Engineering (Long, 1963). This study showed an
increased stability under the foundation. Bayley and Lock (1965) tested the performance
of thermosyphons with water and ethylene glycol in the lab. In 1972, Long did testing on
thermosyphons with rings and blades on the buried evaporator section, which were able
to be placed at a shallower depth without frost jacking (Long, 1973). In 1988, Zarling and
Haynes conducted a laboratory test on inclined thermosyphons. The test was done with

the evaporator in an oil bath and the condenser in a wind tunnel. The heat flux was
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determined with different wind speeds and inclinations of the evaporator (Zarling and
Haynes, 1988). Zarling and Haynes continued their lab studies with a thermosyphon
consisting of a 37 meter long evaporator section, and checked the effectiveness for
preventing permafrost thawing with a finite element technique (Haynes et al., 1992). The
Thomson Drive project at the University of Alaska, Fairbanks (UAF) was another study
completed on permafrost thawing prevention. Using hairpin thermosyphons buried
beneath the roadway with insulation between the condenser and evaporator sections, the
project was completed during the summer of 2005. The hairpin thermosyphons have
operated effectively according to temperature monitoring for the first 3 years, and are
expected to continue to prevent thaw settlement (Xu and Goering, 2008). Xu and Goering
also noted that the evaporator and condenser sections tend to have a similar temperature
during the winter but not during the summer. Another study similar to the Thomson
Drive project was conducted on Chena Hot Springs road in Fairbanks, Alaska. This study
provided 11 years of temperature data. The study shows a decrease of up to 3°C in the
permafrost under the road, which reduces or eliminates thaw settlement (Wagner et al.,
2010). In recent years, multiple studies on ways to provide stability to road and railways
crossing permafrost have also been completed in China. A recent study by Zhang on the
Chaidaer-Muli Railway showed an increased in stability and decrease in permafrost

temperatures at a test section where thermosyphons were installed (Zhang et al., 2011).

2.4.2 Finite Element Modeling

Many modeling studies of the performance of thermosyphons have been done by looking
at the physics inside a two-phase closed thermosyphon. One recent study of the
performance inside a thermosyphon was done by Xu (2008). This study includes a very
detailed literature review of the physics of thermosyphons (Xu and Goering, 2008). The
actual physics of the thermosyphon are not pertinent to this research project because the
thermal energy transfer via thermosyphons is several times larger than the thermal
conductivity of the surrounding permafrost. This fortunately leads to a somewhat

simplified model.
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Finite element modeling of thermosyphons has been used to determine the stability of
permafrost for slab on grade buildings, pipelines, etc. Zarling and Haynes used 2-D finite
element modeling to determine the maximum depth of thaw under a slab with
thermosyphons underneath. The study used different numbers of thermosyphons and
insulation configurations (Zarling and Haynes, 1988). The model used the Galerkin
weighted residual technique for the transient two-dimensional heat conduction analysis,
and the Dirac delta function to include latent heat effects. A study in 2005 done by Zhi
looked at the effects of thermosyphons for railway stability in China using a 3-D finite
element model. The method used to model the thermosyphon was a fixed heat flux of 30
W/m?*K. The thermal resistance of the thermosyphon was not taken into account in the
computation because its overall heat transfer coefficient of the thermosyphon is several
orders higher than that of soil (Zhi et al., 2005). The results of this study show that
thermosyphons cannot prevent permafrost under the embankment from thawing due to
the forecasted effects of global warming that they modeled. Xu has reported on an
extensive amount of modeling experience with permafrost thaw protection. One notable
study was a 3-D finite element model using Abaqus® for a hot pipeline in permafrost. An
anisotropic conduction model of the thermosyphon was implemented to simplify the

process within the thermosyphon (Xu et al., 2011).
2.5 Sub-Surface Insulation

2.5.1 Basics of Insulation for Permafrost Preservation

The use of sub-surface insulation provides the permafrost with a decrease in the
amplitude of the ground temperatures by preventing heat flow in during the summer, and
out during the winter. This is ideal for use with an ice cellar due to the fact that winter
temperatures are already low enough, while the summer temperatures are higher than
desired. The use of insulation, both alone and in conjunction with thermosyphons, has

been studied previously to provide stable roads and foundations in permafrost areas.
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2.5.2 Lab and Test Sites

There have been many tests done with insulation under roadways, railways, and
foundations. In 1973, Esch studied the effects of adding insulation under a road in
Alaska, using varying thicknesses of extruded foam insulation. The settlement of the road
surface where the 2 and 4 inch-thick pieces of insulation were placed was 0.52 and 0.36
inches, respectively. The uninsulated area had a settlement of 1.5 to 8.3 inches. The thaw

depth also decreased with the insulation, as shown in Table 2-1 (Esch, 1972).

Table 2-1 Thaw depth for different insulation configurations (Esch, 1972)

Thaw Depth (Inches)
Uninsulated 24
2" Expanded Foam Insulation 8
4" Expanded Foam Insulation 4

In 1984, Esch noted that with insulation placed at a depth of 3.2 meters, the ground had
greater thaw-related settlement compared to when the insulation was placed at a depth of
1.2 meters (Esch, 1984). Johnston (1984) noted that 90 millimeters of insulation was
optimum, while 50 millimeters was not enough to control frost settlement on a roadway
near Inuvik, Canada. Saarelainen (1993) monitored a repaired a road using insulation
with a thickness of 100 millimeters. Thaw settlement still occurred after the insulation
was installed, but at a lower rate. The uses of hairpin thermosyphons with insulation have
been studied along Chena Hot Springs Road and Thomson Drive in Fairbanks, Alaska.
The results on both studies showed a decrease in permafrost temperatures (Wagner et al

2010; Xu and Goering, 2008).

2.5.3 Analytical and Modeling Solutions

The modified Berggren equation can be used to determine the maximum depth of thaw
with a two part solution. First calculating the thawing degree days to release the latent
heat above the insulation, and then using the remaining thawing degree days for thaw
below the insulation (Zarling and Nelson, 2010). Finite element models are also used to

determine the ground temperatures for road and slab stability. Haynes and Zarling used a
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2-D finite element model with thermosyphons and insulation placed below a foundation
slab. As the number of thermosyphons and thickness of the insulation increased, the thaw
depth decreased (Zarling and Haynes, 1988). Zhi used a 3-D finite element model with
two-phase thermosyphons and insulation to increase stability in permafrost. The
insulation was placed at a depth of 0.5 meters with a thickness of 10 centimeters. The
study was aimed at determining whether or not permafrost stability could be maintained
with forecasted global warming. Although the permafrost cooled, the stability of the

embankment could not be guaranteed for the 50 years of service (Zhi et al., 2005).
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Chapter 3 Method of Modeling and Verification

3.1 Introduction

The purpose of this chapter is to present the methods used to create the finite element
model using COMSOL Multiphysics®. The models were built in Comsol version 4.1
using the general heat transfer physics module. The model were then verified by
comparing the results of the model to exact solutions (e.g. Stephan solution) or collected
field data before revising the model to the more complex geometry of a permafrost ice

cellar.
3.2 Methods

3.2.1 Volume Fraction of Water and Ice
The phase change of water was modeled as occurring over a small but finite temperature
range. The volume fraction of water and ice changes over this range as well. The volume
fractions can be determined by using a smoothed Heaviside function. This function is
shown in equations (3.1) and (3.2).

6

water
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AT)

(3.2)
3.2.2 Latent Heat Effects
The latent heat effects need to be taken into account for the freezing and thawing of
water. This was done by adding the latent heat of the water to the sensible heat over a
small, finite temperature range. The derivative of a smoothed Heaviside function was
used to add the latent heat to the sensible heat. Equation (3.3) shows the derivative of the
Heaviside function, and equations (3.4) and (3.5) show the sensible heat with the latent

effect additions.

Cop, fusion = ﬁH (T a Tf“Sion’AT) ‘ Lf (3.3)

Here Lris the latent heat of water per mass.
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e 18 (3.4)

p,water(fotal) — ¢ p,water D, fusion

cp,ice(total) = cp,ice + cp,fusion (3 5)

3.2.3 Sensible Heat

The sensible heat capacity of the ground was modeled with a volume average, as shown
in equation (3.6). A graph of the specific heat with the latent heat effects is shown in
Figure 3-1. Note that there is a sharp increase in apparent heat capacity at the freezing
point; the area under the curve is equal to the latent heat of fusion of ice.

&

p,total = Cp,silicaesilica + Cp,ice(total) ice + Cp,water(total) water

C
(3.6)
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Figure 3-1 Sensible heat of permafrost with the addition of latent heat effects
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3.2.4 Thermal Conductivity

Two different methods were used to determine the thermal conductivity of the ground.
The first method was using the correlation from Slusarchuk and Watson's paper, titled
"Thermal Conductivity of Some Ice Rich Permafrost Soils" (Slusarchuk and Watson,
1975). A smoothed Heaviside function was used over the transition temperature to
produce a curve with no sharp changes, as shown in Figure 3-2. The second method was
a volume average of thermal conductivity of ice, water and silica, as shown in equation
(3.7). This method showed a slightly lower thermal conductivity than the correlations
found by Slusarchuk and Watson. The volume average method is shown in Figure 3-3.
The volume average method was used for all subsequent models.

k =k. 6. +k 6 +k 6
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Figure 3-2 Thermal conductivity of permafrost from Slusarchuk's correlation
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Figure 3-3 Thermal conductivity of permafrost using the volume average method

3.2.5 Density
The density of the ground was determined by a volume average method as shown in
equation (3.8).
Peround = Bl Pl + Dot

(3.8)
3.2.6 Surface Temperature (n-Factors)
Surface n-factors are used to determine the surface soil temperature from air temperature.
These factors take into account snow cover and other surface effects (e.g. solar radiation).
The n-factors used in this study were taken from Lunardini's "Theory of n-Factors and
Correlation of Data" (Lunardini, 1978). Equations (3.9) and (3.10) show the formulas
used to determine the soil temperature from the air temperature.

7 >=27315k T.. =T -n (3.9)

air surface air thaw

7, <2735k T, =0, n,. (310)

surface
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3.2.7 Air-Ground Thermosyphons

The average temperature of the evaporator section of the thermosyphon was numerically
evaluated by integrating the temperature and dividing by the surface area, and will be
referred to as T.vap. A heat flux boundary condition on the thermosyphon was then
applied to the boundary of the evaporator section, as shown in equation (3.11). This
equation only allows the thermosyphon to be active while the air temperature is colder
than the average evaporator temperature.

qevap = _h ' maX(O 71evap o ,Tair)

2

(3.11)
The heat transfer coefficient (#) was determined by two different methods. The first was
from previous experimental studies done on the performance of thermosyphons, and the
second was from a simple heat fin energy-balance calculation. The results from the
experimental study are shown in Figure 3-4. Assuming there is a yearly average wind
velocity of 3 m/s, approximately 60 W/K of heat is removed from the ground. If this
value is divided by the total area of the evaporator section in the model (0.94 m?), the
heat transfer coefficient can be determined, as shown in equation (3.12). In this case, the
heat transfer coefficient is 64 W/(m*K). Equation (3.12) was also used to determine the
heat transfer coefficient of a fined pipe; the detail of which are shown in Appendix C . A
heat transfer coefficient of 121 W/(m*K) was found using this method.

__ 0
AT-4,, (3.12)
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Figure 3-4 Heat transfer conductance as a function of air velocity for a CO;

thermosyphon (Haynes and Zarling, 1988)

3.2.8 Ground-Ground Thermosyphons

The ground-ground thermosyphon model was created in a similar manner as the
air-ground thermosyphon. The average temperature was determined by integration of
either the evaporator or condenser sections, as described earlier. An overall heat transfer
coefficient (I/) was used to model the internal resistance of the thermosyphon. Negishi
found an overall heat transfer coefficient which ranged from 900 to 2,400 W/m*K,
depending on the working fluid and temperature difference (Negishi and Sawada, 1983).
A much smaller value of 20 W/m*K was initially chosen for the overall heat transfer
coefficient. This value is much smaller compared to the study done by Negishi (1983);
about 2% of total performance. Figure 4-5 shows the evaporator and condenser
temperatures over a year with overall heat transfer values of 20 and 200 W/m*K. When
the U value was increased ten-fold, the condenser temperature remained essentially the
same. The evaporator temperature varied by a maximum of 0.6°C with the increase in U.

This small change in temperature indicates that conduction through the permafrost is the
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limiting factor for these studies, and the value of 20 W/m*K should be sufficiently

accurate.

2 . .

0- == CondenserU-20
—Condenser U-200

| ——Evaporator U-20
—Evaporator U-200

Temperature ( C)

0 2 4 6 8 10 12
Time (Months)

Figure 3-5 Evaporator and condenser temperatures for different values of the overall heat

transfer coefficients

The size of the evaporator and condenser sections were assumed to be the same
throughout this study. Equations (3.13) and (3.14) show the evaporator and condenser

heat flux, respectively.

qevap = _U ) maX(O, 71evap - 71cona?)
(3.13)

qcond = U ' maX(O, 71evap - 7100nd)
(3.14)
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3.2.9 Model Symmetry

Model geometric symmetry was used to decrease the amount of computing power needed
to solve the finite element models. The models without thermosyphons were done in a
2-D, radially symmetric model. The addition of thermosyphons increased the geometric
complexity, which could only be taken into account by using a 3-D model. As shown in
Figure 3-6, if there are no thermosyphons, the model can be cut at any angle through the
center and the solution will be the same. With the addition of thermosyphons, the 3D
domain was cut into twice the number pieces as the number of thermosyphons, as shown
in Figure 3-6. For example, a 4-thermosyphon configuration cut the domain into 8 pieces.

The radially symmetric boundaries were modeled with no-flux conditions for periodicity.

Location of

Thermc@yphon

Figure 3-6 Model Symmetry
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3.3 Model Verification

3.3.1 Stefan Solution
Once the latent effects were added to the specific heat capacity, the model was verified
by simulating the freezing boundary progression due to a step change in surface
temperature. This was done using Stefan Solution shown in equation (3.15) and
comparing it to a simple 1-D numerical model.
v \/ 2o Cpn T
L (3.15)

The 1-D model was built using material properties of pure water. A step-change in
temperature was imposed to one end while the other end remained thermally insulated.
The model was then run for one year, after which the data was exported to Matlab to
determine the approximate depth to the freezing point at each time step (code shown in
Appendix A ). Initially, the numerical model skipped over the latent heat effects due to
the large time steps which are default for COMSOL. However, once the time steps were

manually limited to one day or smaller, this problem was corrected.
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Figure 3-7 Stefan's solution compared to COMSOL thaw depth over a year period
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The analytic Stefan solution showed a slightly larger freeze depth, but was very close to
the 1-D model, as shown in Figure 3-7. Stefan's solution does not take into account the
sensible heat loss required to cool the ice below the freezing point, while the COMSOL

model does. This is probably the reason for the small difference in the depth of freeze.

3.3.2 Two Dimensional Base-Case Ice Cellar Verification

The 2-D base-case ice cellar was created using the methods describe above. The average
cellar wall temperature was then compared to data collected by Kenji Yoshikawa from
the Rexford cellar located in Kaktovik (Yoshikawa, 2011). The temperature of the cellar
wall from COMSOL was very close when compared to the Rexford cellar. The largest
temperature difference between the two was approximately 2°C. Because the exact
physical properties of the soil at this location were not known, a few different values of
porosity and n-factor were tried. The best fit model had a porosity of 0.6 and n-factors of
1.3 for the summer and 0.65 for winter. Figure 3-8 shows the temperature of the cellar
wall over a year for the base model using n-factors, a model with no n-factors, and the

actual Rexford cellar temperatures.
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Figure 3-8 Average cellar wall temperature of different finite element models
compared to data collected from the Rexford ice cellar located in Kaktovik,

Alaska.



24

3.3.3 Three Dimensional Base Ice Cellar Verification

The 2-D base-case ice cellar then was compared to a 3-D cellar to verify that the model
was working correctly with the added dimension. The temperatures at coincident
locations in each model were almost the same between the 2-D and 3-D models. The 3-D

model ran about 0.1°C higher than the 2-D model, as shown in Figure 3-9 .

—3-D Model

Temperature ( C)

Time (Months)

Figure 3-9 Average cellar wall temperature of the 2-D and 3-D base model over a year

period
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Chapter 4 Results and Discussion

4.1 Introduction
The purpose of this chapter is to present the results that were found using the finite
element modeling technique for an ice cellar. The goal is to investigate the effects of

passive cooling methods to reduce the permafrost temperature surrounding the cellar.
4.2 Model Parameters

4.2.1 Basic Material Properties

The basic material properties were determined by using the volume average method that
is explained in the methods section. Table 4-1 shows the basic properties that were used
for the following models.

Table 4-1 Basic material propertics

Basic Properties (Cengel, 2007)
Water @ 273 K
Density 1000 | [kg/m’]
Thermal Conductivity | 0.569 | [W/(m'K)]
Specific Heat 4220 | [J/(kg'K)]
Latent Heat 333 [k)/kg]
Ice @ 273 K
Density 920 [kg/m’]
Thermal Conductivity | 1.88 [W/(m'K)]
Specific Heat 2040 | [J/(kg'K)]
Silica (Soil)
Density 2220 | [kg/m’]
Thermal Conductivity | 1.38 [W/(m'K)]
Specific Heat 745 [J/(kg'K)]
Insulation Expanded Polystyrene
Density 16 [kg/m’]
Thermal Conductivity | 0.04 [W/(m-K)]
Specific Heat 1200 | [J/(kg'K)]
Air @ 273 K and 1 atm
Density 1.292 | [kg/m’]
Thermal Conductivity | 0.0236 | [W/(m'K)]
Specific Heat 1006 | [J/(kg'K)]
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4.2.2 Constant Model Parameters
Some model parameters remained constant during the modeling process (see Table 4-2).

This allowed for a direct comparison between the results of different thermosyphon and

insulation configurations.

Table 4-2 Parameters that remained constant during the model processes

Summer n-Surface Factor 1.3
Winter n-Surface Factor 0.65
Volume Fraction of Water and Ice | 0.6
Heat Transfer Coefficient 20
Run Time (Years) 8

4.2 .3 Barter Island Climate Averages

The daily temperature averages from 1948 to 1988 as recorded at Barter Island Airstrip
were used to construct an average “typical” year of air temperature for use in the model.
Approximately 5% of this data set was missing, and linear interpolation was used to
estimate the missing data. The raw data are shown in Appendix D (Wendler, 2011). The
data were then curve fit using a non-linear least square technique to a sinusoidal curve, as
shown in Figure 4-1. This sinusoidal curve representing a typical year of air temperature

was used during the modeling process.
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Figure 4-1 Kaktovik, Alaska average daily temperature curve fit.











































































































































































