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ABSTRACT. IceCube, a cubic-kilometer neutrino detector, was built at the South Pole using a hot-
water drill system. Deep holes were drilled into the Antarctic ice sheet and filled with highly sensitive
optical instrumentation. For the hot-water drilling, a computer model was developed to predict the hole
sizes and hole lifetimes during construction. The goal was to predict ultimate size and freezeback rates
based on water flow rate and temperature, drill speed, ice temperature and ream parameters (for a
secondary operation where hot water continues to flow as the drill is withdrawn). This model proved to
be very successful. It increased confidence that the holes would remain open long enough after drilling
to allow the deployment of the necessary instrumentation. It also allowed for a decrease, over the
course of the project, in the amount of overdrilling that was used as a margin against a too-rapid freeze-

in. This resulted in significant fuel savings.
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INTRODUCTION

The IceCube project has built a ‘neutrino telescope’ at the
South Pole. It gathers information from neutrinos, abundant
subatomic particles that stream from astrophysical sources
and travel unimpeded through the Earth to the South Pole.
This detector consists of 5160 optical sensors attached to 86
cables, or strings, oriented vertically in the ice cap. The
strings are 2400 m long, so their deployment required drilling
86 holes, each slightly over 2400m deep. The holes are
situated in a grid and spaced 125 m apart, yielding a distri-
bution of optical sensors in ~1 km? of ice. The large volume
of instrumented ice increases the sensitivity of the detector.

The holes were made with a hot-water ‘drill’ consisting of
an instrumented nozzle on the end of a continuous hose
~2500m in length (Benson and others, 2014). The drill
system is a closed-loop system consisting of >400 input/
output sensors. The drill melts its way through the ice as
80°C water is pumped through the nozzle (the water is
initially heated to a higher temperature but cools as it travels
through the hose). During drilling, cooled water, at 1-2°C, is
pumped out of the top of the hole and recycled through the
heaters. With water only pumped out at the top of the hole,
the hole remains full of water. After full depth is reached, a
string of 60 glass spheres, containing instrumentation, is
deployed into the water-filled hole. These spheres, or digital
optical modules (DOMEs), contain the instrumentation for the
experiment. Over the following week or so, the hole
completely freezes around the DOMs.

The drilling process consists of a drill phase (the drill
melts its way down through the ice) followed by a ream
phase (the drill is raised while the hot water continues to
flow). The ream enlarges the hole and also keeps warm
water in contact with the hole so that more heat is
conducted into the ice. The more heat that is absorbed in

the ice surrounding the hole, the longer it takes for the hole
to freeze shut. This was important as adequate time was
needed, after drilling the hole, to lower the 2400 m long
string of DOMs into the hole before it froze back too far.
Thus, the design requirement was a hole diameter sufficient
to accommodate a DOM, at ~36 cm, plus freezeback space.
The target determined for this project was to maintain a
diameter of >45 cm for ~1-1.5 days after drilling.

There were several challenges to this project. The holes
needed to be ~2500m deep and larger in diameter than
many previous hot-water-drilled holes. Also, the logistics of
getting people and equipment to the South Pole is
complicated. Finally, getting fuel to the Pole is expensive;
conserving this fuel was vital.

This last concern was the impetus for the work in this
paper. There is a trade-off between fuel conservation and the
risk of inadequately sized holes. To conserve fuel, it was
desirable to have a minimally sized hole, which would then
freeze back shortly after the string of DOMs was lowered into
place. However, if the hole was slightly too small, such thata
string of instruments became stuck part way down, not only
would the hole be lost, but the string of instruments would
potentially be lost as well. The cost of this loss, for even a
single hole, would be much greater than the cost of slightly
overdrilling all the holes. It became clear that it was critical
to have a good understanding of how the drilling parameters
(water temperature, flow rate and drill speed) related to the
size of the hole produced and to how quickly it froze shut.

The focus of this paper is a description of the heat transfer
calculations that affected drilling rates for the ‘Enhanced Hot
Water Drill’ of the IceCube project. The calculations are
discussed in terms specific to that project. However, the
equations and methods used are general and are applicable
to other ice holes drilled in this manner.
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OVERVIEW

This paper will look first at the simpler problem of melting
ice with a hot-water drill, neglecting heat that is lost through
conduction into the ice, then later examine a method of
including that heat in the calculations.

Parameters and variables

The physical properties of ice are assumed not to vary
significantly over the range of temperatures and pressures
involved in this work. The same is assumed for the physical
properties of water — except for viscosity and the Prandtl
number, which are strongly temperature-dependent. (The
Prandtl number is a dimensionless number that relates the
relative rates of momentum and heat diffusion in a flowing
fluid. It is important in calculating heat transfer from the
water to the ice.) The density of water varies somewhat with
temperature and pressure but not enough to significantly
affect the calculations; the value chosen is the density at
~60°C - the average of the density of the 88°C supply water
and the water density at 0°C.

The following lists give general and project-specific
parameters, with corresponding values, along with variables
that are used.

General parameters:

i Density of ice (917 kg m™)

pw  Density of water (982 kgm™)

Apner Ratio of specific volume of water to that of ice (0.93,
dimensionless)

G Specific heat of ice (1950) kg™ °C™")

cw  Specific heat of water (4170) kg™ °C™)

C Heat of fusion of ice (335000)kg™")

L Dynamic viscosity of water (function of temperature,
kgm™'s™)

kice  Thermal conductivity of ice (2.2Wm™°C™)

Too Far-field temperature of ice (function of depth, —-50°C
at the surface, warmer with increasing ice depth)

Project-specific parameters:

v Water flow rate through drill (1.262 x 102 m3s™!,
~200 gal min™")

reore  Outer radius of the hose and most of the drill body

(0.048 m)

Thermal conductivity of hose wall material

(0.26 Wm™'°C™', estimated from material properties

and checked with heat-loss measurements)

khose

Variables:

A Cross-sectional area of the flow region between the
hose and hole wall (m?)

Hydraulic diameter (m)

Radial position of a point in the ice (m)

Time (s)

Radius of hole (m)

Distance above drill tip (m)

Drill advance speed (ms™)

Convective heat transfer coefficient (W m™°C™)
Bulk water temperature in hole (°C)

Ice temperature (°C)

Q Heat rate (W)

©

<

=TS <®»

Ohose  Rate of heat transfer through hose (Wm™)
Re Reynolds number (dimensionless)
Pr Prandtl number (dimensionless)
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Tip ~ Temperature of water exiting drill tip (function of
depth due to immersion of hose in varying depth of
water in the hole)

VERTICAL HOLE TEMPERATURE PROFILE, HOLE
SHAPE AND DRILLING RATE — NEGLECTING HEAT
CONDUCTION INTO THE ICE

Ignoring heat conduction losses into the ice greatly
simplifies the calculations. Heat conduction losses can be
considered low at any point in the hole where most of the
injected heat resides in the water that fills the hole rather
than in the surrounding ice. Heat must, of course, conduct
into the ice to warm it from its initial subzero temperature to
the melting point, but when this occurs in a small zone near
the hole wall it is negligible.

For this case, a closed-form solution can be developed (in
terms of drill speed, water flow rate and water temperature)
for maximum diameter of the hole and water temperature as
a function of hole radius at a given depth. The derivation
that follows is similar to that given by Humphrey and
Echelmeyer (1990).

During drilling, the hole near the nozzle tip grows
quickly, and there is not enough time for significant heat to
be conducted into the ice before that ice is melted. In this
region, it is reasonable to ignore heat conduction losses into
the ice; the amount of heat that has warmed ice around the
hole above the far-field temperature is negligible.

It is also convenient to do the calculation ignoring heat
conduction into the ice as a check on the results of a more
complete analysis. The water temperature predicted by
these equations, for a set of conditions, is an upper bound.
Any calculation that includes heat losses to the ice should
predict a lower water temperature for a given radius hole
due to this lost energy.

Methods neglecting heat conduction into the ice are
completely inapplicable to freezeback calculations since
freezeback is entirely due to heat conduction into the ice.

Water temperature as a function of hole radius

An energy balance on a control volume attached to the drill
shows that the temperature of the water in the hole above
the tip is a function of the radius of the hole. This
temperature is designated T,,(R). It is important to note that
Tw(R) is not the water temperature as a function of distance
from the center of the hole but is, instead, the bulk water
temperature in the hole as a function of the size of the hole
at that point.

Consider a control volume that is attached to, and moves
with, the drill (Fig. 1). The upper surface of the control
volume is a horizontal circular area, the same diameter as
the hole, at some height where the hole has radius R. The
side of the volume is a vertical cylinder of radius R
extending downward from the horizontal disk. The bottom
is another disk, again of radius R, that closes the volume
below the drill where the ice is at the far-field temperature.
After the drill has been drilling for some time, it will reach a
‘steady state’” where the temperature and flow of the water
and the shape of the hole, in this control volume attached to
the drill, will not vary with time. In this steady-state
condition, the energy in the control volume remains
constant so that the sum of the energy streams entering
and leaving is zero. There are three terms in this sum (J sh:
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1. The heat input rate from water entering through hose,
relative to 0°C:

pr Cw Ttip .

2 . The heat exit rate from water leaving the volume through
the top surface at radius R:

—( V 4+ Amehsz V) pwCw Tw-

If the drill were not advancing (e.g. if the water turned
cold and the ice stopped melting), the flow-rate part of
this term, in parentheses, would simply be V. But, since
the ice and the enclosed water are moving upward
relative to the control volume, the volume swept by the
circle of radius R must be included. The A, factor
accounts for the reduction in volume of ice as it melts to
water.

3. The rate of heat absorption by warming and melting ice:
—7TR2Vpi(Cf — CiToo)-
As the control volume advances downward, ice crosses
the bottom of the volume at the far-field temperature at a
volume rate of 7R?v. Since we are using 0°C water as our
reference temperature for heat content, this ice is
entering with ‘negative’ heat content. If the heat entering
through the hose is greater than this ‘negative heat’
entering as cold ice, then, when they combine and the
ice melts, the resulting water is left with some energy (i.e.

a temperature greater than 0°C) that flows up through the
top of the control volume (the second term above).

Summing these three terms, setting that sum equal to zero
and solving for T,, gives

1 : (cr — ciTa
Twz.i{rﬁpv_wk%(wﬂ. (1)
V + ApemR2v PwCw

Equation (1) gives the temperature of the water as a function
of the radius of the hole (R) at points above the drill tip. This
shows that (for a given drilling speed, water flow rate,
nozzle temperature and far-field ice temperature) the hole
radius determines the temperature of the water in the hole.
An inverse relation is expected: the bigger the hole, the
colder the water.
Solving this for R gives

) 12
V(Typ —
R = (Tip — T : 2)
WV(TWAmelt + (7;)‘(3;2“@)))

The hole will approach its maximum radius up the hole as
the temperature of the water approaches 0°C. Setting T,,=0
in Eqn (2) and simplifying gives

\./T 1/2
ipPwCw

R _ | ltpPwEw 3
max |:7TVpi(Cf — Cj Too) ( )

Equation (3) shows that (for a given water flow rate, nozzle
temperature and far-field ice temperature) the maximum
size to which the hole opens is a function of the drill speed.
The faster the drill advances, the smaller the maximum hole
diameter. This is logical; the faster the drill advances, the
less heat is deposited in each meter of depth.

Again, this ignores losses from heat conduction into the
ice. For a large hole, it can take up to a few hundred meters
for the hole to reach its maximum diameter — in such a case,
the assumption of no heat conduction into the ice yields

Fig. 1. An idealized drawing of the tip region of the drill during
drilling.

inaccurate results. The maximum hole diameter would
actually be smaller because of heat lost into the ice.

Note: The assumption that the water temperature is
uniform across the hole is an appropriate assumption only if
the flow is turbulent rather than laminar. The degree of
turbulence is characterized by the Reynolds number
(Re = VDypw/(Ap), where U is the average water speed,
Dy, is the hydraulic diameter of the hole, p is the water
density and p is the dynamic viscosity of the water). With
typical lceCube project parameters, Re is approximately
92 000 at a diameter of 0.15m and 13 000 at 0.6 m. This is
well into the turbulent range; anything above ~2000-4000
is considered to be turbulent flow in pipes.

Hole shape

The previous calculations give the maximum diameter of the
hole but no indication of the time required for the hole to
reach that diameter or of how quickly it opens up in the first
tens of meters above the tip. The diameter, as a function of
distance above the tip, was important for the IceCube
project because the hot-water drill had an instrument
package housed in a drill body ~15m above the nozzle.
The drill speed was limited by the requirement that the hole
diameter be greater than the instrument package diameter a
minimal distance of 15m above the nozzle (a slower drill
speed gives a larger hole).

Two equations can be written for the rate of heat that
goes into ice melting. The first (Eqn (4)) calculates the heat
rate required to enlarge a hole by AR based on drilling rate
and ice temperature. The second (Eqn (5)) expresses the heat
transfer rate into the ice as a function of the temperature of
the water and the thermal boundary layer at the ice wall.

For the first equation, consider a section of the hole over
which the radius increases by AR (see Fig. 2). As the ice
moves upwards past the drill, at a speed of v, the rate at

Downloaded from https://www.cambridge.org/core. 02 Oct 2021 at 21:07:50, subject to the Cambridge Core terms of use.


https://www.cambridge.org/core

118

Slope = AR/AY

AY

AR

Fig. 2. The basic variables for hole shape equations.

which water heat melts ice in this section is
AQice = 27RAR)Vp;i(¢; — CiTs). (4)
The second equation is from convective heat transfer at the
wall:
AQice
AY
Note that T, is the temperature difference between the
water and wall because the temperature at the wall is 0°C.
Combining Eqns (4) and (5) gives
Y pilci—cT
d_ — p.(Cf Ci ) . (6)
dR Twh
For flow in a tube, h is given by an empirical equation
(Holman, 1976):

= 27RT, h. (5)

k
h= D—h0.023ReO‘8PrO'3, (7)

Table 1. Height in the hole as a function of hole radius

Radius Height above nozzle
m m
0.06* 0.0
0.075 0.4
0.1 2.1
0.15 12.3
0.1572 15.0
0.2 44.7
0.25 154.2
0.3 1700.0
0.301 Rmax

*The starting condition is R=0.06 m at the nozzle tip.
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Fig. 3. Height above tip as a function of hole radius.

where k is the thermal conductivity of the fluid, Dy, is the
hydraulic diameter, Re is the Reynolds number and Pr is the
Prandtl number. The parameter k is roughly constant
between 0°C and 100°C (with a value of 0.655Wm™' °C™"
at 60°C). For an annulus, Dy, is 2 m (outer radius minus inner
radius). The viscosity, 11, part of the Reynolds number, and Pr
are temperature-dependent. Over the temperature range of
interest, they can be approximated by

1

- 11
=277, 1500 K8M ) (8)

I

and

1
"~ 0.00493T,, + 0.055

Both of these are functions of T,,, and because T, is known as
a function of R, both of these are also functions of R. This
means that everything in Eqn (7) can be expressed in terms of
R, so that we have h as a function of R. Thus, Eqn (6) takes the
form

Pr (dimensionless). (9)

dy o pi(Cf — CiToc)V
dR ™ Ty(R)h(R)

and can be integrated, numerically, to give Y as a function of
R (Fig. 3). Note that this plot shows the actual profile of the
hole (with the horizontal dimension greatly expanded
relative to the vertical dimension).

Table 1 lists some radius and corresponding height values
for the following parameters:

= F(R) (10)

water volume rate: 1.26 x 102 m>s™" (200 gal min")

water temperature at drill tip: 80°C

drill advance speed: 2.25 m min™'

far-field ice temperature: (-50°C, surface ice at South
Pole)

The values close to the final hole radius should be regarded
with some suspicion since they are in the region where the
temperature difference between water and ice has become
so small that the hole diameter is growing very slowly. Small
changes in hole radius translate to large differences in the Y
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Table 2. Water temperature as a function of hole radius (tip
temperature 80°C)

Radius Temperature
m °C
0.06* 74.5
0.075 71.5
0.1 65.5
0.15 50.3
0.1572 47.9
0.2 33.1
0.25 16.0
0.3 0.2
0.301 0.0

*The starting condition is R=0.06 m at the nozzle tip.

values. Also, in this part of the hole, heat losses into the ice
start to become significant, so that the actual radius will be
smaller than predicted at a given height.

This analysis ignores the area ahead of the drill tip where
the hot water jet is starting to create the hole into the ice.
Instead, a hole diameter of 0.06 m is assumed at the tip. The
accuracy of this assumption is not critical. An error in the
assumed value shifts the calculated hole profile up or down
by an amount equal to the distance from the drill tip to the
point where the hole is actually 0.06 m. The hole opens up
very quickly near the bottom, therefore the upshift or
downshift is small (probably <1 m).

If the same R values from above are substituted into Eqn
(1), the temperatures (T,,) are as shown in Table 2. At a
height of 15 m above the tip (the approximate height of the
instrument package), the radius is ~0.157 m. The tempera-
ture at this height is predicted to be ~48°C.

Note that this example calculation uses the ice and water
conditions at the South Pole surface. All detailed calcula-
tions were actually done using the method described in the
next section.

HOLE SHAPE AND DRILLING RATE - INCLUDING
HEAT CONDUCTION INTO THE ICE

Including heat conduction losses in these calculations
introduces complications. Closed-form calculations are
possible for temperature and heat movement in the water-
filled hole, given some reasonable approximations and
simplifications. The situation is different for the ice
surrounding the hole. Heat conduction into the ice, and
the resulting temperature distribution, are governed by a
partial differential equation. The combination of cylindrical
geometry, an infinite solid surrounding the hole (so no
steady-state solution) and a moving inner boundary (as ice
melts or refreezes) makes solving this differential equation
quite difficult.

The approach taken in this investigation was to use
explicit equations in the water and a finite-difference
approach in the surrounding ice. The two regions are linked
by the constant 0°C temperature of the hole wall.

Assumptions

1. The goal in drilling was to produce a hole specified as a
certain diameter reached at a certain number of hours

119

Table 3. Ice temperature with depth at South Pole

Depth Temperature
m °C
250 -50
750 -48
1250 —-44
1750 -36
2250 -25

after the end of drilling. Too small a hole would run the
risk of not having enough time to complete deployment
of the optical modules. Too large a hole would waste
expensive energy. The original goal for IceCube was a
45 cm diameter hole 37 hours after drilling was finished,
though shorter lifetimes were targeted later.

2. The temperature distribution as a function of depth, at
the South Pole, was measured during the Antarctic Muon
and Neutrino Detector Array (AMANDA) project (Ice-
Cube’s predecessor and proof of concept). These
temperatures (at a range of depths) are shown in Table 3
and are the basis of a curve-fit equation giving ice
temperature as a function of depth.

3. The pump/heater/drill system was designed to deliver
1.26 x 102 m’s™' (200 gal min™') of water. The tempera-
ture of this water, at the source, was ~88°C. The water
temperature drops to ~80°C as water travels through the
piping on the surface to the top of the hole. It loses
additional heat (through the hose into the surrounding
water) as it travels through submerged hose. With the
hose used in this project (English, inner dimension 2.5 in
(6.35cm), outer dimension 3.75in (9.53 cm), made of
rubber with an average conductivity of 0.26 Wm™' °C™),
the water temperature dropped from ~80°C when drilling
near the surface to ~66°C when 2500 m below surface.

Working with the steady-state analysis

The heart of this approach is, again, the ‘steady-state’
control volume as presented in the previous section. In this
steady state, one can calculate the rate at which heat flows
from the water into the water—ice interface and the rate at
which it flows from the interface into the colder ice.

a. From the heat flow rate out of the water, the rate of
change of water temperature can be found.

b. The radial temperature profile in the ice determines the
heat flow rate into the ice. From the heat flow into the
ice, the rate of change of the temperature profile can be
calculated.

c. The difference between the heat-flow rates into and out
of the interface gives the rate of ice melting or ice
forming at the interface. This gives the time rate of
change of the hole radius.

Some of these derivatives are initially found with respect to
Y, the height above the drill tip. These can be converted to
derivatives with respect to time since AY and At are related
by AY/At=v, the drill advance speed. (The changes in T,,
and R at a distance AY higher in the hole in the drill-tip fixed
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Fig. 4. The control volume used to derive the dT/dt equation.

Slope = dR/dY

/

_ e

coordinate system are the same as the values that would be
seen at a fixed depth in the ice at a time At later.) In this way
the calculation is turned into a calculation of the evolution
of the hole at a fixed depth in the ice.

This process can be applied throughout the drilling,
reaming and freezeback phases of the hole. Since the
temperature of the ice is not actually constant with changing
depth, the total depth can be divided into sections and the
above calculation performed at the center of each section.
The results from each of the sections can then be placed
together to give a time history of the hole, and the ice
surrounding the hole, out to a radius that is close to the far-
field temperature.

In the case of the IceCube project, the hole was usually
treated as 25 sections, each 100 m deep. The ice tempera-
ture variation within one section did not affect the
calculation results significantly.

The water

Consider some height above the tip where the radius of the
hole is R and the bulk temperature of the water is T, (Fig. 4).
The velocity of the water up the hole gives the Reynolds
number of the flow and, in turn, the convective heat transfer
coefficient, h, from Eqn (7). (Equation (7) is intended
specifically for this situation with the bulk temperature of
a fluid in tube flow.)

The interface, the actual wall of the hole, stays at 0°C (our
reference temperature for heat content). The heat rate into
this interface, per meter of hole depth, is

Q = 27RAT,,. (11)
This heat into the interface can be thought of as being split
into two destinations: some of it is conducted into the ice at
a rate determined by the thermal conductivity of the ice and
the temperature gradient in its surface; the rest melts ice and
enlarges the hole. This heat rate that goes into melting
determines how fast the radius of the hole is increasing, and
is given by

d_R _ Qmelting
dt N 27TRpin,

(12)

where Qmemngis the rate (W m™" of hole depth) at which heat
goes into melting ice. Note that at some stages of the drilling
process the heat drawn off by the temperature gradient in
the ice is larger than that being transmitted into the interface
from the water. Then Qmemng is negative, and, instead of
melting, we get refreezing of the hole.
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The individual terms of an energy balance for a small dY
of the hole are:

1. the heat flow in, by water (the volume flow rate of water
into the control volume multiplied by its density, specific
heat and temperature):

Qin = [V + Ame[tV’/TRZ] PwCw Tw, (1 3)

N

the heat flow out, by water (the volume flow rate of
water out of the control volume multiplied by its density,
specific heat and temperature):

Qout = [V + Apev(R + dR)? | puc(T + T, (14)

3. the heat rate, per meter of hose, conducted in from the
warm hose:

erom hose = Qhosedyr (1 5)
4. the heat rate into the interface, as described above:
Qinterface = 27RhT,dY. (1 6)

These terms are summed and set equal to zero. Simplifying
and rearranging gives an expression for d7,/dY. However,
the hole conditions at a distance AY above the depth of
interest in our hole are identical to the conditions at the
depth an appropriate At later. So, without violating the
steady-state assumptions we can find the evolution of the
hole at a fixed depth with the substitutions

dr, 1dT,
v (17)
and
dR 1dR
Vo vdr (18)
This gives
dﬂ o Qhose - 27TRTw[h + AmeltPwCw dR/dt] (1 9)
dr [V + AmenVaR2] (pwCw /V) '

An initial hole radius, Ry, is assumed, and the corresponding
initial water temperature, T, is calculated from Eqn (1).
Note that T,yo will be less than Ty, as heat has already been
expended to open the hole to Ry. The rate of change of the
hole size and of the hole water temperature are calculated
from Eqns (12) and (19), and then the new radius and
temperature found for a small subsequent At. This process is
iterated to predict the development of the hole.

The accuracy of the value that is assumed for the initial
hole radius (at tip level) is not very important. As before, an
error here only shifts the vertical position of the entire hole
up or down relative to the drill. The hole radius is changing
very fast in this region so the shift will be small.

The ice

As mentioned above, the heat that goes into melting ice at
the hole wall is the difference between the heat that goes into
that interface (Eqn 11) and the heat that is conducted into the
ice. The heat conducted into the ice depends on the thermal
conductivity, k, of the ice and the temperature gradient in the
ice immediately adjacent to the wall. To determine this
temperature gradient, the temperature profile in the ice is
calculated and stepped forward along with the water
temperature and the hole radius. The initial temperature
profile is assumed to be 0°C at the hole surface (Rjnitia1) and
T everywhere else.

Downloaded from https://www.cambridge.org/core. 02 Oct 2021 at 21:07:50, subject to the Cambridge Core terms of use.


https://www.cambridge.org/core

Greenler and others: Hole size and lifetime in hot-water ice drilling

The governing equation for the change of temperature in
the ice is

o 10T _ 1071
o rdr adt’

This equation was solved in MATLAB® with a standard
finite-difference method based on the temperature along a
row of points extending outward from the hole wall. This
temperature profile is integrated forward each At using a
modified Euler method of integration that is second-order
accurate (the standard Euler method is first-order accurate).

At each time step, the change in radius is calculated from
the amount of heat that goes into melting. After this new
hole radius is found, the grid is shifted so that the innermost
point of the grid stays at the hole wall. The temperature of
the point at the wall is set to zero and the temperatures of
the remaining points are interpolated from the temperatures
of the unshifted grid.

If the temperature profile is known, then so is the tem-
perature gradient (d7/dr) in the ice at the hole wall. This gives
the rate of heat conduction into the ice. As the ice at the hole
wall melts, the 0°C hole wall is pushed out into the colder
ice, creating steep temperature gradients. (Physically, these
steep temperature gradients are necessary to get the heat into
the <0°C ice to warm it to 0°C before melting. The faster the
melting boundary advances, in cold ice, the steeper these
gradients need to be to get enough heat into the ice.) Steep
temperature gradients such as these are sensitive to numer-
ical error and so require a fine mesh for accurate values at the
advancing wall. Since the numerical value of the gradient at
the wall is a very important number, it is crucial to use an
adequately fine grid and time step. In this case, adequate
fineness was determined by refining the grid and time step
until the results showed little change with further refinement.
In the parts of drilling where the hole size is changing slowly
or when the hole is refreezing, this situation does not exist,
and a coarser physical grid and time step may be used.

(20)

Reaming

The method just discussed works well for the downward
phase of drilling. However, a modified approach is needed
when modeling the ream phase of the operation. During
reaming, the drill travels up, leaving hot water in the hole.
Since the water in the hole is not moving after the drill
passes by, heat transfer is driven by conduction and natural
convection, making it impossible to calculate the heat
transfer into the ice in the same way as was done during
drilling. Fortunately, we are not as concerned with the
evolution of the hole shape during the ream; we just want to
know the ultimate increase in radius due to the ream.

The method used relies on the fact that, if you know the
rate at which the nozzle is delivering heat and the rate at
which the drill is being raised, you know the amount of heat
delivered per meter of hole during the ream. The heat
delivered Jm™) is a simple function of the drill speed and
the water flow rate and temperature.

The approach taken was to assume that the heat went
from the water into the interface during a fixed interval of
time after the upward passing of the drill nozzle. The heat
delivered to the wall was then divided as before, where
some was conducted away into the ice (based on d7/dr) and
the difference was used to calculate melting or refreezing.
To make the calculation more realistic, the heat deposited
by the drill during reaming is delivered to the wall in a
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decreasing exponential fashion. This is similar to assuming a
fixed heat-transfer coefficient.

The time over which it is assumed that the heat transfers
into the wall is an estimate. However, trials showed that the
final hole size and freezeback rate were very insensitive to
this estimated length of time.

Freezeback

Freezeback is not a distinct mode in these calculations. If the
heat being conducted from the water into the water—ice
interface is greater than the heat being drawn off by the ice,
melting occurs and the hole grows. If heat is being drawn
from the water—ice interface faster than it is being replaced
by heat from the water, then freezing occurs. The hole can
transition from growing to freezing without a change in
method of calculation.

RESULTS
Drill speed and elapsed time

Since the drill equations are derived assuming constant
properties, the hole is divided, depth-wise, into sections
small enough that the depth-linked variables (ice tempera-
ture and drill-tip water temperature) can be taken to be
approximately constant over those sections. The values used
are those calculated at the depth of the middle of the section.
The described method is then used to analyze the develop-
ment of the hole at the middle of each of these sections.

Drill-tip temperature is approximately a decaying ex-
ponential with depth since most of the surrounding water is
at 0°C and heat loss from the water in the hose at any point
is proportional to its temperature.

To determine the time between drilling and reaming for a
section (this dwell time affects the reaming), the drill and
ream speeds used in the sections below this point are
needed. Therefore, the calculation starts with the lowest
section, and the drill and ream speeds that gave a hole of the
desired diameter in that section are found. Then the second
lowest section can be analyzed since the time taken to travel
down and back up through the lowest section is known. This
process is repeated, moving higher one section at a time,
until the top of the hole is reached and all sections have
been analyzed.

There is a trade-off between drilling and reaming; slower
drilling (bigger hole during drilling) means less reaming
needed and vice versa. It was found convenient to pick ream
speeds in advance and then adjust the drill speed in each
section to yield the target diameter within the target time.
This makes it possible to calculate when drilling and
reaming will be finished, which allows for determining the
lifetime of each section of hole after that point.

A typical plot compiled from the raw model output data
is shown in Figure 5. Each trace shows the evolution of the
hole over time at a different depth. (The trace at 1650 m is
darkened in this plot as an example.) The example trace
shows that the drill reaches 1650 m about 15 hours into the
drilling operation and that the hole initially opens up quite
quickly. It stops expanding and starts to freeze back while
the drill tip is lower; then, during reaming, it opens up
further. After reaming, it reaches its maximum size and then
starts its final freezeback. The freezeback rate can be seen to
be faster in the shallow (colder) ice than in the deep
(warmer) ice. In this example a constant 4.5 m min~' ream
speed was used at all depths but the drill speeds were varied
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Fig. 5. Typical output from the model for a hole with a 30 hour lifetime (drill and ream speeds in mmin™'). Radius vs time at a range of

depths (with time increments of 1 hour).

in each section to give a lifetime, everywhere in the hole, of
30hours (i.e. all sections of the hole froze back to 45cm
diameter 30 hours after the end of reaming).

Once this process is finished and the drill and ream
speeds are found for each section, the total elapsed time for
the entire process of drilling and reaming a hole may be
found by summing the times for each section.

Energy consumption

The heat rate flowing down the hose comes from the
product of volume flow rate of water down through the
hose, density and specific heat, which is then multiplied by
the difference between the supply and return temperatures
of the water. This heat rate multiplied by the total elapsed
drilling and reaming time gives the total amount of heat

Diameter (m)

0 500 1000
Depth (m)

pumped down the hole. If an estimate can be made of the
amount of fuel required to produce this amount of heat
(given the characteristics of the heating plant), one can
calculate the fuel consumption for a hole.

Comparisons between predictions and logged holes

A few holes were measured (‘logged’) for comparison with
the model predictions. Figure 6 shows the measured vs the
calculated diameter of one of these logged holes. The two
lines labeled A show the measured and calculated diameter
during drilling. The smooth line is the predicted diameter—
depth profile and the jagged line is the measured profile
(measured with instrumentation on the drill body). The drill
body was 23 m above the tip, and the plot is calculated for
that location. The lines loop because they show the diameter

1500 2000 2500

Fig. 6. A comparison of predicted (smooth line) and measured (jagged line) hole sizes (diameter vs depth in hole 40): (A) during drilling;

(B) 4 hours after drilling was completed.
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during drilling down and during reaming back up. On the
way down, the sensor follows the drill tip by roughly
10 minutes. On the way up, the sensor is leading and
therefore measures the hole diameter just before reaming. It
is apparent from the plot that the model underestimates the
diameter by a few centimeters on the way down, just as the
hole is opening, but is very accurate on the way up, just
before reaming. The B lines show the result of a bottom—-up
measurement 4 h after drilling was completed. The logger
used for this was a custom device made for this purpose by
the Welsh company Robertson Geologging.

At this time, the prediction was, again, fairly accurate.
Where the prediction deviated from the measurements, it
underestimated the hole size.

In general, the model seems to be accurate or slightly
conservative (predicting a smaller hole than measured)
everywhere except that it is overly conservative in the first
tens of meters directly above the drill tip. The evidence to
date suggests that the hole opens up faster than predicted in
these first tens of meters, but above that there is good
agreement between prediction and measurement through-
out reaming and freezeback. Increasing the accuracy of this
lower section would be a goal for future work.

CONCLUSIONS

Based on first principles instead of on empirical observations
and curve fits, we developed a model for predicting hole
sizes and hole lifetimes in hot-water drilling. The model was
successful as applied to hot-water borehole drilling in
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Antarctica for the IceCube project. Indeed, based on the
model predictions, the planned lifetime of the hole (from end
of drilling through freezeback to 45 cm) was decreased from
37 h on the early holes to ~30 or 24 h on the later holes. This
resulted in significant fuel savings for the project.

We hope to use the model in other ice-drilling projects to
test outcomes with other parameter sets and to gain increased
confidence in the general applicability of this method.
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