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- PREFACE.

The analysis contained in this report was performed by Mr. Haldor
W.C. Aamot, Research Mechanical Engineer, under the supervision of
Mr. B. Lyle Hansen, Chief, Technical Services Division,. U. S. Army
Cold Regions Research and Engineering Laboratory. Dr. Karl Philberth
(Expert, USA CRREL), inventor of the Philberth probe, assisted in the
heat transfer calculations. Technical review of the manuscript was .
accomplished by Mr. Hansen, Mr. L. E. Stanley and Dr. C.C. Langway, Jr.

This; work represents one phase of the development of the Philberth
probe, a USA CRREL In-House Laboratory Initiated R&D project,

USA CRREL is an Army Materiel Command laboratory.
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SUMMARY

A thermal probe penetrating a glacier requires heat at the hot point
for melting as well as along its entire length to balance the radial heat
dissipation in the ice and thus prevent freezing in. The heat transfer
problem is solved with a LaPlace transform and the results are devel
oped graphically to simplify the numerical calculations. A performance
diagram, developed as a design and operating aid, serves for analysis of
the anticipated penetration performance of the probe and the required
power levels.



HEAT TRANSFER AND PERFORMANCE ANALYSIS OF A

THERMAL PROBE FOR GLACIERS

by

Haldor W.C. Aamot

INTRODUCTION

The Philberth probe is a surface-controlled, non-recoverable instru
mented vehicle that penetrates down through polar ice sheets by melting
(Philberth, 1962). Two internally stored conductors pay out as the probe
advances and become anchored in the refrozeh melt water above. . They.
serve for the transmission of power and the telemetry of information from
the instrumentation payload. The possible applications; of the probe in
clude the measurement of temperature, stress and ice. movement, seismic
and acoustic observations, studies of electromagnetic transmission in ice,
and other investigations with remote instrumentation. The probe makes
the. earth's great ice sheets (with thicknesses to 3600 m or 12:, 000 ft) acces
sible for exploration.

The development at USA CRREL of the probe (Aamot, in press) (Fig. 1)
included an extensive analysis of the thermal interactions between the probe,
the melt water and the surrounding ice. The heat produced in the probe, its
rate of penetration, and the ambient ice temperature are variable param
eters that affect the thermal picture. Insufficient heat causes the probe to
freeze in, i.e. to stall; excessive heat produces an oversize hole and wastes
power. There is an optimum between these extremes. The primary objec
tive of the analysis was to develop a means to determinequickly.this opti
mum for different situations and thus lay the basis for the successful design
of thermal probes.

ANALYSIS OF THE POWER REQUIREMENTS

In principle, there are two heating power requirements for a hot point
probe designed to penetrate a glacier. One is for the frontal surface which
melts the ice and the other is for the side walls, to replace the heat dissi
pated radially into the ice through diffusion.

The process of the probe penetrating the ice may be viewed as follows:

1. A frontal surface equal to the cross section of the probe (the hot
point) melts a hole while advancing down through the ice.

2. This water-filled hole is kept at constant, size for the duration of
the probe passage.

The minimum heat required for melting ice is equal to that necessary
for raising the temperature of the solid to the melting point and for changing
its state to liquid. The minimum heat required for maintaining the hole size
constant is equal to that diffused in the ice during the passage of the probe.
This means that at the rear end of the probe, ideally, the hole size is the
same as the probe diameter and the melt water is at the freezing point.

In practice, the hole size needs to be larger to permit the. counterflow
of water around the probe and the water temperature needs to be higher to
effect the necessary heat transfer.
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Mercury
Steering

Figure 1. The Philberth probe.

From the point of view of a given
normal plane through the hole the lateral
heat dissipation is a function of time (Fig.
2a). From the point of view of the moving
probe the heat requirements are a function
distributed over its length (Fig. 2b).

The following symbols are defined:

L = length of probe, cm

PT = integral lateral power require
ment, w

= power requirement for melting,
w

= temperature of ice below melting
point, C

= radius of the cylindrical ice hole, cm

= probe depth, cm

= thermal conductivity, cal cm/
sec cm2 ° C

= arbitrary length in direction of
probe axis, cm

= unit rate of lateral heat dissipa
tion as distributed over the length
of the moving probe, w/cm

= heat flux in ice, cal/sec cm2

= heat capacity of ice, cal/cm3

= time, sec

= characteristic time, sec

= rate of penetration, cm/ sec

= diffusivity, cm2 /sec

= density, g/cm3

The power requirements for melting
are a function of the probe radius (i. e.
its cross section), its rate of penetration,
and the ice temperature:

M

a

d

k

I

PL

qL

qM

t *

t*

V

K

P

M
= f(a, v, T). 1)

The power requirements to balance
the lateral heat losses are a function of

the probe length, its rate of penetration,
and the ice temperature:

PL = f(L, v, T). (2)
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Figure 2. Dissipation of heat into the ice. a.
Time rate of the heat dissipated radially in ice
from a unit length of cylindrical hole surface,
b. Lateral heat requirements along the length

of the moving probe.

The total minimum power requirements of a probe whose dimensions a
and L are established or given are dependent only on the rate of penetration
and the ice temperature:

P . = P
mm M

+ PL = f(v, T), (3)

The two power requirements may be satisfied by the hot point alone. In
this case the hole diameter is initially oversize and decreases as water
freezes to the hole wall (replacing the heat lost by radial dissipation). The
hole size is the same as that of the probe at the moment when its rear end
passes through. Alternately the heat for melt penetration may be supplied
by the hot point while the lateral heat is produced in the cable coil and con
ducted through the side walls at the required rate (Fig. 2b). If at any point
along the length of the probe the rate of supply of heat lags behind the rate
at which it is dissipated the hole size constricts and the probe is stopped.
This can also occur if the rate of supply is deficient in the lower part of the
probe despite any possible excess near the top.

COMPUTATION OF THE POWER REQUIREMENTS

The minimum power required for melt penetration is calculated by:

qM = p(Hf + CpT)' cal/cm3
where

p = density of ice = 0.920 g/cm3

Hf = heat of fusion = 79. 71 cal/g

c = sp. heat = about 0. 50. cal/g° C

qM = 0.92 (79. 71 + 0. 5T), cal/cm3

M
4. 184 Tra2 vq , w

PM = 12. 1 va2 (79. 71 + 0. 5T), w.

(4)

(5)

(6)

(7)
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The actual power requirement of the hot point is greater than the cal
culated minimum by approximately 10 to 25%. The hole is oversize to per
mit counterflow of the displaced melt water; the temperature of the melt
water is higher than the freezing point. The efficiency of the hot point is
affected by its shape, the rate of penetration, and the contact pressure of
the melt surface on the ice. The real power requirement can only be deter
mined accurately from actual tests with the completed probe head. Small
changes in design, even variations in production, can affect the perform
ance noticeably. The "inefficiency" of the hot point is not necessarily a
disadvantage. The excess over the required minimum melt penetration
power is available for lateral heat dissipation. The lateral power require
ments are thereby reduced.

Shreve (1962) gives a method for calculating the efficiency of melt pene
tration, applicable to temperate glacier ice,' i.e. where the depth profile is
near or at the melting point.

The lateral heat requirement of the probe varies along its length, as
illustrated in Figure 2b, according to the same function which describes
the radial heat diffusion from the hole wall into the ice in a given normal
plane, illustrated in Figure 2a. Every point on the time axis of Figure.2a
corresponds to a level along the length of the moving probe. The time re
quired for the full length of the probe to pass through a given level of the
hole (i.e. to advance a distance equal to its own length) will be called its
characteristic time:

t* = L/v, sec. (8)

The solution of the problem of the radial heat diffusion in the ice there
fore expresses the lateral heat requirements. Car slaw and Jaeger (1959)
treat the problem of an infinite region with initial temperature "zero" bound
ed Internally by a circular cylinder with surface at temperature T by the
LaPlace transformation method. They give the heat flux in the normal plane
from the cylindrical surface as:

q_ = l^J ]° e"Ku2t fT2f ,dU+ v2, ,1 , cal/sec cm2 (9)
^L air2 J u[ Jrj (au) + Y02 (au)J

where

k = thermal conductivity of ice = 0.0053 cal cm/sec cm2 C

K = diffusivity in ice = k/pc = 0. 0115 cm2 /sec.

Numerical values of the integral in eq 9 are given in graph form by
Carslaw and Jaeger. Values taken from this graph (see Appendix A) have
been used to construct a lateral power distribution diagram (Fig. 3) and by
iterative numerical integration an integral later power diagram (Fig. 4).
Computer solutions for eq 9 and the integral lateral power curve of Figure
4 are in preparation. They will provide more accurate values for the solu
tion of the heat diffusion problem.

Figures 3 and 4 provide directly the complete information for deter
mining the lateral heat requirements. In Figure 3 these requirements are
given for any point along the length of the probe. In Figure 4 they are given
for the complete probe.
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Figure 3. Required lateral heat as a function of the length
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Figure 4. The integrated total required power for lat
eral heat transfer from the moving probe to ice.
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Figure 4 expresses the function:

P.L rf L
Tva7 =fGsv =f(l?/ wsec/c cm3- <10>

The lateral power requirement can thus be stated:

PL * Tva2fU^)= TVa2ffei" w" <»>
Substituting eq 7 and 11 for P-^ and PL in eq 3 the following expression

for the minimum required power is obtained:

P . = va2
mm

12.1 (79.71 + 0.5T) + Tf(£J w. (12)

The minimum energy required to send the probe to the bottom of an ice
cap or to the desired depth is:

N . = da2
mm

12. 1(79.71 +0.5 T) + Tf(|| w. (13)

whereby the depth d = tv.

Since the energy spent clearly depends on the volume of ice melted
(da2 ) the smallest practical probe diameter is desirable.

The bracketed factor in eq 12 and 13 shows the influence of the ice
temperature. As expected this influence is small on the melting heat re
quirements (first term) but affects significantly the lateral heat require
ments (second term).

If thermal efficiency is defined as the ratio of melting power to total
power the highest efficiency is achieved by keeping the second term in
brackets to a minimum. This is accomplished by reducing the character
istic probe time t* as much as possible, that is, by operating the probe at
the greatest possible speed.

The values of f(L/va2 ) listed in Appendix A and plotted in Figure 4
can be calculated more accurately by computer. By thus reconstructing
Figure 4 or printing a detailed table of values a more precise calculation
of the lateral heat requirements becomes possible.

PERFORMANCE DIAGRAM

In the Philberth probe the power for melt penetration is produced in
the hot point and the heat for lateral transfer in the insulated cable coil
(conductor resistance). When the power produced in the probe is in bal
ance with the heat requirements for melt penetration and lateral dissipa
tion in the ice the probe is operating at the optimum rate.
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For increasing probe speeds the ratio of heat required for lateral trans
fer to heat required for melt penetration becomes smaller. The ratio of the
power produced in the probe for lateral transfer to that produced for melt
penetration, however, does not change with speed because coil and hot point
are powered simultaneously by the same applied current. The optimum
point can thus be found at the intersection of these two trends.

At probe speeds lower than optimum more lateral heat is required than
is available, refreezing melt water begins to constrict the hole size and the
probe stalls. At higher than optimum probe speeds excessive lateral heat
is produced, the hole becomes oversize and energy is wasted. Therefore,
operation at the optimum level is desirable.

Decreasing ice temperature requires an increasing ratio of heat for
lateral transfer to heat for melt penetration. The optimum probe speed
changes accordingly. Increasing depth reduces the length of the cable stored
in the probe, the heat produced for lateral transfer decreases and again the
optimum speed changes.

The performance diagram has been developed as a chart for quick de
termination of the optimum probe speed and power level for varying ice tem
peratures and probe depths. It serves during design to show anticipated
power and penetration time requirements and during operation to show the
required probe power level.

Figure 5 shows three sets of curves that make up the performance dia
gram. The melt penetration power Pj^ (eq 7) forms straight lines through
the axis intersection for various temperature parameters (Fig. 5a). The
power for lateral transfer Pi (eq 11) is added to Pw to obtain the minimum
power required by the probe Pm^n (Fig. 5b).

Figure 5c is based on data from performance tests made with the hot
point or head section of the actual probe. The curves for the complete probe
are then obtained by adding the power produced by the stored conductor to
the head section. This is the calibration for use of that probe in the field.

The performance diagram of the Philberth probe "Century 2" (Aamot,
1967)cis shown in Figure 6. The following dimensions are given:

diameter = 2a = 9. 2 cm

length = L = 250 cm.

The actual power consumption curves of the head section are based on
test results at a temperature near 0C. . The pertinent temperature para
meter curves are scaled from the Pw curves beneath.

The curves for the complete probe include the power dissipated by the
conductor storage coils. In the example the coil resistance is 40 ohms for
5200 ft (1560 m). The resistance of the heater in the hot point is 240 ohm.
The power of the complete probe is therefore 280/240 times that of the hot
point (i. e. head section) alone. From this the power consumption curves of
the complete probe are constructed.

As the probe penetrates deeper into the ice the length of conductor stored
inside the probe becomes less. The stored coil resistance decreases from
40 ohm to zero when the conductor is entirely paid out. Correspondingly,
the power consumption of the complete probe approaches the curves of the
head section alone..
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Figure 5. Probe power requirements, a. Theoretical
melt penetration power, b. Minimum probe power re

quirement., c. Actual probe power consumption.
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Figure 6. Performance diagram constructed for the Philberth
probe "Century 2" for use at Camp Century, Greenland, sum

mer 1966.
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As stated earlier the actual power requirement of the probe is greater
than Pmin. The increase is estimated at 10 to 20% to allow for the over
size hole, inaccuracies in the power measurement and other uncertainties.
By including this allowance the optimum probe speed and pqwer level are
found at the intersection of the power curve of the probe with Pmin + 20%
for a given ice temperature.

The performance diagram shows the great influence of ice temperature
on probe design and rate of penetration. The curves for "Century 2" shown
in Figure 6 give the following optimum penetration rates, assuming a 20%
margin over the minimum power requirements:

T = 25 C: v = 0. 0635 cm/sec (3050 w)

20 C: 0.0490 cm/sec (2250 w)

15 C: 0.0345 cm/sec (1550 w).

The colder the ice, the faster the probe has to penetrate to maintain
sufficient lateral power and avoid stalling.

CONCLUSIONS

The desirable characteristics of a thermal probe are (1) a high pene
tration rate and (2) a small diameter, to reduce the field energy and time
requirements. Limitations are encountered in the available materials.

Given the means to determine the thermal requirements and to antici
pate the performance it becomes possible to design probes that penetrate
completely the ice sheets of Greenland and Antarctica. A powerful-and
versatile tool is thus provided for glaciological and geophysical research.
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APPENDIX A

Tabulation of numerical values for Figure 3.

Columns I and IV are values taken from Figure 42, Carslaw and Jaeger
(1959). Column III uses K = 0. 0115 cm2 /sec for ice. The conversion p-r =
26. 3 a qL and the value of k = 0. 0053 cal cm/sec cm2 °C for ice give the
relationship: VI = 0. 1395 V.

I n in IV V VI

logic (£) (*) t _ 1
a2" vaT

(sec/cm2)

1oHtfV Q>) PL
T

(w/cm °C)

-2 0.01 0.870 0.79 6.17 0.430

-1.5 0.0316 2.75 0. 56 3.63 0.253
-1 0.1 8.70 0.35 2.24 0.156
-0. 5 0.3763 27.5 0. 16 1.44 0. 100

0 1 87.0 0 1.00 0.0696
0. 5 3. 163 275 -0.15 0.708 0.0493
1 10 870 -0.27 0. 538 0.0375
1.5 31.63 2750 0. 37 , 0.427 0.0298
2 100 8700 -0.46 0.347 0.0242
2. 5 316.3 27500 -0. 54 0.289 0.0202
3 1000 87000 -0. 60 0.257 0.0175
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Tabulation of numerical values for Figure 4.

Values of I /va2 in column I give the point under consideration. Column
II states the length to the end and column III the length to the center of the
interval. Column IV gives values of Pj_/T for the point at the center of the
interval, taken from Figure 3. Column V = II x IV, that is, the area under
the curve in Figure 3 for the considered interval length. Column VI is the
cumulative sum of the values in V, that is, the integration by finite steps.

I

va?

sec /cm2

1

1.4

2

2.4

3

3.4

4

5

6

8

10

14

20

24

30

34

40

50

60
80

100

140

200

240

300

340

400

500

600
800

1000

1400

2000

2400

3000

3400

4000

5000

6000

8000

10000

II

AL

va7"

III

L

"va2

sec/cm2 sec/cm2

0.4
0.6
0.4

0.6
0.4

0.6
1.

1

2

2

4

6

4

6

4

6

10

10

20

20

40

60
40

60

40

60

100

100

200

200

400

600
400

600

400

600

1000

1000

2000

2000.

1.2
1.7

2.2

2.7

3.2

3.7

4.5

5.5

7

9
12

17

22

27

32

37

45

55

70

90

120

170

220

270

320

370

450

550

700

900

1200

1700

2200

2700

3200

3700

4500

5500

7000

9000.

IV

APT

w

^L "^L

T Tva2

/°C cm w sec/'C

0.74 0.296
0.625 0.375

0.552 0.221

0.510 0.306

0.472 0. 189

0.442 0.265

0.408 0.408

0.375 0.375

0.340 0.680

0.31 0.620

0. 278 1.11

0.242 1.45

0.22 0.88

0.20 1.20

0. 19 0. 76

0. 18 1.08

0. 17 1.70

0. 16 1.60

0.148 2.96
0. 138 2.76
0. 123 4.92

0.111 6.66

0. 102 4.08

0.098 5.88

0.092 3.68

0.088 5.28

0.086 8. 60

0.082 8.20

0.078 15.60

0.074 14.8

0.070 28.0

0.064 38.4

0.061 24.4

0. 059 35.4

0.056 22.4

0.054 32.4

0.052 52.0

0.050 50.0

0.049 98

0.048 96

cm-

VI

^L
Tva2"

w sec /°C cm-

0.296
0.671
0.892

1.198
1.387

1.652
2.060
2.435

3.115

3.735

4.845

6.295
7.175

8.375

9.135

10.215

11.915

13.515
16.475
19.235
24.15
30.81

34.89
40.77

44.45

49.73
58.33

66.53
82.13
96.93

124.93
163.33
187.73

223.13
245.53

277.93
329.93

379.93

477.93

573.93



Unclassified
Security Classification

DOCUMENT CONTROL DATA -R&D
(Security claaalflcation ot title, body ot abstract and Indexing annotation must be entered when the pyerall report Im clammllled)

1. originating activity (Corporate author)

U.S. Army Cold Regions Research and
Engineering Laboratory, Hanover, N.H.

2*. REPORT SECURITY CLASSIFICATION

Unclassified
2b. CROUP

3. REPORT TITLE

HEAT TRANSFER AND PERFORMANCE ANALYSIS OF A THERMAL PROBE

FOR GLACIERS

4. DESCRIPTIVE NOTES (Type ot report and Inclusive dates)

Technical Report
5- AUTHOR(S) (First name, middle Initial, last name)

Haldor W.C. Aamot

6- REPORT DATE

Sept 1967
S*. CONTRACT OR GRANT NO.

b. PROJECT NO.

c> DA Task 1LO13001A9104

10. DISTRIBUTION STATEMENT

7a. TOTAL NO. OF PAGES 76. NO. OF REFS

15
M. ORIGINATOR'S REPORT NUMTBER(S)

Technical Report 194

9b. OTHER REPORT NO(s> (Any other numbers that may be assigned
this report)

This document has been approved for public release and sale; its distribution
is unlimited.

11. SUPPLEMENTARY NOTES

13. ABSTRACT

12. SPONSORING MILITARY ACTIVITY

U.S. Army Cold Regions Research and
Engineering Laboratory

A thermal probe penetrating a glacier requires heat at the hot point for
melting as well as along its entire length to balance the radial heat dis
sipation in the ice and thus prevent freezing in. The heat transfer
problem is solved with a LaPlace transform and the results are de
veloped graphically to simplify the numerical calculations. A perform
ance diagram, developed as a design and operating aid, serves for
analysis of the anticipated penetration performance of the probe and
the required power levels.

» (*©V

BPLACIS OD PORM 1478. 1 JAN «<3. WMICH 10
©©SOLETB "OR AftfeSV U@S. Unclassified

Security Classification



Unclassified
Security Classification

KEY WORDS

Probes (Thermal)--Performance
Heat transfer"--Mathematical analysis
Glacier ice--Geophysical exploration (Resistivity)
Drilling--Thermal factors

Unclassified
Security Classification


