
r _ 

N
AD—A068 ‘436 NEW HAMPSHIRE UNIV DURHAM MARINE SYSTEMS ENGINEERING LAS FIG 8/10

AIR DEPLOYED OCEANOGRAPHIC MOORING (ADOM).CU)
FEB 79 N0001’4—78—C—0335

UNCLASSIFIED

____U.
_ _

_
_ _ __ _

_  

E 
_C



I Rj i~~~~E D . .

1$
I ~ 

OONTMCT

~~III

V

~~

I 
• I )“~~‘ ‘7 I-~ ~

( p ‘77.

I ~ ~I ~~~~~~ i,
i 

- 
_ _

II 8
‘-‘-i ~~~~ 

V
~~~~~ ~~~~~~

TI,- •V~’ ~~~ 
_ _  

__ IA



-~~~~ .- - -~~~~~~~~~~~~~~~~~~~ -~~~~---— - —w _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

j  TABLE OP CONTENTS

I Section Page

1 SVI4I4ARY . . . . . . . . . . . . , • . • . • 1.

11 2 ADDITIONALDEV !.LOPMENTS,,,,.,,,.,., S

Ii APPENDIX

A A D O M P h a s e I R ep o r t . . . . . . . . . . . . . .  A’].

1. B A Computer Simulation Program for a
Recirculating Hot Water Jet Icø Drill . . . . . B—i

C Experimental Design for a Recirculating
Hot Water Jet in Support of a Computer
Simulation Program . . . . . . . . . . . . . . C—i

D Task Descriptions Established at Program
- 8tai~t . . . . . . . , . . . . . . . . . . .

E Proposed Work Plan Outline for Fiscal.
Year 1979 , . . . , . . . . . . . . . . . . . . B—].

Li
FIGURE

1 ARCTIC ADO?.! PROGRAM ( VERVIEW . . . . . . . . . 6

2 MODEL DRILL P R O B E . . . . . . . . . . . , . . ,  7

L
-~~~~~~~

1. —

E r  -I’.-

_ _ _ _ _  D D C
__ 

- ~~
E

~~
ECflflfE1

~i

[i~ISTBIBUTION STATEMENT A
fl Approved foe public release;
U Diztzibution Uidimited

1] ~9 u 4  ~~ uó4
—~~~~~~ —~ -- -— •• ,r-= 



~~~~~
‘ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- ~~~~~~~~~~~
.

~~~-.- .----- -~~ - - -_  _ _ _ _ _ _- - - - - - - ~~~ --~~

1 
(1)

I
The Arctic Phase of the Air—Deployed Oceanographic Mooring

I Project. (ADO?.!)

1 1. 
_______

In March 1978, the Marine Systems Engineering Oroup

if of the University of New Hampshire was engaged by the Office

if of Naval Research to establish a technique for unmanned drill-

ing of the Arctic Ice cover by an unattended device that could

be deployed from an aircraft. It was to be an essential ele-

ment of a sophisticated system for acquiring deep oceanographic

environmental data in the inaccessible regions of the Arctic.

This report reviews the results of the first year ’s efforts.

The tasks assigned included providing:

— a statistical description of the ice to be penetrated

- 

— a review of the several technologies that might be

L . 
employed f or an unmanned air—deployed drill

— the generation of decision rules for system selection

— isolation of a preferred system

— analytical evaluation of its performance

— test of the critical components of the drill

Ii — planning for the construction of a Concept Validation

- Model (C.V.M.) in the second year

This report of the first year’s work is comprised essentially

(] of three independent reports assembled in one binding. They are:

— Phase I Progress Report which includes the ice

(] statistics study, the technology reviews, and the

U 
selection of a preferred drilling system approach.

— A report on the modeling of the thermodynamic

~~~- -~~~~~~~~~~~
- -- - - -- ~~ - - - —--~~ -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~

-

~~~~~~~

_ _ _ _ _ _ _ _ _ _  - *—;--- ---———_ -

performance of the chosen thermal drill.

— A plan for collection of certain key data pertaining

to the interactions of a hot water jet on ice. I t
Needed for calibration of the computer model of the

drill, this contemplates a cooperative program with

the U.S. Army Cold Regions Research and Engineering

Laboratory f or data collection and evaluation. It

is scheduled for completion within the first year

of the project.

The three above mentioned reports are included as Appendices

A, B, and C, but in fact do comprise the body of this report.

In Figure 1, a Milestone Chart is shown outlining the tasks

required to complete a 3—year program that culminates in a demon-

strated Advanced Development Model of key elements of an Arctic

ADOM. The drill system will have passed through a Concept Valid—

ation Phase in this period, and subsystem elements required for

deployment erection and drilling will be constructed and tested

in an Arctic environment. The program aims at providing suffi—

d ent design and field experience to permit the Office of Naval

Research to make appropriate decisions regarding exploiting

future development of the system. [ ~A more complete description of the proposed on—going program

is included in a companion document.’

A set of conclusions may be drawn from the three report.

included here as Appendices. They include:

1 “A Program for the Second Year of the Arctic Phase of the Air

Deployed Oceanographic Mooring” UN!? Marine Systems Engineering {
Laboratory — January 1979. 9 
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1
a. We determined that a drill capable of passing

I through 50 feet of ice would penetrate 99% of

the arctic cover.

I b. We determined that, depending on the system

employed , a design f or a lesser depth, even to

35 feet, could prove cost effective.

I c. We examined 87 systems, and variations of those

systems, f or drilling through the ice. Based

II on the decision rules that stressed reliability,

and a liklihood for early reduction to practice,

1. a system was selected that employed a battery—

1• powered hot water jet, that used recirculated

and re—heated melt water for drilling.

d • We created a thermodynamic model of the proposed

drill, and through computer modeling, established

the guiding engineering parameters for the drill

design. Resulting questions were raised about

the thermal coefficients of the ice that will be

U actually encountered in Arctic ice with a high

velocity scrubbing jet. The model confirmed

El earlier anticipation that 35 K.W.H. of energy is

likely to be required for a 6 inch diameter , 50

foot hole.

I e. We generated a plan for verifying the actua].

thermal coefficient. of ice, thru an experiment

[1 conducted in cooperation of the U.S. Army Cold

Region. Research and Engineering Laboratory (CREEL) .
U This experiment is now in pro gress.

1.1
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(4) j r
Li

f. We initiated an examination of methods of

determining the geographical position of the

emplantment.

g. We generated a first fix on the physical form

of the ARCTIC ADO?.! package. First sizing indi-

cated that a cylinder 21 inches in diameter,

132 inches long, weighing in the vicinity of

1450 pounds may te  required. The experiences

ahead may, indeed, modify these target dimen—

sions substantially. The initial size projec-

tion is apparently compatible with the P—3

bomb bay limitations, and is markedly less than

necessarily more bulky OCEAN ADOM.

From these studies, we have reached several judgements:

A. The technology exists to build an air—droppable

unattended ice drill that can provide a modest -

— hole 6 inches in diameter (15 cm) through 50

feet of Arctic ice.

B. A Concept Validation Model may be constructed

within a year that can demonstrate the feasi— 
-

bility of unmanned ice drilling. -

C. The problem. of deployment, not yet considered 
[I 

-

in depth promise reasonable solutions.

Ii
[1
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II
if 2. Additional Developments

An experiment is presently in progress at CREEL to verify

II the operation of a recirculating hot water jet ice drill. The

r results of this experiment will be an understanding of the

heat transfer relationships between the jet stream and the ice,

I thereby providing the data necessary to “calibrate” the thermo-

dynamic computer model. “Calibrating” the computer model will

1 allow us to more accurately predict the drill’s performance

i i  under varying conditions.

LI For this experiment, a model of the drill probe, as present—

U ly conceived, was constructed to full scale using standard plas-

tic pipe fittings (with only minor modifications). Figure 2

is a photograph of the model drill probe showing the nozzle end,

recirculating intake, and water input and output lines. Appendix

C contains a full explanation of the model drill probe ’s opera—

tion. To facilitate experimentation with various nozzle sizes,

the nozzles are fabricated into standard threaded fittings which

[1 are easily installed and removed from the nozzle end.

Ii
II
U
[I 

- ~~~~~~~~~ --~~~~~~ 

- _____



~ •
--; - - 

---

~

--- -- —--

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

--- -

(6)

J

~ 2

I 9dJ

iiiJi I

iii- .i~i

ft
L~

LIkJi r

1—4

I~1~u!4u

F :  

1 :

~~~~~~~ 

_ 
L

_ _ _  
Li L__~j~

_ _ _ _  

L -

‘—liii



- - ~~~~~~~~

(7)

MODEL DRILL PROBE

if
ii.

fT

- 
LINE

1 MELT WATER 
-

OUTPUT LINE

• U — 

1 FOOT SCALE

E 

HOT WATER INPUT

I I RECIRCULATING
INTAKE

Ii

NOZZLE END

~

Ii
U
II
II 

FIGURE 2 

- - - - -  - - -  -~~~- - - -~~~~~~~ - - -~~~~--- -- -~~~~~~ - -- • — _•__ss_ - - - -j  .- -----



-~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ —-- —~~~- -~~--— --~- — -~

_ _ _  _ _ _  _ _ _ _

(A—i)

II
— -

I-:

F II

APPEND IX A

U
PHASE I REPORT

I__ I

Li

~ I• [1
El
Ii
II
1•1

_ _ - - -

~

________ •—--~— — --——— -



r
- - • - -- - - - - --  Iii ________

I
I 

D~~LOYED

- • 

- (ADOM) 
OORING

I - 
- . ARcTiC -

I ~~~~~~~

~~~~

• ~~~~ 1 

-

_ __  

• ~~~~~~: - •~; 

• 

• 

- - 

• 

• 

- 

•

~~

[T ~~~~~~

-

I’ • 

UNIVERSITY OF

R 

DURHAM~ 

-

____________________________ 
.~~~•

A



_______  

_______________ —~~~

I
I ThBLE OF CONTENTS

i 

Section Page

1 INTRODUCTION 1—i

2 AN ANALYSIS OF ICE STATISTICS .  2—1

3 SYSTEM ENGINEEPING SPECIFICATIONS 3—1

4 ENERGY REQUIP~~4ENTS FOR THE ARCTIC—ADOM . .  4-1

5 HEAT TEANSFER ANALYSIS 5— 1

6 THE CONCLUSIONS AND EXPERIENCES OF THE
BROUNING ENGINEERING CORP 6—i

7 THE IMPACTOR SYSTEM 7—1

7 8 AN OVERVIEW OF MECHAN ICAL DRILLING 8—1
- 

9 SUMMARY OF DRILLING SYSTEM ALTERNATIVES AND
THE APPLICATION OF DECISION CRITERIA 9—i

10 SYSTEM REVIEW 10—i

11 SYSTEM CONSIDERATIONS-BATTERY POWERED
HOTPOINT (WITH SCRUBBING) il—i

- 

: 12 DEVELOPMENT PLAN — PHASE II . 12—i

APPENDIX

1 TASK DESCRIPTIONS ESTABLISHED AT PROGRAM START Al—i

2 REFERENCES A2—].

3 DISCUSSION AND RECOMMENDATIONS ON AIR-DEPLOY ED

II OCEANOGRAPHIC MOORING IN ARCTIC ICE PACK . . . A3—i
- 

4 AN OVERVIEW OF• A SUP ER-COPRODING ALLOY DRILL  A4-l

5 “ICE- CORE DRILLING ” AS—i

P

II
‘I

- —
~~~~ —- -

~~~~~~
- - - - —-—-— — -  ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



LIST OF ILLUSTRATIONS

Figure Page

2—1 Arctic Ice Dynamics Joint Exoeriment . . . . . . 2—7

2—2 Cross Sections of the 5 Profiles Studied . . .  2—8

2—3 Track of HI’S Sovereign 2—9

2—4 Representative Profiles of Deep Keels . . . .  2-10

2—5 Ice Thickness Distribution 2—12

2—6 Histograms of Ice Draft in Lat. 89—90°N AND
Mean Ice Draft for 1 km Sections and for each
Degree of Latitude . . . . . .  2—13

4—1 Power and Energy Required to Drill Through
8 Meters of Sea Ice 4—4

4—2 Energy Required to Drill Through 8 Meters
of Sea Ice 4—4

• • 4—3 Power and Energy Required to Drill Through
B Meters of Sea lce 4-5

4-4 Dri1iii~g Rate vs. Power Input at Optimal
Efficiency Data Basically Empirical 4—5

4—5 Basic Energy Requirements 4—6

4—6 Energy Density fo r Candidate Energy Sources . . 4—6

4—7 Comparison of Available Arctic Electric
Power Sources 4 7

4—8 Measured Penetration Rates for Existing
Driiiing Tools .  4—8

5—i Computer Printout Showing the Progress of
the Drill Through the Ice 5—3

• 7—i Depth of Penetration for Various Sizes of
Impactors as Weight Increases (Velocity”600FP S • -

Terminal) . . . . . .  7 4

7—2 Depth of Penetration for Various Sizes of
Impactors as Weight Increases (Veloclty”lOOOFPS
1.66xTerminal) . . . . . . . . . . . . . . . . . 7—4

LI 7—3 Depth of Penetration for Various Sizes of
Impactors as Weight Increases (Velocity—1SOOFPS

1] 
2.SxTerminal) . . . . . . . . . . . . . • . . . 7—5

8—1 Ice Drilling Comparison . . . . . . . . . . . . 8—3

— ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 
- — ---~~~~~~~~.~~~~~ 

~~~~~~~~~



Figure Page L
9—1 Potential ADOM Ice Drilling Systems . . . .  9—5

- - 10—i ADOM Project Design Decision Matrix . . . .  10—6

— 11—1 Arctic/ADOM Ice Drill . . . . . . . . . .  11—5 Ii

11—2 Arctic/ADOM Initial Conceptualization . . .  11—5

11—3 Cost for 20 Actual Penetrations  11—6 1

11—4 Cost for 100 Actual Penetrations . . . . . . 11—6

—- 1 -j

I- i

i-

-

I-

[1

t _  
~~~~~~~~~~~~~~~~~~~~~~~~~~ -



• • • - ----••-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __

1- 1.

4’ SECTION 1: INTRODUCTION

1. ‘N4~~~~bj ectives

The Air Deployed Oceanographic Mooring Study (AD~4), spon.or.d

by the Office of Naval Research, through a team of contractors,

explores technology for deploying oceanographic sensors from an

aircraft in two regions of the world’s oceans: --~,

—s- in the open ocean~ ~~~~~~~~

I 

~~~~~~~~ in the Polar oceans, involving substantial ice cove~~
‘ ~This report covers the initial nhase of an ADOM Study, per-

formed by the Marine Systems Engineering Laboratory of the Univer—

• sity of New Hampshire, which is responsible for the concept defini—

tion and feasibility evaluation of systems for penetrating the ice

cover and for deploying sensors and a data comunication link. In

the first year, a Concept Definition Phase (March — July 1978) in—

volving the development of ice penetration system concepts is to be

1 followed by a Concept Validation Phase (July — February 1979) which

involves test of key system components and preparation for a second

year in which full scale Arctic tes~~are planned. The UNR program

is conducted under Contract M)0014—78—C—0335.
\ 1~t~

j  The Concept Definition Phase consists of:

1) Assessment of Technology

2) Examination of Alternative System Concepts

3) Analysis and Trade—off of Systems
I i

4) Development of a Design Concept

5) Recoimnendations for Concept Evaluation

The Concept Validation Phase will seek to design, develop and pro—

i-i
- 

-
~~~~

---- -~~~~~
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— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1— 2 .

vide preliminary testing of ice penetration systems consistent wtth

the ADOM objectives. j

Priorities

The major priorities for project activities during Phase I

have been to:

1) Analyze a variety of concepts for penetration of the ice— {j
covered ocean with the goal of recosmending, on sound

technical grounds, one system that best meets ADC~f speci-

fications. The over—riding constraint is that the chosen

system have the highest potential for successful develop-

ment; hence state—of—the—art technology is to be employed

as often as possible.

2) Contribute Arctic engineering concepts and technologies

to the overall ONR—ADOM team. A principal initial

emphasis ~s on defining the environment that the drill

must face.

3) To plan for the development of an operational Arctic/ADOM

syitem.

Th. principal program milestones for Phase I were:

1. Completion of assessment of technology — April 1

2. Establishment of system boundaries — April 25

3. Initial trade—off analysis — April 25

4. Selection of two preferred systems — April 25

S. Alternative system design and layout — May 1

6. Selection of preferred system — Hay 15

• I I

11-
_ _ _ _ _ _ _ _  - - - • - •

- - - - - -

___________________________  - - —1_~~~~~~~~~~~~~~
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H
7. Preferred system analysis and preliminary design — June 1

U 8. Program planning for prototype development — June 10

9. Recoimnendation and plans report preparation — June 25

- 10. Presentation to ADOM Coimnittee — July 11—12

j The original task descriptions for Phase I and It, as established

at the start of the program, are included here as Appendix I. On

reading the task description, it is seen that four candidate systems

were named. As the study evolved, however, the number of candidates

-~ expanded markedly to over 80 combinations of systems. Despite the

growth of the scope of this program, however, the milestones still

were effectively met.

H
B. The Phase I Arctic ADOlf Program

~- To meet the objectives of the program as shown in Appendix I,

a series of interrelated tasks were undertaken, which are reported
- 

- 
as separate chapters in this report, and are outlined below.

[1 A major area of unknown relates to the specifics of the ice that

covers the Arctic Ocean: how deep it is, how much extends above the

water, how convolved is the surface, and what slopes may be encountered.

[j A study of available ice statistics is described in Section 2.

A drill must be developed, which is compatible with the ADOM

• system, and thus target specifications are needed. Specifications

are offered in Section 3.

A series of bench mark technologies exist which influence the

fl choice of an Arctic ADOlf drill system. Reports on these are included

below, as follows:

II

— rrnr—-— fl~~~~~~~ -~~~
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In Section 4, we examine the thermal energy requirements for

melting a hole in sea ice. L
Section 5 introduces the subject of Heat Transfer Analysis, a

task that is continuing in the ongoing Phase 2 of this program. L
Here the optimum mechanism for thermal drilling is explored.

Section 6 introduces the experiences reported by James Browning -

of Browning Engineering Co. in their Antarctic drilling work using I.
a flame—jet. Conclusions, offered by Mr. Browning, that pertain to 

-

unmanned drilling are included in the Section 6 and in Appendix 3. L
Sandia Corp., Naval Ordnance Lab, and the Coast Guard have led

in the development of ice and terrestrial impact systems. Section 7 -

applies their conclusions to the Arctic ADOlf problem. [
Mechanical- drilling offers the major advantage of high efficiency, 

- 
-

but entails serious problems for an Llnmanned system. It is discussed

in Section 8. -~

The several candidate systems and alternative power sources

eventually generated a decision—tree with 87 potential system options.

Section 9 presents these, and the logic which was used to sort through

this unwieldy list. I
Derived from Section 9 is a list of candidate systems that —

survived the initial rejection criteria. These are further winnowed —

in Section 10 to generate two recommendations. p -

a. A system with high probability of early success —— a battery—
~~~ powered hotpoint employing recirculated melt water as a

“scrubber”, with a variant of a battery-powered hot water jet.

• 1- - i
- 

- • 

- - -  • - - • ~ T ..
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b. A system worthy of research attention —— a Super—corroding
Alloy.*

In Section 11, engineering attention is given to an initial

visualization of the proposed drill.

In Section 12, a program plan for Phase II and eventual system

II testing is reviewed.

* The Super—Corroding Alloy, developed by the Naval Civil Engineering

Laboratory , is described in Appendix 4.

I t -

I]

Li
11
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SECTION 2: AN ANALYSIS OF ICE STATISTICS

• I 
An assessment of the probability distribution of ice—thickness

for the ice—covered ocean is of fundamental importance to the Arctic/

ADOlf program. As we design a drill, it is essential to know the

probable thickness of the ice that will be encountered and the likeli-

hood of encountering substantially greater thicknesses. Since the

energy for drilling must be transported within the system, ice

statistics have a profound influence on the probability for success,
I—

and the cost of the mission.

[1 This report is a summary of all data available to us and provides

the basis for the ice thickness specifications for the Arctic/ADOlf

system.

Ice thickness data for the Arctic is sparce, and indeed, the

various methods of obtaining thickness have been subject to serious

P deficiencies. It is difficult, therefore, to develop statistically

~~

- -

~ 

sound data bases for the whole Arctic. The data contained herein is

- intended, however, to provide the ADOlf team with a reasonable basis

p [] for making judgements about expected ice thickness.

Thiqe methods have been employed to develop understandings of

- 

- I ice thicknesses, distributions, and texture.

1) Ice Borings & Physical Measurements

L 2) Submarine Sonar Measurements (Measure bottom profiles

relative to sea level)
Li

3) Aircraft Laser Measurements (Measure surface profiles

U relative to sea level)

I] 

~~~~~~~~~~~~~~~ - - - - -  -
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-

Profiles and Thickness Data

Several attempts have been made to profile both the upper and

bottom surfaces of the sea. Ice borings are t ime consuming and _ J 
-

expensive to obtain, hence very few are available. Simultaneous

laser surface and bottom measurements by laser and sonar , while -- -

tried, are virtually impossible to obtain. The figures following,

however, provide some insights into the basic profiles. These 
• 

-

data are provided as examples which are typical of a much larger data L -

set numbering well over 106 data points. From the larger data set - 

-

we have concluded:

Ice Thickness

In the following, Z~ is the mean value of the indicated keel

depth, !~ is the mean value of the indicated ridge height, 0k’ O~ is

a stated standard deviation. 
~~~~~~~~~ ~~ 

are maximum, 99% of all

observed values of keel and ridge dimensions. These are derived from

the ~ + 3c value quoted.

1. Using 1000 mile AIDJEX submarine profile data and a 1:8 vatio of

surface ridge to bottom keel, we found the following (based on

over one million profile measurements) .

Keel : — 14.0’ (4.27 a)

f °k 8.6’ (2.62 a)

X1rmax XI
~~

+ 3 Uk 39.S’ (12d m)

Ridge: !~~— l.8’ ( .35 a)
(inferred by 8:1 ratio)

— 1.1’ ( .34 a)
X...z Xs +30k 5.l’ (1.55 m)

Total Thickness: — + — 45’ (13.7 a)

S — ~__ — ~~~~~~~~~~~~ — S
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Li 2. Using Peter Wadham’s data, it was found that .54% of the keels

exceed 30 meters. (He found 45 such keels in 4000 ~~ of track.)

L He found mean drafts in the range of about 23.7 feet (7.2 a).

Assuming the standard deviation (using AIDJEX data) is about

60% of mean, Wadham data suggests:

Keel: — 23.7’ (7.2 a)

- Uk — 14.2’ (4.3 a)

~~~~~~~~~+3ak~~ 66.3’ (20.2 m)

Ridge: — 2.9’ (.88 a)

— 1.8’ (.55 a)

usaax 2s +3E~s
8.3’ (2.5 a) 

I 

-

Total Thickness: + !~ _~~~~ — 75’ (22.8 a)

3. Willi ams, et. al. Data (Trans Polar Drift Stream)

- Keel: — 11.8’ to 16.7’ (3.6 a to 5.1 a)

Ridges can be inferred by the 8:1 ratio.

4. Ten Submarine Runs (each over 100’s of tim)

Est. of L~~,~ Est. of Uk 9L.,~

H 1 — 29 feet (9 a) 
• 

13 feet (4 a)

2 — 23 feet (7 a) 13 feet (4 a)

3 — 10 feet (3 a) 5 feet (1.5 a)

4 — 26 feet (8 a) 16 feet (5 a) - 
-

5 — 26 feet (8 a) 16 feet (5 a)

~ 1 6 — 13 feet (4 a) 7 feet (2 a)

7 — 2 9  feet (9 a) 16 feet (3 m)

8 — 2 9  feet (9 a) 20 feet (6 m)

9 — 20 feet (6 a) 13 feet (4 a)

10 — 26 feet (S m) 13 feet (4 a)

11 _  
_

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  * ~~~~~~~~•~
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U ,
Using these data, we obtain an estimate of max1mum ice thickness 1 -

of the 99.7% confidence level of 62.7 feet (19 a). 
-

5. LeSchack Data L
Re suggests 90% probability of ice thickness being 26 feet (8 a),

from which one can deduce that the mean of his data is about 13—14

feet (4 m) and his standard deviation is about 8 feet (2.5 a).

Therefore, ice thickness for the 99.7% confidence level is estimated 
-•

to be 36 feet (11 a), given a Gaussian distribution. 
- 1

6. Swithinbank Data

Mean keel draft was found to be 2.7 to 6.6 meters based un [•)

10 km averages. Swithinbank stat~1s “In the central Arctic basin 
-

over a track length of about 1000 km they (Hibler , et. al.) found

a mean keel draft of 9.6 + 0.6 a and a mean frequency of 4.3 + 1

keel/km. Remarkably, our data yields almost identical results:

mean keel draft 9.6 + 1.0 meter, and a mean frequency of 4.2 + 0.6 1
keels/km.”

Other Ice Parameters

The published data suggests: [I 
-

— Surface texture maxi mum slope 20’ ± 10’

— Snow cover —— likely cover — 3 feet

— Seasonal variation ~ less than 1 meter total - -

- Latitude variation — about 1 meter on mean , or about -

3 meters total

Conclusion

These data cover a range of spacial distributions, seasons, and F
textures. They were made available as a series of data points, each

many measurementS and are quoted by most sources as a 

- 

1’ 
h
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mean and a standard deviation. An assumption is thus implied that the

data is Gaussian, but there is evidence that , in fact, it approaches

a Rayleigh distribution. The statistics, therefore, must be corrected

for this obvious skewing. If one applies a judgmental correction for

skewing, it is our suggestion that the maximum encountered ice thick-

ness (99% probability) lies in the 50 to 55 feet (15 to 17 meter) range.

We are recomeending that an ice thickness of 50 feet (15 meters) be used

as a basis for the Arctic ADOM design, implying that perhaps 1% of

the deployments will fail due to thicker ice. Attention is drawn,

however, to Section 11, which argues plausibly, based on this data,

for an actual 35 feet (10.7 a) system design limit, based on a cost

analysis.

Illustrations relating to Ice Statistics

Figure 1 —— Example of western Arctic ice taken from Ackley, et. al.

Reference #10.

Note: Angles of Surface Ridges

Depth of keels and heights of ridges

Snow cover

Figure 2 —— Example of western Arctic ice — same source
Figure 3 —— Example of eastern Arctic ice, taken from Wadhams,

Reference #70.

Note: The high percentage of ice that was observed to

exceed 5 meters and the relatively small value of

mean elevations noted.

The second table supplies mean keel depths (h)

11 and mean sail (ridge) heights (h5). A table is added

to the referenced data that calculates the ratio of

mean keel depth to ridge height. The average ratio

was 9.21

_______ ____________ - ~- r~ .- - • •  -~~~~~~~~ -~~~~--- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- -- - --~~~~~~~~~~~~-
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Figure 4 — Example Data from Eastern Arctic, from Wadhams.

Figure 5 — This is an internal LINK report on the analysis of over

1,000,000 unpublished ice thickness measurements, supplied

by AIDJEX and presented on a computer printout. The range -

and distribution of extreme points is indicated and the

basis of discarding erroneous data points is reviewed. 
--

Figure 6 —— Example of ice thickness data in the Eastern Arctic U
published by Swithinbank in Reference #74.

I ~~~~ -

I:

I
1IJ

[1

I
n



- ---•—-----—-——---— •• - - — -- -- —-

2 — 7 .

ARCTIC ICE DYN~~ICS JOINT ~~~ERIMENT

> EAST WEST

~ 
~~~~~~~~~~~ 4~°~~NOW 

—

SEA LEVEL — ’

( I

~~~~~~~~~~

1

SECTI1

X
~~~~~~~~

~~~~~

. 

è ~~ 2 r 3 4 2 ~~O 8 ~~~6

SEA LEVEL—1 

o 8 6 24 32 40 48 56 64 72 80 88 96

- -

SEA LEVEL—’

~ c. CR0SS-SE C-~~~~ /
’
~~~~~~~

0 ,2 . . •
12

o 8 (6 24 32 40 48 56 64 72 80 88 96
SOUTH 

A A  BB 
NORTH

— SEA LEVEL—1
E 4 .  4

I a
0 ,2 

~ . 1  • ~~~~. • • • • 
2

0 8 624 32 40 48 56 64 72 808896 04
OISTANC E (m)

Transverse and longitudinal crosR sections of
the multiyear ridpe.

Figure 2— 1

Adapted from Ackley, et al
Reference #11)

- U
- - - 

-



/

2 — 8 .

> T SNOW WEST-

SEA LEVEL L
I I ’

4 . 

I~o 
• 

O S S ~
O
E~;TK~

o
A.:AS 26o 220 

• 
240m

I -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ WES - 
-
~

SEA LEVEL -1

— ICEE 2 -

3 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
WATER

I 

i6o 1k i~o u~,o i&o 260 zk 2 %Oa
b. CROSS-SECTION B-B

I - EAST WEST
i~ ~~~~~~~~~~~~~~~~~~~ -SEA LEVEL-’
I I .

I-a.
w 3

80 
• 

IO0 20 i%~~~~ I~~~~~J~O~~~2CO 2k 240m

I SOUTHEAST W-B’ SOUTHWEST -

~~ 
-, -

~~~ ~~r~~~~~~~- - --
© 

SEA LEVEL-’

£ 2

0 20 40 60 80 100 120 140 (60 180m
d.LONGITUDINAL SECTION 2-2 

NORTHEASTi ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SEA LEVEL—’

1 ’• 

~~~~~~T
’T

~T I . I
20 40 60 80 100 120 (40 ISO ISOm -O(STANCE

.LONGITUDINAL SECTION 3-3

Cross sectIons of the 5 pro f I les studied , if lustrat ing snovi and ice elevations and ra ndom ‘ -thicknesses. The vertical scale is exaggerated by a f ac tor of 10 compared to the hor izontal scale.

Figure 2—2

Adapted from Ackley , et al
Reference #10

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 
- - 

—_________
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



2 —

Section K e e 1 s (he, — 9 a) 
~~•h A a so°t

1. 2.996 12.986 1.160 0.007876 B to
2 3.312 13.884 0.872 0.005885

- 

-
_ 3 3.704 14.203 0.871 0.005364

4 3.209 13.591 0.946 0.006437 8
5 3.648 14.141 0.876 0.005459 86°
6 4.369 14.631 0.898 0.004771
7 4.111 14.009 1.034 0.005672 ‘

.

8 3.937 14.347 0.883 0.005152
9 3.830 13.939 0.988 0.005790 C 

~ 
100km

10 4.304 15.521 0.696 0.003824 3 
I—’

Total 3.742 14.188 0.885 0.005387 
2

82°
Section S a i 1 s (h — 0.981 a) A

— $reenh.Ad Svolbsrdp 8 h5 B b
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

so.
I-s .

1 12.36 1.5208 30.15 1.8519 8.5
2 16.50 1.5319 38.03 1.8147 9.1 1o
3 17.66 1.5211 43.02 1.8511 9.3 ~~ACK OF HMS S~~EREGN
4 16.62 1.5198 40.76 1.8554 8.9
5 19.05 1.5492 40.32 1.7595 9.1
6 29.75 1.5414 65.41 1.7841 9.5
7 20.68 1.6006 34.78 1.6135 8.8
8 25.28 1.6079 41.27 1.5949 8.9

I 
- 9 19.04 1.5686 36.82 1.7015 8.9

10 20.93 1.5662 40.91 1.7084 9.9
Total 19.79 1.5564 40.48 1.7376 9.9

* Average — 9.2

Section P e r c e n t a g e s  Mean Nean elevation
<0.5 m 0.5—2 m 2—5 a >5 a draft a (lasar) a

1] 1 1.8 3.8 28.6 65.7 6.95 0.180
H 2 8.6 5.4 26.6 59.5 6.87 0.184

3 8.0 5.2 25.1 61.6 6.88 0,223
4 12.6 8.2 25.3 54.3 6.04 0.206

V 
5 8.7 6.4 30.6 54.3 6.41 0.266
6 1.9 3.4 27.9 66.8 7.93 0.373
7 2.0 1.3 31.6 65.2 7.52 0.278

I t  8 1.1 2.7 31.3 64.9 7.51 0.317
9 2.1 1.9 33.7 62.3 7.20 0.283
10 1.3 0.6 21.4 76.5 8.92 0.236

U
- FigUre 2—3

Adapted from Wadhane — Reference #70

____——
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• AIDJEX Ice Data — 4/ 27/78

Data Report — June 7, 1978

I On the computer print—out, areas peaking in the 70 foot range,

in the 80’s, 90’s, and those in the 100’s were logged. The total

number of data points in each range and the number of areas in which

- these were found are given below. (An “area” includes consecutive

peaks within 120 data points of each other.) The absolute maximum

observed is 102.1 feet.

Range 70’s 80’s 90’s 100’s

Total # in range 311 73 36 6

I # of areas which 18 7 5 1
peaked in range

I4ost of the numbers increased and decreased fairly regularly.

However, there were a few irregularities of possib le interest. By

some error, many of the numbers had 200 added to them; these are

I circled. The number —10.0 showed repeatedly, especially in areas of

low numbers. In a few areas, the numbers ~jumped from low values to

- 
~~. 80’s and 90’s; since these appear unreasonable, they were discarded.

L Total # of good points processed: 1,076,580

Total # of points rejected: 300,600
LI Mean of the data: 14.0 feet

Variance: 74.0 feet squared

Standard Deviation: 8.6 feet

I
I Figure 2—5

Preliminary unpublished results

________________________________________________________________________ - •~~~~~~
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SECTION 3: SYST(~~ ENGINEERING SPECIIICATIONS

-j This section offers target specifications for the prototype

development. It is generated for the purposes of bounding the

deployment and drilling systems, but interfaces with other ADOM

sub—systems. The specifications are not definitive in these areas.

I

• DEPLOYMENT

On ice delivery will be the normal operational deployment. The
Li system will also be able to withstand open lead deployment (initial

deployment in open water) ; i.e., it is buoyant , and withstands
stresses during freezing, but will not stand closing forces due to
ice movement .

PHYSICAL SIZE AND UEIGHT

Size and weight will be suitable for P—3 Aircraft, if ossible.

ENVIRONMENT (R ef :  MIL STD BlOB, 210B, 167, MIL a—859lE)

Altitude (flight and launch) Sea level — 9144 a (30 ,000’)

Temperature Storage: —62°C, +82°C
-- Working: —40°C, +55°C

Wind 40EN

Humidity Electronics: 852
Case: limnersion

-- 

Salt Water Salt Fog

Peak Acceleration 100 C

- 
Vibration MU STD 810 B Class B (Aircraft)

Reliability System: 90% reliability for 1
year mission duration

Drill: 95% success ratio

ENVIRO)I1ENTAL IMPACT

] 
No long—lasting effects due to chemical residues result from the

drilling procedure. 

- -•-~~ --- _~~~~~~~~~ - - -- -~~- -- - - -•- ---~~-—~~~~~—
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I—--SENSOR SUBSYSTEM *

Number of Sensors 40 
[

Measurement Depth 100 to 1000 in (328.1’ to 656.2’)

Depth Accuracy ± 1 in (3.28’)

Sensor Spacing 20 to 200 m (65.6’ to 656.2’) 
[

ICE DRILL SUBSYSTEM

Maximum Ice Depth 15 m (49.2’) (4C~~ 100.00%) L

Hole Size in- Ice 5 cm (2”) 10 cm (3.9”) 15 cm (5.9”)** 1 
-

Confidence Level 90% 95% 99%**

Ice Characteristics 1. 
-

Physical : as found throughout the Arctic Ocean

Surface Slope: 200 from the horizontal

ELECTRONIC SUBSYSTEM * -

Sampling Rate * 
-

Data Transmission Rate *

Operational Life 6 to 12 months

Orientation of Antenna compatible with satellite
acquisition of data 

I

-

* subject to further system definition

** subject to cost benefit studies - - - -.

- 
~
.1

11

________
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SECTION 4: ENERGY REQUIREMENTS FOR THE ARCTIC—AD (14

A. Energy Needs

1 
Three excellent studies exist for determining the amount of heat

required to drill, thermally, a hole through Arctic ice: Tien, Ref.

# 64, Morev, Ref. # 46, and Mr. L. Bonde of EGG. They all derive

from different, but compatible, assumptions on ice characteristics,

( j  drilling efficiencies, physical configurations, etc. The work of

Tien is in a form that may be directly related to engineering calcula—

- - 
tions, and has been employed here to study the trade—off s of hole

~

- size, drilling speed and paver/energy required to accomplish the

drilling.

Figure 4—1 examines the power/energy requirements for thermal

drilling through 8 meters of sea ice. Here a 200 cm long drill is

assumed with enough diversion of heat to keep the drill free of the

U ice on its sides. Convection heating was assumed. The di eter of

the drill is varied from 3 to 42 cm, while drilling speeds of 30

( 1  minutes, 3 hours and 5½ hours were examined . The power (KW) and

energy (KWH) were computed . Figure 4—2 expand . Figure 4—1 in the

6 to 16 cm d iameter region . (Note that the horizon tal axi s in

1_ i Figure 4—2 is radius rathe r than diameter.) Several cmclusions are

evident. It is more efficient to drill rapidly than slowly. Tb.

1! rate of power expenditure obviously rises rapidly as the dura tion of

U drilling is shortened . It is noted tha t for holes in the 6 inch

(15.25 cm) diameter region the power required to go 8 meters in

F typical sea ice is not out—of—reach , less than 25 KWH . Figure 4—1

also record s the experienc e of several reported field operations , two

of which lie quite rea sonably within the predictions of this model .
i

i _ L
- - - -  _ .  ~~~~~~~~~~~~~~ 
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The calculations of Bonde in the ADOM report of April, 1978, also

are quite consistent with those presented here. L
Figure 4—3 illustrates the cost in energy to drill a given hole

at various drilling rates, using the TIER model. The basic text

“Ice Core Drilling”, the 1974 University of Nebraska reference,

of fers an empirical chart displaying power, speed, and hole size -

relationships which we have shown as Figure 4—4.

Note is made that the study of ice statistics, Chapter 2 of 
-

this report, indicates that a 3a ice thickness of 50 feet must be [ -
expected . In Figure 4—5, therefore, these calculations are extrap-

olated to a 50 foot ice thickness. This table forms the basis for

subsequent system calculations. It states, in su m m a r y ,  that a I -
6 inch hole may be drilled in 53 minutes with about 35 KWH of power.

Assumptions have been made on efficiency that make this a reasonable

4 expectation. - .

B. Energy Sources

A study of the many potential sources of ener gy for the ADOM

dril l discloses some remarkable relationships. Figure 4—6 reviews

some 15 available energy sources, their energy density, their cost , and

th. weight of paver source to drill a 50 foot , six inch hole.

The range of values are astounding. Weights, for a given energy,

range from 5.5 to 2500 pounds, a 450 ratio. Cost of energy ranges 1’

from $ .50 to $16,930, a 34,000 ratio. While some sources require an - 
-

accompany ing facility to make use of the energy , the table does indicate

J 

the extraordinary diversity in paver sources and underlines the remark—

able role of petroleum in our economy.

Figure 4—7 lists some of the facilities that might be used to 
- I

generate energy and compares their weight per watt delivered. .-- 
-



-
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The field experience with many drills primarily mechanical,

- 
was sunued up in the volume “Ice Core Drilling”. Their data is

LI repeated, in the form originally presented, in Figure 4—8.

1~
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. Figure 4~~
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BASIC ENERGY REQUIREMENTS

HOLE SIZE DRILLING RATE TOTAL ENERGY POWER 
-

~

2” (5.08 cm) 0.88 ft/mm 7 .6  1W—hr 8 1W -

( .267 rn /mm ) (25,940 BTU)

4” (10.16 cm) 0.88 ft/main 15.2 1W—hr 16 1W
( .267 m/mirt) (51,880 BTU) 

-

6” (15.24 cm) 0.88 ft/mm 34.3 1W—hr 36 1W
( .267 m/mnin) (116,725 BTU)

- . Figure 4—6 
- -

ENERGY DENSITY
FOR -

CAND IDATE ENERGY SOURCES I
100% Efficiency -

Higher Heating Value Approximate 6” hole — 50 ft
in BTU/lb m Cost in lbs. —

Propane 21,669 5.5
Natural Gas 24,100 5.0 -

Gasoline 20,460 5.87
Kerosene 19,750 6.08 -

Diesel Oil 19,000 6.3 - 
-

Organic Compounds <21,240 ~5.65 
-

Super Corrod ing Alloy 4,947 $620 24.3
($25/ib) I

Lithium Batteries 427 $5620 281
(125 W—hr/lb) ($20/ib)

Lead Acid Batteries 48 $7000 2500
(14 W-hr/lb) ($10.30/cell;

$2.80/ib)
Magnesium Batteries 89 — 1350
Silver Cell 154 — 780 -

(45 V—hr/lb ) 
- -

C*rbon—Zinc 65 — 1850
(19 W—hr/ lb) j I -

Nicads 106 $16,930 1134 -

(31 W—hr/lb) ($4.60/4.93 as.
cell; $14.93/ib) I

II
~~~~~~~~~~~~~~~~~~~~~~~ -
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- 

Figure 4—7

L

COMPARISON OF AVAILABLE ARCTIC ELECTRIC POWER SOURCES

TYPE WEIGHT (lb/W)

- - 
Diesel 70 x

Gasoline 60 x

Fuel Cell 25—70 x

- Can Turbine 20 x 1O~~

I Thermoelectric 1

Isotope Generator 15—200

Batteries ll_ 125*

- 

- 
9.1 x 10—2 to 8 x

* Watt Hrs./lb.

Ii ** Pounds per watt of energy expended in one hour

1~1

- U .
-,

I! -
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L
Figure 4—8 1 —

MEASURED PENETRATION RATES FOR EXISTING DRILLING TOOLS - -

The following notes give examples of actual penetration rates for variou s types of existing
equipment. Most of Ike inlonnation is taken from an unpublished report by Mellor ci ci. (1973),
which illustrates many of the pieces of equipment that arc referred to. I

Thermal drills have also been used for boring holes in ice. although they arc very inefficient
n energetic Icmms compared with mech anical drills. Electrical hot-point drills usually pcne t rate
at rates not exceeding 60 to 80 per cent of the theoretical rates calculated on the basis of melting
with no heat loss. Theoretical penetration rates for lossless inciting were given earlier, and some
practical heat losses are discussed by Aamot (l067a. 1968). To give an idea of penetration rate. a
2 kW (2.7 hp) electric hot-point can readily bore 2 in. (SI mm) diameter hole at 0.33 ft/mm
(L7 mm/sec). Shrcvc and Sharp (1970) achieved rates up to 0.49 ft/mm (2.5 mm/scc) with 2.1
kW on a 2 in. (51 mm) diameter hot-point, while Staccy (1960) reached 0.63 ft/mm (3.2 mm!
sec) at 2.3 kW (3.1 lip) and 0.5 ft/mm (2.5 mm/sec) at 1.8 kW (2.4 hp) for the same size bit.
LaChapdflc (1963) drilled at 0.30 to 0.33 It/ mm (1.5 to 1.’ mm/scc) with 0.22 kW (0.3 hp) on
a 0.71 in. (18 mm) diameter hot-point. The 3.625 in. (92 mm) diameter Philhcrt h probe pcne-
Dated at 0.16 ft/mm (0.81 mm/see) with 3.68 kW (4.9 hp) input in Greenland (Aamot , -

1967b).* One of us has bored 0.73 in. (19 mm) diameter holes to depths of 200 ft (61 m) at a
rate of 0.27 ft/mm ( 1.4 mm/sec) with a 0.25 k~V (0.34 hp) electri c hot-point. W. Tobiasson I(personal communication) has bored with a 0.5 kW (0.67 hp). 1.25 in. (32 m m )  diameter lint- -

point at rates of 0.15 and 0.22 ft/mm (0.Th to 1.1 mm/sec). On a large r scak , the 6.4 in. (0.16 -

m) diameter USA CRREL therm al coring drill has penetrated at rates from 0.126 ft/mm (0.64
mm/see) in 0°C ice to 0.104 ft/mm (0.53 nimfsec) in ice at -28°C. the input power ranging frormi
3.5 to 4A) kW (-1 .7 to 5.4 lip) ( Ueda and G;ur lldd , I 969h). Russian ckctrot liernma ! pe ne t rator s  —

have drill ed a’~ 0.38 to 0.49 ft / mm (1 .9 to 2.5 mm/see) with I to 2 kW (1 .3 to 2.7 hp) on a tip
diameter ut l.(~ in. (40 mm~ and at 0.38 In 0.55 ft / mm ( I  ‘) to 2.~ mm 15ec) ~v itlm 3 to 4 kW on a
tip diameter of 3.1 in. ISO mm) (Koroikevich and Kudryashov, thi s symposium). Russian clectro-
thermal corers have drilled at 0.16 to 0.25 fl/mm (0.83 to 1.25 mnmn/sec) with 1.5 to 2.2 kW
(2 to 3 lip) on a wedge.profile annulus of 3.5 in. (88 mm) inside diameter and 4.4 in. (112 mm)
outside diameter . and also at 0.08 to 0.1) ft/mm (0.42 to 0.56 mnm/sec) wi th  3.5 kW (4.7 hp) on
a flat-base annulu s of 5.1 in. (130 mm) inside diameter and 7 in. (178 miii ) outsidc diame ter
(Korotkcviclm and Kudryashov, this symposium). The French ~bare-svirc” therm al corer is re- - -  

-

ported to have achieved rates up to 0.33 It/mm (1.7 mm/sec) with about 4 .1 kW (5.4 hp) on a
head boring 5.5 in. (0.14 in) diameter hole and taking 4 in.(0.1 in) diameter cure (F. GiHet et a!..

~~~ this symposium).

[1
fl

Thin page is copied directly from “Ice Core Dri1lin~”. - 

-.- -~~~
---- --- - ~~~~~~~~~~~~~~~~~~~~~ 

-—
~1



- - - - -
~~-—~~~~~~~~~~- ‘ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~- -~~~~~w~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --

5— 1.

SECTION 5: HEAT TRANSFER ANALYSIS

Study of the literature has indicated that the conventional

thermal drill traditionally has relied on natural convection at the

point of the drill to achieve melting of the ice. Since thin re-

quired the transfer of lieat across the melt—water interface, the speed

of drilling may be low, efficiencies may be less than desired, and

the temperature differential between drill and ice may be great enough

to introduce problems of reliability.

It became evident in discussion with James Browning (See Appendix

3) that if the melt water could be placed in motion, a “scrubbing”

action will resu~~ and the temperature drop across the gap between

drill and ice greatly reduced. Indeed, the circulating water itself

could be heated, in addition to the hotpoint, to achieve more

efficient melting. It was further viewed that if melt water , now

at an elevated temperature, were to be recirculated, a very efficient

drill might result.

A mathematical model of the drill system was then created and

was placed on the UN)! DEC—10 computer. At this writing, the full

I 
- validation of the program is not complete, but key conclusions are

evident.

It is clear that the scrubbing drill does indeed drill, that

efficiencies are satisfactorily high. A hole is drilled that is

perhaps ten times the sise of the drill orf ice. Total energy and 
-
~~~~~~

drill speed~ ..?pear to be in line with the projections of Section 4.

[J 
A thorough discussion of the model, and a review of the computer

output. will bs included in a report scheduled for the first of the

year 1979.

1~i t 

-

~ 

— —.———

~~

. — — -
— - — rr ,I _ rrrt-r ~ -r~~~-rr ~~ ”~ - _ :S__ _ - :  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



- -~~ -- ---~~~ - - 

_

~~~

_ _ _ _ _ _ __
—

~~~~~~

_ _ _ _ _ _ _
~

_
~~~~

__ _
-w

_ _ _  
~~~

-- --

I 

5 — 2 .

Figure 5—1 is a sequence of early computer printouts showing

the progress of the drill through the ice. The temperature field is

indicated.

The ongoing study will produce the physical parameters necessary

for drill design. This will then serve as the basis for prototype

fabrication.
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- SECTION 6: THE CONCLUSIONS AND EXPERIENCES OF THE BROWNING ENGINEERI NG CORP.

Mr. James Browning, formerly of Dartmouth College and CRREL,

founded his Corporation in 1961 devoted to jet drilling in rock and

ice. His work in the Antarctic in let drilling through 1380 feet of

ice in late 1977 is described in Appendix 3. Mr. Browning has con-

sented to serve as a consultant to this program and prepared two

reports. These are characterized by inventiveness and insight,

- 
which are included in Appendix 3.

The Browning influence on the thinking of the project has been

substantial. His views of the steam—jet, and the hot—water jet

generated the thinking that lead to the “scrubbing” concept and to

the subsequent thermodynamic modeling mentioned in Section 5. His

discussions have proved most valuable in setting decision criteria.

- . Appendix 3 makes excellent background reading.

Included also are copies of literature describing the Browning
- drill which were adapted to the Antarctic drilling experiment.

~



F- — -~ ~.. ~~~~~ —‘.----~~~~~ -

H 7— 1 .

SECTION 7: THE IMPACTOR SYST~~

The Impactor, as developed by Sandia, is a device of a given

mass that is deployed from an aircraft, reaches terminal velocity,

and on impact , plunges into the terrain below. Ref erences #76, 77,

- 
78, and 79 discuss Sandia experience in designing penetrators of sea

ice. In the ADOM application it would rely on a shaped missile hit-

ting the ice at maximum possible velocity, perforating the ice, and

continuing upon penetration to serve as an anchor for the instrument

- I string.

It is noted that a divergent reauirement is immediately evident.

— 
I Maximum landing force is required for the iinpactor, minimum landing

- 

1 1  
force for the highly sophisticated ADOM instrument — computer — com-

munication and antenna package. The two system elements, moreover,

must remain joined by a cable throughout deployment. This implies

that they must land at far different speeds, in different places, at

different times with possibly great loading on the cable. This is

[ viewed as a most difficult task, if system reliability is to be assured.

Dr. C. V. Young of Sandia has developed equations, containing

I empirical constants, which represent their experience with sea ice

-~ 
penetration. This data has been extrapolated here in the Arctic—ADOM

problem.

[ From the referenced report “A Parametric Study of an Ice Penetrating

Sonobuoy Vehicle” —— C. W. Young, Terradynaznics Division, Sandia Labs

1 1972 Report SC—DR—720379, the following equation was drawn:

D — 0.0031 SNJ~ Th (V1 — 100)

I - S — index of penetrability; recommended value 2
N — nose cone performenc. coefficient; best value — 1.32ii V • weight in pounds

(1 A — area in square inches
- V1 entry velocity in feet per second

fl — depth of penetration in feet 
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Several key footnotes to this equation are in order:

— A key design parameter is the ratio V/A —— the weight divided by the

cross—section area. Weight W is:

W d X A x L

where d — density, A — area, L — length.

The equation for penetration , D, thus becomes

D • .0031 SN/~~~~ (V1 - 100)

We see, then, that penetration is unrelated to size. i.e., cross—section

area of the missile. A little one penetrates as far as a big one! I -

— The referenced report notes that there is a maximum length L which

may be tolerated . If L exceeds 18 t imes the diameter , the tinpactor

fails to have ample mechanical strength to inhibit bending, using

available metals.

— There is a limit to the practical density that may be employed. They

used a combination of lead and steel with a maximum weight to area,

W/A, ratio of 20.

— The velocity, V1, in free fall reaches a limit of roughly 600 feet per

second.

Figure 7—1 illustrates the depth of penetration for various sizes

of impactors as weight increases. It is noted that all reach the same

maximum depth of 17 feet (5.2 m) in typical sea ice with an optimum

shape of nose cone, and a lead/steel construction. ii -

Obviously, this is inadequate in view of the anticipated ice depths.

Th. velocity may be increased above free fall terminal velocity , however , - -

by addition of a jet booster. Figures 7—2 and 7—3 examine the perf or—

mance with 1.6 and 2.5 t imes terminal velocity. Penetrations of 33

f..t (10 a) and 51 feet (15.5 a) were shown. 

- - - ~~~~~~~~-— — —  —-~~~~~~~
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The decelerations encountered by the penetration through 30

feet of ice , given linear loading, may be calculated.

Velocity of Impact Approximate G (for 30’ of ice)

600 feet per second 130 C

1000 feet per second 217 C

1500 feet per second 325 C

Decelerations of 600 C were found in the Sandia probe, in a

free—fall descent, and penetrating 6.5 feet. The instrument package

suffered substantially higher C’s since it had, at best, one foot in

which to decelerate.

The problem of a soft landing for an instrument package, tethered

to a jet—propelled impactor, offers no easy solutions. The penetrator

presumably would pull 1500 m. of instrument cable, housed either in

the companion package or the probe, over the ice and down the hole.

On full deployment , the cable, attached to the instrument pack-

age somewhere nearby, must support the full weight of the anchor and

1500 meters of instrument cable. This places extraordinary demands

on the cable specifications.

Note is made that the instrumentation package, alternatively,

might hard—land on the ice behind the impactor. This implies a decel-

eration from 2200 fps. to zero in some distance like one foot. This

— creates acceleration loadings in excess of 30,000 C, an overwhelming

assignment for a developmental computer , a self—erecting satellite

antenna, and interface electronics.

The impactor approach is faulted for placing a very substantial

V reliability demand on top of a difficult basic system development.

~~ ll
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~ 

- 
-



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ------------ ----- — - ----- -—---

7 — 4 .
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~ SECTION 8: AN OVERVIEW OF MECHANICAL DRILLING

Introduction

P In general, mechanical drilling in ice is an attractive low

energy concept for a reduction as much as an order of magnitude in

energy required over thermal drilling. Data in an early ADOM Progress
~ I

- 
Report suggests that this has long been considered as an attractive

U alternative (See Figure 8—1).

There are many successful mechanical drills, including ice augers

available at local hardware stores . All existing drills require

manned—support systems; no remotely, unmanned mechanical drills have

- - 
been developed. An excellent reference on ice drilling Is available

- in a 1974 Symposium on the subject. (Reference #60)

On an energy basis, mechanical drilling is clearly the optimal

• method. The serious problem arising for mechanical drilling, however,

is drill bit head stabilization, (i.e., control of cutting head

- 
orientation and cutting head interface forces). Two leading methods

I (i.e., telescoping drill and a mechanical “mole”) suffer serious draw—

i backs. One either must provide the power from the surface and transmit

it to the drill head via some telescoping/torque transmitting shart

I which can grow to 50 feet in length, or one must carry the motor in a

“aol.” drill head which is stabilized in the -hole with torque resisting

and downward moving mechanisms (such as tracke r treads). Both are

complex and have many moving parts.

-, - Experimental Data

The best si~~ ery of actual data on drilling rates and power is

provid.d by Nellor and Sch ism in “Ice—Core Drilling”. It is valuable

Ii enough to be included directly in Appendix 5.

n 
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Background -

The basic considerations in mecl-nical drilling are :

1) The cutting process and the energy requirements -

2) Removal of surplus materials

3) Stabilization of cutting head 
-

The Cutting Process -

In a mechanical drill, a certain amount of energy is needed to cut

or chip the material; this is often called the “specific energy for

cutting” —— the work done per unit volume of material cut. The minimum

value this can assume is the fracture surface energy of the material 
I 

-

multiplied by the specific area of the cuttings. This minimum can

easily be calculated from:

1.98 x 10—6 D2 R E6 (Hr)

where D is hole diameter in inches
- R is the drilling rate (in/mm ) 1 i —

E5is the specific energy (in lb/in3)

Many experiments to determine E’s have been made for ice and other

natural arctic material. E5 ranges from about 70 in lb/in
3 to 700 in lb/in3 - 

-

depending on temperature , cutting rates, catting technique. Data for these

follow.

For drilling a 6 inch hole, 50 feet deep in one hour , the requirement - - -

is approximately 4 hp as a minimum, if the specific energy is 700 in lb/in3.

Conservatively, it would probably require 6 Hp or so. This is about

one—tenth the power required for thermal/melting systems. 1]

Power to Remove Cutting

The power to remove cuttings is a small portion of the total power

required. A calculation based on 50 feet/hr. and a six inch hole indica tes -

that this power is approximately 0.1 hp. The relationships of hole size,

power, and drilling rate are shown in Appendix 5. 

- - -  -
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Figure 8—1

- 

~. ICE DRILLING COMPARISON

tflfl £ f l~wg
ICE FREE FALL ______________________________ ________________________________ 9
CONDITION PENETRAT I ONS I~~CHM 1CAL DRILL THERMAL HOT POINT DRILL

OPEN HATER would need flotation device
~ drilling equipment

- • 1.10% probability required 
_____________________________ ______________________________

FIR ST YEAR weight • 13 kg weight weight
IIIDEFORMED ICE length • l.~~ vo lume vo l lims

diêmster • S c m  time to drill • 6 .1.i tine to drill 812 cm/am • 12 sin
15— 20% probability velocity • ~lO0 u/s energy consumption • 1.3 a 10 .1 energy cons,~ption • 1.1 a iol

drop altitude • 240ON considerations:
Technology already avail- (I) good for large or small holes

. able; see Young, C.H.. 1913 ‘2’ drIll oust be leveledI Development of en Ice Sono. ‘-. l.Sa buoy Penetrator (U) Sandia (3) antifreeze oust be preheated.. Laboratories. Albuquerque. aboard aircraft
N.M. 87115

- - Cons iderat ions :
(1) selection of drop zone

• - required
(2) acceleration forces on

- electronics and cable

(3) hole large r then 4 cm

* PILTI.YEAR weight • 43 kg weight weight
UICEFORIcD ICE length • lRs voluat VO lUflI~

- 
diameter • 5 cm time to drill • 11 mis time to drill 5 12 cm/m m • 25 ~in

1 
~~

- velocity • 100 s/s energy consumption • 2.6 * lO~ J energy ConSialIptiOn • 2.2 i 10~ j
— 3.ON drop altitude • .210ON 

Considerations : Considerations:

- 
20.40% probability Considerations: (1) um,st be leveled (1) some level in g of drill required

(I) acceleration forcet on (2) new technology
• electronics and cable 

~~ antifreeze must be preheated
(2) will ~Iio operate in - aboard aircraft -

—~~ 
first year ice

-i (3) hole larger than 4 cm

XFORPEO ICE weight • 900 kg weight • 680 kgs weight

Ice keels. ~~~~~ length • —1.6. volume • 1 m~ volume
- diameter • 35cm time to drill • 30 mm tine to drill 812 ou/nln • 11w

Topl svr ce velocity • 300 u/s energy const~~~t ion • 6.8 * l0~ J energy consumption • 1.2 a 101 J

30- 40 probability 
drop altitude • ~~000~ Considerations: Considerations:
Considerations: (I) rough surface may prevent (1) rough surface may prevent
(I) new technology leveling leveling

(2) acce lera tion force (2) new technology
will break currently (3) antifreeze mist be preheated
ava ilable multi, aboard aircraft

r Conductor cable
$ (3) raale, penetratIon at

300 .Is.5a
(4) bole larger thin 4 cm

delves are tentat ive and s i*j ect to rev ision as a result of further analysis and firm*r operating par ameters.
ROlES: (1) Pertains to drilling 4 ci. hole . eaceot for free fall penetrator whose hole will correspond to its diameter.

r (2) weight and cuae values include po.er source. Gable drill mechanism , leveling mechanism. Eacluded are

L packaging inc electronics.

Data from ADOM Progress Report (August 1977)

I 
- — - - - - - -_

_ _ _
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SECTION 9: SUMMARY OF DRILLING SYST~ 4 ALTERNATIVES AND THE APPLICATION

OF DECISION CRITERIA

1. Introduction

A chart , “Potential Arctic/A DOM Ice Drilling Systems”, is shown as

Figure 9—1. It lists the 87 possible cand idates that have won our

consideration as candidate drills . They are grouped in four generic

systems (plus a tactical solution). They involve eleven systematic

approaches and rely on an over—lapping group of some 15 potential

sources of energy.

The 87 cand idates involve some combinations that are openl , im-

practical , and some which may include a major flaw that merits immediate

rejection , or indeed , causes it to be less effective than others under

review. We have engaged in a four stag e filtering process to eliminate

candidates:

A. Examination of the several identified power sources to eliminate

those found to be inappropriate for various reasons .

B. Examination of the over—all system concepts, and , where appropriate ,

identification of fund amental weaknesses is made .

C. A listing of the systems tha t remain is then made, combining the

various surviving power sources , and systematic approaches .

These systems, then were measured against a set of criteria

that grew out of the ADOM Coninittee Meeting of April 17, 1978.

These criteria are listed in the order suggested by the Committee ,

but are not weighted. The resulting judgements are shown in

a chart titled •
~~IA~)(I4 Project Design Decision Matrix ”. See

Pigur. 91. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - :~~~~
- _~~~1~: 
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D. The surviving systems are then discussed in Section 10, where L 
-

a point—by—point review of their merits is presented .

It is observed that while the suninary conclusions offered and their

justifications are listed below in a very brief form , a volume of data ,

as well as related studies , do exist to back up these conclusions in - 

-

most instances. They are not included for reasons of volume .

2. Power Source Examination

An examination of the various power sources listed in Figure 9—1

resulted in the following decisions :

— Solar Energy: Solar energy is not available in the Arctic many

months of the year. Rejected.

— Nuclear Energy: Strict regulations exist on dispersing and

discard ing nuclear power sources . Rejected .

— “Hot Bricks” and “WANGANOL”: Inadequate data is available to us

on these systems to make a detailed j udgement. They are known to

be composed of chemicals under consideration elsewhere in the

list. They are rejected , with the proviso that they would be

re—examined if the constituent chemicals become prime candidates

fo r consideration .

— Electric Generators: Motor generators are often difficult to

start and to maintain in the Arctic environment, and they have

many moving parts. Al though specifically designed motor generators •1
may be adapted for Arctic/ADOM, they are viewed as an unreliable

and ineffective way to obtain a short term burst of some 80,000 
11

ETU of controlled power . Rejected .

— Fuel Cells: Fuel cells are temperature sensitive and , moreover,

are designed to provide a modest energy drain over an extended - - - -

- I period , as opposed to the Arctic/ADOM requirement of a peak drain

of tens of KW for a short period. Rejected.

- 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ -‘- --~~~~~~~~~~~~—~~~~~ - _________
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- I i~ 3. ~ystem Configuration Examination

The chart of Potential Arctic/ADOM Ice Drilling Systems listed 4

generic systems with several subsystem variations. In addition, the

tactic of Open Lead Deployment was mentioned for completeness, although

this approach is under study by the Polar Research Laboratory and ,

therefore , not considered as an ADCM alternative. These systems were

reviewed as follows:

Impact Penetrometer

The specified maximum depth of ice that must be penetrated requires

that a penetrator have a velocity in excess of its free—fall terminal

velocity. This requires a jet—assist during the fall. Conflicting

requirements exist for a minimum landing acceleration for the instrument

package and a maximum deceleration for the penetrometer portion of the

system. This implies that widely d i f fe rent velocity—distance profiles

will exist for each section of the system as it descends, causing them

to land possibly some distance apart. They must remain connected by

cables, however, which will be placed under substantial stress.

The system is rejected on grounds of complexity and reliability.

Mechanical Drills

?4anned mechanical drills have a proven record of success in the

Arctic and they are very efficient in the use of energy. Translation

of manned technology to the Arctic/ADOM problem, however, is not direct.

- 

- 

Packaging a 50 foot telescoping drill stem in the space available in

AD(14, for example, is a major challenge. The development of a mechanical

MOLE is similarly complicated. Steering of either system requires new

technology development. The systems are rejected on grounds of sur-

U vivability, reliability, and the extensive development needed to achieve

a satisfactory unmanned operation .

_ _ _
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Thermal System — Convective

Thermal systems have a long and successful history of manned

drilling in the Arctic, basically employing a convection—based, or

non—scrubbing, hot point. L.

Thermodynamic analyses, however, described elsewhere in this report,

are proving that the conventional hot point viii drill store slowly, and —

is less efficient than the “active” or scrubbing system, or the hot

water jet system. The cost in reliability to achieve scrubbing or

jetting is deemed low, since the technology appears to have been

proven in the field. The entire generic branch of systems labeled

static hot points is rejected on grounds of the speed of drilling

and the low cost required to achieve improved thermodynamic efficiency L
through scrubbing.

Thermal. System — Surface—heated Working Fluid

Heat stay be transferred to the hot—point via a working fluid -~~

heated on the ice surface. This approach was rejected on the ground

of unnecessary heat losses in transmission and the practicality of

the competing systems that generate heat in the probe, plus the added

weight and complexity that the system entailed.

1’ -

I
I

i

L 
_ _
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SECTION 10: SYST~ f REViEW

- 
The above decisions winnow the 87 systems initially named to 23

H candidate systems which are shown in the chart as Figure 10—1. These

23 systems were not discarded by the first level of criteria, and

consequently have been selected for examination in further detail.

[1 The summary judgements made on each are described below. The analyses

which accompanied these viewpoints, in most cases, are not included .

i—I
— Battery Heated Hotpoint with Scrubbing

I Hotpoint is electrically heated with battery power. A pumped

flow of water (melt water) carries the heat to the ice. System

- accepted for further review.

— Hydrocarbon—heated Hotpolnt with Scrubbing
- 

Fuel oil is burned in the drill itself to heat the hotpoint.

Excellent efficiency of fuel and its low cost is out—weighea by

- 
problems of getting oxygen to the down—hole burner , and by the need

1. for near—perfect reliability of burner start—up on command. Rejected.

- — Ablative Rod of a Super—corroding Alloy (Described in Appendix 4)
- .  

An ablating rod of the NCEL Supercorroding Alloy is surrounded by

J ~ a forced flow of water that conducts heat to the ice and that carries

- 
away the bubbles formed in the process. System calculations indicate

- that a ¼” rod, 40” long contains enough heat for a 50’, 6” hole.

System is rejected for ininediate development due to too many funda—

- - mental unknowns to merit Phase II prototyping. The technology is

viewed as worthy of consideration as an R&D program.

h

- - 

.. 
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I i
— Lithium and Magnesium Heat—tip with Scrubbing

Same disposal as the Super-corroding allow. Research is required

before development should be started. Viewed as less promising than

the NCEL alloy. Rejected.

— Prior-heated Steam Jet —

If a tank of super—heated steam were to be loaded into the L -

Arctic/ADOM initially before aircraft take—off, and if maintained at

high temperature during flight, a very simple system results. (See [
Browning Report, Appendix 3.) The system is rejected, however, because

the residual water existing in the steam—tank poses a hazzard in a

100 G landing , and thus a threat to system survival. Moreover, the

insulated pressurized tank required takes up an excessive volume of

system space , and could limit its use on a P3 aircraf t .

—

- 
Battery Powered Steam Jet

The steam jet would be generated by battery power after deployment.

This was found to be inefficient use of battery power. Water temper—

ature for efficient drilling need not exceed 212°F, and the jet force,

if required , may be obtained more efficiently in other ways than L
boiling water.

— Hydrocarbon Steam Jet

Here, the steam would be generated by burning hydrocarbons in a fl -
boiler that remains on the surface and would create a jet against the

ice. This steam drill employs the high energy content of fuel oil

and the attractiveness of the jet, but does not relieve the relia—

bility concerns related to starting up an unmanned oil burner, or an

_ _
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evolving concern about the efficiency of steam jets.* An added option

does exist for placing the boiler down—hole in the probe. Rejected

for reliability reasons, with a reservation that the system be re—

examined if reliability concerns are relieved and if steam—jets are

found to be as efficient as hot water jets.

— Steam Jets Powered by Chemicals

Four steam jets powered by chemicals as shown on Figure 10—1

have been examined. All have potential, but none were deemed ready

for prototype construction. They are rejected for immediate con-

struction, but reserved for R&D consideration.

— Prior—heated Hot—Water Jet

This system is similar to the steam jet, but involves lower

temperature, a larger quantity of water, less pressurization

requirements, and a requirement for a compressed air tank to form

the jet. It assumes that the water is heated before the aircraft

takes off, and that temperature is maintathed in flight. Rejected

for its large size, and for poor chance of surviving under high C

landing conditions.

— Battery—powered Hot—Water Jet

The battery heats, and recirculates, melt water, pumping it as

a high velocity jet directly onto the ice interface. The system is

selected for continued review.

* See Heat Transfer Study of Section 5, and the detailed report to

be published . Initial indications are that the more efficient jet

is elevated in temperature only a limited number of degrees.

.cfl r_t flZt — __________
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— Hydrocarbon—fueled Hot Water Jet, recirculating melt water

Rejected due to concern about reliability of a down—hole boiler

and the problems of supplying air to the boiler.

— Chemically Heated Hot Water Jets [
All heating chemical systems require further study and development

before applying to Arctic/ADOM’s. Rejected as unsuitable for early I
system development. - I -

— Hydrocarbon Flame Jet -
~ -

The direct burning of hydrocarbon and air, under pressure, produces [
an intense flame. Temperatures run high, and heat transfer to the ice

is poor. High temperatures cause high potential for nozzle corrosion.

One was used successfully fo r a deep Antarctic hole. See Appendix 3.

System rejected due to problems of potential corrosion, nozzle cooling,

and poor heat transfer.

— 11202 Flame Jet

The burning of hydrogen with oxygen produces an intensive flame

at high temperature. Studies show that the thermodynamic need is for - -

a modest jet temperature to melt the ice with efficiency. System

rejected for same reasons as the Hydrocarbon flame jet, with the

added cause that the fuel is dangerous to handle.

— Ammonia

Anhydrous ammonia is a chemical that interacts directly with ice,

producing unstable hydrides of ammonia. The system requires sub—

stantial heat to be supplied to vaporize the aninonia. The volume of 
p

gas required is larger, and the efficiency of drilling appears to be -

low. Rejected.

_ _ _  
_ _  

_ _  
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Suimnary of System Selection

Employing the criteria that a technology must be found that is

capable of early prototyping with a high probability of success , we

H discarded several attractive candidates in favor of manageable

technology.

1 The final conclusions, resulting in rejections in several cases,

:- continue to hinge on completion of the Heat Transfer Analysis Study.

This investigation, incomplete at this writing , is providing a strong

[c basis for a system that achieves an optimum transfer of heat to the ice.

The systems that survived the selection process are:

— A battery—heated hotpoint with scrubbing action by recirculating

melt water.

— A battery—heated hot water jet.

Note is made that the two systems that were selected for development,

each stemming from a different line of technology, are indeed very

similar. They differ primarily in nose cone configuration, a design

detail. Computer modeling is in progress at this writing to de~ermine

if the drill should be a jet nozzle, or a heated hot—point cone

accompanied by a jet of melt water.

II
II 
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L
Figure 10—1 L -

ADOM PROJECT DESIGN DECISION MATRIX

NU* JTY / ? ? ? ? ? / J ? ? ? 7 2 / / 7 7 7 2 ? 2 ? / H

-H
- -

_ _ _  

/ / / I / /?  1 L L L
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~ ~~ / ‘ ? ~~~~/ /  I J~~’ / ?  I / v i i  I ?  / / 7/

~~~~~~~~~~~NT / / / ? j  / 2  1 ‘? /  /  /  / 1  ? ~? / / /
_ _

~~~~~~~~~~~~~ / /O O O~~~~~~~~~~ / /  ~‘eoee~ / / 0 0 0 0v vO

~~~~~~~~~~~~~~

v

~~~~~~~~~~~~~~

“
~~~~~~ LL~~~~~~~~L L L~~~~~~~~

/
~~~~~~~~~~~ 

_ _(,I (I) Ii)

X — Rejected

R&D — Technology may be potentially acceptable but development is
needed bef ore it could be used in a Phase II prototype.

t — Inadequate information is available. On systems accepted,
this implies that the unknown is judged not to be a major
obstacle to development.

— Acceptable performance.
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SECTION 11: SYST(~~ CONSIDERATIONS - BAflERY POWERED HOTPOINT

~~1TH SCRUBBING)

The investigation of the eighty—seven system configurations which

were considered led to two candidates for the Arctic/ADOM ice drilling

system, each stemming from a different line of technology. One system

employs hot water heated by an electric heat source, which is flushed

at high velocities from the nose cone of the hot point. This is known

as the hot water jet system. The second system uses water which has

been electrically heated to scrub the ice in front of the hotpoint.

On close examination, however, it is seen that both systems have

similar characteristics. The only substantial difference is the

design parameter of the velocity of the water around the hot point

heating source and the configuration of the hot point. Since the

two systems are very similar, the continuing heat transfer computer

modeling will be used to find answers relative to each of the two

systems. The relative merits of their differences will be explored

prior to a design commitment.

The chosen system is examined below in terms of its anticipated

perf ormance, advantage. and problem areas. The topics are the design

goal headings selected by the ADOM Committee.

Development Risk : Least risk of the group that was stud ied.

Reliability: The battery systems seem initially to be the most

reliable of all systems in that they are so inherently

simple , the only complexity being an on/off device which

will allow thermostatic control of tb. hotpoint during

times of thermal mismatch when a need exists to eliminate

overheating problems.

~1

_ _ _ _ _
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Cempatibility: A battery system is indeed compatible with the existing ADO>~

system components; in fact, it is possible to use any remaining -

energy after the drilling process is finished to power the L
remainder of the ADOM system.

Survivability: The proposed battery system can be made structurally {
survivable under the specified 100 C impact loading due

stmply to its rugged construction and its lack of moving

parts. Design effort  will be needed , however , to secure

the hotpoint during impact due to its mass.

Size & Weight: Initial calculations of energy density and hotpoint volume

show very little need for concern in meeting the constraints

- for packaging to be carried on the P3 aircraft .  More work

must be done relative to the actual interface and space

requirements of other AJ)OM system components.

Environmental 
-

Impact: The battery system is an inherently “clean” system.

Energy
Requirements: Theoretical analysis of energy requirements to drill a 6”

hole in 50’ of ice dictate energy levels on the order of

120,000 Btu’s. Considerations of actual energy density of

Lithium batteries indicate that within the Arctic/ADOM

package it may be possible to store upwards of 150,000 Etu’s

with relative ease. 
—

Complexity: The battery systems , after considerin g many alternatives, seem

to be the least complex. Indeed , this characteristic makes

this type of system very attractive for automatic operation.

- - - —  
~~~~~~~~ ~~~~~_
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Development —

Time & Cost: Since battery technology has been developed to a stage

where reliability is bought and paid for, a piece of the 
- -

development effort has been simplified. Along these

same lines, it is possible to take advantage of a sub—

stantial amount of work which has been done with hot—

point design. For these reasons, it may be possible to

lower the actual development costs in both time and

money.

Figure 11—1 is a sequencing diagram of the operations performed in

deployment.

Figure 11—2 is an initial concept of the Arctic—ADOM package

involving the scrubbing hotpoint concept. The erection system shown

has not been studied in depth.

In Figure 11—3, a cost trade—off is presented that has useful

implications. As the design limit for penetration in sea ice in—

creases from 30 to 50 feet, the cost of each system rises markedly,

due to the expense of the added Lithium batteries. The likelihood

of encountering ice of a given thickness, however, decreases as the

design limit increases. Obviously, to design for a 100% probability

of penetration is expensive, and it also is expensive to expend a

number of cheaper systems against the prospect of encountering

areas of thinner ice. In Figure 11—3, the cost of achieving 20

f successful penetrations, assuming more than 20 attempts , is shown

as a function of the designed penetration limit of the system. Two

system variations are considered. The battery cost, plus $15,000

[1 for the rest of the system, and the batteries plus $20,000. In both

_ _  ____ 

L
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cases, cost reaches a minimum if the drill is designed for only 35

feet (10.66 m) penetration, even though a 50 foot thickness might be

encountered.

If the system reliability, independant of ice thickness, is .95,

the character of the curve remains the same, except that more units

must be deployed to achieve 20 penetrations. If 100 penetrations,

~ rather than 20, are accomplished , the optimum design limit for

minimum cost still remains 35 feet, as shown in Figure 11—4.

F I
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SECTION 12: DEVELOPMENT PLAN — PHASE II

The task statement for Phase II, issued at the start of the

program, states:

The outcome of the Phase I effort will be a definitive recoin—

mendation for a system to penetrate the ice—covered ocean in a manner

consistent with the ADOM Program objectives. Following approval of

a Phase II program by the ADOM Committee and ONR, an effort to design,

develop and test a prototype of the ice penetration system will be

started. The purpose of Phase II is:

To conduct detailed technical studies of the recommended

penetration concept, to design and develop a working prototype

of the penetration system (devoid of air deployment hardware,

electronics and sensors but compatible with the other compo—

nents of ADOM) and to conduct preliminary tests with the

prototype.

During Phase II, a prototype system will be fabricated and tested.

The model will be used to verify the applicability of the ice boring

technique to the AD~4 system. A series of test will be run during

winter 1979. These tests will be used to obtain engineering data

on the ice boring system. These data will be used to validate the

prototype model and to solve operational problems which would affect

Arctic testing of the system. Arctic field tests are expected to take

place during 1979 .

The program designed as Phase II and built around the above

objectives is perceived to have 4 major tasks as follows: 

_ _ _ _ _ _
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A. Define initial design concepts (specific task statements)

1. Hot point system

a. Thermodynamic analysis 
- -

i. hot point/heater /water/ice L
ii. scrubbing system

b. Computer model for hot point system

2. Energy and control system

a. Battery system

i. actual energy density for ADOM

ii. actual current capacity

iii. corrosion problems

iv. efficiency of batteries at desi- i~ rnpe  atures
and configurations

3. Mechanical integration of ice drill system components

a. Erection and initial start up

b. Total ADOM system integration considerations

B. Develop prototype system design

1. Test computer model with empirical data.

2. By means of computer simulation, adjust variables
(e.g. speed, flow rate, size, energy density, etc.)

3. Develop an initial prototype system design and review
this design

4. Develop an improved and final design for a prototype
system to be used f or testing

C. Fabrication of prototype system

1. Drawings (fabrication and assembly)

2. Documentation

3. Fabrication

____________  ~~
--- - - ----- -- - - . . :
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Li
D. Testing —

L. 1. Develop an overall test program for the prototype system 3
to include test facilities fabrication, lab tests of
specific components, prototype system lab tests, and
finally a comprehensive prototype operational test
program at CRREL or an equivalent facility

Phase II Plan Development

In the original statement of the Concept Development Plan

(Appendix 1) a choice was contemplated between the four systems

that were named, The study, however, succeeded in generating 87

systems and their variants, a fact that diverted the program sub—

stantially and lead to the as yet uncompleted Heat Transfer Analysis

reported in Section 5. The consequences of this analysis do have

- - a substantial bearing on the Phase II design details. It is anti—

-

~ cipated that the Phase II program must be more fully defined at

the conclusion of that work, scheduled for late November 1978. A

- 
more complete plan will be issued at that time.

!: 1.
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APPENDIX 1: TASK DESCRIPTIONS ESTABLISHED AT PROGRAM START

PHASE I- CONCEPT DEFINITION PHASE

The concept definition phase of this proposed study will focus

on two basic objectives:

1. Establishing a sound technical basis for penetrating

the ice—covered oceans. The concepts and systems

developed will be consistent with the ADOM concept

as outlined in the ONR Progress Report of August 1977.

2. Contributing Arctic engineering concepts and technologies

to the ADOM team.

A concept definition study is proposed consisting of the

following elements:

1. Assessment of Arctic technologies and data bases

2. Examination of ice penetration system concepts

3. Analysis of system characteristics and trade off
studies of ice penetration concepts

4. Development of a preferred design concept for ice

ci 
penetration

5. Recommendations for a concept validation phase

These five elements are discussed below.

1. Assessment of Arctic Technologies and Data Bases

Many workers have considered the problems of ice drilling in polar

regions; principal among these are the U. S. Army Cold Regions Research

and Engineering Laboratory (CRREL), the Canadian Polar Shelf Study,

and the extensive studies of the Russians and Japanese. The full extent

of this technology will be gathered , assimilated and abstracted.

I] Assumptions made earlier in the ADOII Program will be verified. A full

assessment of applicable Arctic technologies and data bases will be

ii
_________ ~
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made and related to the ADOM Program as outlined in Reference 1.

2. Examination of Ice Penetrator System Concepts

Detailed examination viii be made of the four drilling sys tems

that are currently believed to show some potential for unmanned

applications. These are:

A. Electro—thermal, whereby a battery driven resistive element 
-

heats the ice, lowering the instruments, while leaving the

main system package on the ice surface .

B. Chemo—thermal drilling , where the energy source is a chemical ,

releasing heat on command or on contact with the ice.

C. Impact penetrometers, creating a hole through the impact of - -
-

an air dropped element , with the remainder of the system

probably landing by a tethered parachute to reduce decelera—

tion fo rces . 1’
D. Mechanical augers. Here unmanned adaptations of existing

technology is contemplated.

In the Appendix, these concepts are briefly developed, and useful

references in the literature are noted. Perceptions of scientists,

familiar with the technologies, are also noted.

The potential for systems that avoid drilling by employing open

water deployment in leads will also be examined. A reevaluation will

be made of the available ice—thickness histogram and of ice character— - 

I ~

- 

-

ist ice as they relate to the needs of this project.

Alternative drilling systems will be sought out to broaden the { 
-~ 

-

list. The study will further review and recommend candidate aircraft

~~~ for deployment in polar regions. 

~~~~-~ -~~~~~~—~~---—- •-—- — — --
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3. Analysis of System Characteristics and Trade—Off

Studies of Ice Penetration Concepç~s

A detailed analysis will be made to establish specific character-

istics of each system concept. These system parameters then will be

compared to determine an optimum system concept.

System characteristics which will be included in the studies and

tradeoff analysis are:

— energy requirements
— size
— weight
— applicability of available technology
— portability/ease of air deployment
— failure modes
— reliability and survivability
— Arctic environment compatibility
— cost
— prototype fabrication time
— compatibility with existing ADOM components

The outcome of this aspect of the study is conceived to be a

thorough understanding of the current state of the art of ice pene—

- 
- 

tration and related technologies and their potential to the ADOM Program.

4. Development of Design Concept for Ice Penetration

Having determined specific optimum parameters, a design concept

will be developed. An initial system design will be made in sufficient

detail to support a concept validation model and to permit reassessment

of the time schedule as well as the development costs involved in the

prototype system fabrication and testing.

5. Recommendation for a Concept Validation Phase

{) Phase I will terminate with a distribution of all background data

to the ADOM Committee, a full technical presentation to the committee

and a thorough analysis and review of the design. Due to time llmita—

F-
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tions which exist in the ADOM schedule, the design concept which will

be selected f or fabrication of a prototype system must have the maximum

probability of success. An effort will be made, throughout Phase I,

to inform the ADOM Committee of pertinent design implications as

they evolve. In this manner, it will be possible to recognize potential

problem areas which might interfer with other components of the ADOM

system. A recommendation for one design concept for ice penetration

and for undertaking a validation study will be made by July 1, 1978.

It is expected that the ADOM Committee will meet during July to consider L-
this design concept and to establish, in consultation with ONR, the

framework for the Phase II effort.

PHASE II - CONCEPT VALIDATION PHASE

The outcome of the Phase 1 effort will be a definitive recommen— [
dation for a system to penetrate the ice-covered ocean in a manner

consistent with the ADOM Program objectives. Following approval of a

Phase II program by the ADOM Committee and ONR, an effort to design,

develop and test a prototype of the ice penetration system will be

started. The purpose of Phase II is:

To conduct detailed technical studies of the recommended

penetration concept, to design and develop a working proto—

type of the penetration system (devoid of air deployment

hardware , electronics and sensors but compatible with the

other components of ADOM) and to conduct preliminary tests

with the prototype.

- - - — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 

—~~~ ~~~~~~~~~~~ 
- - -  —



- --— — ---
~~~---~--

-
~~~

-— 
~~~~~~~~~~~~~

_ _  - -—- -~~ - -  - - - - - - - - - --—--

Al-S

During Phase II , a prototype system will be fabricated and tested .

The model will be used to verify the applicability of the ice boring

- - technique to the ADOM system. A series of tests will be run

during February 1979 at the UNH Field Station at Lake Winnipesaukee.

These tests will be used to obtain engineering data on the ice boring

system. These data will be used to validate the prototype model and

to solve operational problems which would affect Arctic testing of

- the system. Arctic field tests are expected to take place in the

April to May period of 1979.

I!
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DISCUSSION AND RECCMMENDATIONS 011 AIR-DEPLCYED
OCEANOGRAPHIC MOORING IN ARCTIC ICE PACK

ABSTRACT

An evaluation of several different methods for piercing a 6-inch
diameter hole through up to 14.0 feet of arctic ice pack has been
made. Limitations imposed by factors including automatic posi-
tioning and operation following an air-drop would appear to re-
quire the simplest possible approach.

The most promising method utilizes a hot water drill requiring
a water supply at an initial temperature of 200°F. Assuming a
100°F temperature drop (while jet-drilling) an average drilling
speed of 6 Ft/Mm should be attainable at a flow rate of l~ gpm .Minimum drilling time for the thickest ice (1i~0 feet) is about 7minutes. The theoretical amount of water required is lOS gallons.
At least double this amount should be provided to allow for non-
design conditions.

The hot water, carried in a portion of the air-dropped cannister,
is pressurized to a fixed value by a tank of high-pressure air
and regulator. This water is forced to flow (after a fixed delay
after landing) from the cannister through a hose connected to
the Z.s.OO-pound probe (later to become the anthor). The delay is
required to allow time for the probe to align itself nearly vert-
ically from a possible horizontal position upon landing. The
probe , perhaps made of lead, would be pre-heated prior to the air
drop.

DISCUSSION

A rather cursory analysis of both “passive” and “active” ice pack

drills has been made. The drilling methods are obvious ones.

Others, not covered in this report, must exist and should be con-

sidered as viable alternatives.

Passive probes include:

(1) Solid mass of a single material heated to high temperature.
(2)- a. Material of high heat-of-fusion contained in a hollow

probe.
— b. Material of high heat-of-vaporization contained in a

hollow probe.
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(3) Container heated by chemical reaction within - Thermit.
(14.) Probe heated by an outside source

a. Electrical
b. Combustion
c. Not water

Active probes include:

(5) Flame jet
(6) Water jet — -

a. Below boiling temperature
b. Above boiling temperature - Hot water “rocket”

Prior to discussing these individual items it is necessary to

know the heat requirements for producIng a 6-inch diameter hole

in ice 1.~.O feet thick. The cross—sectional area of the hole is

0.196 ~‘t
2 with a volume of 7.86 Ft3. At an ice density of 0.9

that of water, it is necessary to melt nearly L145 pounds of it.

Each pound of ice requires about 150 Btu heat input to be melted.

Total heat flow is 66,750 Btu.

(1) A 14.00—pound probe of solid steel heated to 1,800°F with a

specific heat of about 0.1 Btu/lb/°F would release nearly 68,000

Btu while cooling to 100°F. It would be nearly impossible to use

this to drill a 6—inch hole. A 6—inch diameter steel probe would

be over 1~~ feet long. Even if it were to align vertically in the

ice during its descent,tbëthole diameter would be much greater

than 6 inches due to heat release over its entire length. More

heat requires a larger mass. It is a “circular” path to nowhere. ii
Other metals would not improve the ~‘tuation significantly, ex- - 

—

cept for beryllium, or the like.

(2)- a. Filling a hollow probe of metal with a material of high

heat content appears more favorable. Assume a 200—pound steel f l j

11

~~~~~~~~~~~~~~~~~~
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container holding 200 pounds of molter, aluminum. The total heat

release capability increases to 114.0,000 Btu. The problem -- the
the aluminum weighs so little that the probe would have to be

much bigger. Also, the unit is much more complex and expensive.

(2)- b. The same sort of argument may be used against the hollow

probe containing a substance of high heat-of-vaporization. The

li00-pound anchor weight requirement is severe.

(3) By substituting a chemical reaction for the above filler

materials !eads to a much increased heat release capabfl.±ty.

About 600,000 Btu could be made available using Thermit. But,

the problems are immense. The speed of reaction would have to

be slowed to match the drilling speed. The ignition temperature

requirement of 2,200°F means another component must be included.

The reaction progresses at up to 5,500°F presenting serious over-

heating problems to the container. Slowerreaction rates using

inert filler material and refractory coatings of the inner eon-

tam er wall should not be over-looked. Certainly, this is the

H most worthwhile of the passive probe designs.

(Is.) This ~~t category provides a simple probe heated by an out-

side source such as a battery, combustion device, or supply of

hot water. Again, penetration rates would be slow -- hole diam-
eter large.

The major disadvantage of the passive system is its inability to

match the heat “acceptance” rate of the ice. Active scouring-away
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of the boundary layer leads to an order-of-magnitude higher

drilling speed. This is dramatically illustrated in the current

practice of using an electrically—heated probe of 1—foot diameter

to melt deep holes into the ice below glacial firn. At Antarctica,

Lyle Hansen used such a device very successfully to establish a {j
large water well access hole during the 1977 season.* At an

electric heat input rate of ~~ KW, a drilling rate of 1 meter per

hour was achieved. This Is the equivalent heat content of a hot

water jet of only * gpm . 
-

L 
-

(5) A flame jet of 3,300°F issuing from an internal burner con-

suming 600 scfm of compressed air (18 gph of fuel oil) at 300 psig

drills a 12-inch hole in ice at nearly 6 Ft/Mm . But, the system

is extremely complex -- thus, the most unreliable of al]. the
options for an air drop . Such systems are to be avoided, irtclud- L

ing those powered by pure oxygen. - -

(6) Finally, the system offerring a sufficient amount of heat J i
in a package simple enough to do the job at reasonable cost is

the hot water jet. Such a jet can be pressurized by an external

source such as a small tank of compressed gas, or by heating the

water to a temperature well above its atmospheric pressure sat-

uration level. The latter case presents a trade-off of added

heating capability of the “hot water rocket” against its more

*~Verbal Communication from Mr. Hansen, UNIVERSITY OF NEBRASKA.

_ _ _ _ _

-
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complex container requirements due to its much higher pressure.

A larger amount of hot water (below its boiling point) appears

more favorable for producing the required heat than the “rocket”.

A preliminary analysis, based on the heat requirement of 67,000

Btu, shows a minimum water requirement of 81~. gallons. This as-

sumes an initial temperature of 200°F and a T- 100°F during

drilling. (With a specific heat of I Btu/lb/°F, 670 pounds of

water are needed -- 814 gallons~ YJsing a flow of 15 gpmn a 6-inch

hole could be made at nearly 6 Ft/Mm . For a 140-foot ice thick-

ness, the penetration time would be 7 minutes. A minimum of 200

gallons should , probably, be provided.

The system to be dropped (not including the scientific package,

radio, etc.) consists of a water tank which can be an integral

part of the cannister, means to pressurize this tank, a hose from

the tank to the probe, and the 1400-pound probe. Figure 1 is a

sketch showing these elements after a successful drop. (A success-

ful drop may be defined as one where the components are neither

tangled together or damaged beyond use . It does include the probe

lying horizontally , as shown.)

Assuming a 200-gallon tank, its volume is about 26 Ft3. A high—

pressure tank of compressed air, for pressurizing this tank to,

say , a constant 200 psig, would have to have a volume of nearly

3 Pt3 for an initial pressure of 2,000 psig. A regulator would

provide the constant pressure flow. 

-~~~ - -__ — - - - - - - - - ~~ - - -
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The size of the probe remains a problem . Assuming a 6-inch diam- Li
eter hole requirement, the probe must have a diameter somewhat

less -- select 5 inches. A steel cylindrical probe would be

nearly 6 feet long . Lead would be a more logical choice. It

— would be less than 2 feet long. The shorter cylinder is more

adaptable for the design of an automatic technique for raising

itself into the near-vertical position as it melts its way into

the ice.

Our idea is to heat the probe to as a temperature as practical.

Assuming the horizontal position of Figure 1 , the probe will sink

into the ice as shown by the dotted lines. The nose portion of

the probe presents an exposed heated surface to the ice. The re-

mainder is covered by an insulating layer. The stabilizer j -

further assists in the vertida]. alignment .

After a “known” period of time, the probe will have righted it-

self. At this moment (or by a signal from a level—sensing mer-

cury switch) the water flow would be turned “on”.

The overall hot water jet system is simple, reliable, and inex- -

pensive. Of the alternatives I have investigated it appears the

most suitable. The second best alternative is a choice between

the “hot water rocket” or the Thermit system. A combination of

Thermit heating of the probe followed by hot water drilling is fl
also attractive.

j

_ _ _ _
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FIGURE I -— Schematic of hot water drill system with heated
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probe shown seeking vertical position.
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APPENDIX 4

AN OVERVIEW OF A SUPER-CORRODING ALLOT DRILL

A family of super—corroding iron—magnesium alloys (hereafter called

“SCDC’ for ease of reference) that react spontaneously and in a

controllable fashion with sea water to produce heat and hydrogen gas has

been developed by the Civil Engineering Laboratory in Port Hueneme,

Calif ornia. The super—corroding alloys are formed by mechanically

bonding anodic metals (magnesium) to cathodic materials (iron, copper,

nickel). The reaction rates can be controlled by the cathodic material

and its percentage content, and by controlling temperature, pressure

and salinity. -

This alloy is an attractive energy source because of its relatively

high specific energy level, as the table below indicates.

- 
- 

Hydrocarbons 19,000 — 24,000 BILl/lb. (5_6)*

~

— 

“SCTh” 5,000 ~~~~~~ (25)

Lithium Batteries 430 8W/lb. (280)

Lead Acid Batteries 48 MU/lb . (2500)

Several concepts were considered using the —

1. Ablative drill rod of “SCTh” (wherein the rod heats and “melts”

away while drilling, with a controlled flow of water to the

drill tip.

- - 2. A xeaccton chather , either in drill head or on ice surface,

producing the required heat which is transferred by a flow

of water to the drill head.

*Wt . of “fuel” rsquirsd, with 1002 .fficien cy, to drill 6” diameter
boli,SO fest dssp in ics.

~~~~ k . -
- -



~~- - -  -

A4-2

Analysis was conducted for each of these two generic categories

for three drill sizes (2”, 4” and 6”) and for three drilling rates t .

50 feet/hr., 8 feet/hr., and 4.5 feet/hr. (other drill rates are

possible, both faster and slower) .

The total energy required (assuming 100% efficiency) to drill

15 meters (50 feet) in Ky—hr is:

Drill Dia. 50 feet/hr. 8 feet/hr. 4.5 feet/hr. L
2” 7.5 Ky—hr. 13 Kw—hr. 17 Ky—hr.

4” 15 Kw—hr. 26 Kw—hr. 34 Ky—hr.

6” 34 Ky—hr. 47 Ky—hr. 60 Ky—hr.

These energy requirements (100% efficiency) necessitate the follow— 
-

ing fuel packages:

Drill Dia.* 50 feet/hr.** 8 feet/hr.** 4.5 feet/hr.** -}
2” 2.1 ft./5.l lb. 3.7 ft./91b. 4.8 ft./ll.6 lb. 2

4” 1.1 ft./lO.3 lb. 1.9 ft./l8.1 lb. 2.4 ft./23.3 lb.

6” 1.1 ft./23.3 lb. 1.5 ft./23.3 lb. 1.9 ft./41.3 lb.

The reaction rates were designed to operate at about 4°C, although I -

-

much higher rates of heat production is possible at higher temperatures -

(Ranging from 30 watts/gram at 4°C to 180 watts/gram at 60°C as the - 
-

average power production). ii
1~

*This is the diameter of the rod.

and its weight.
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-‘ ASLATIVE APPROACH

The question that must be answered is: Can the required power

be produced at the required rate in a region where the catalytic

- - .  reaction can occur? The process occurs with a mass of foam and H2

bubbles being generated. For example, to produce 8 Ky of power, 266

grams of “SCDI” must be kept “wet” with “clean” sea water. These

266 grams will last 6—7 minutes, thus 45 grams of “Sd )!” must be

vetted every minute to produce 8000 watts of power. Doing this

calculation indicates that the bottom 1.5 to 3 inches of the rods

~~st be kept wet for the 2, 4, and 6 inch drill diameter. In short,

it is possible to concentrate the heat production in the bottom 1.5

to 3 inches of the rods, so it acts like a “point source” of heat.

The 82 produced may create a stirring action, that may act like

cr~thbing.

The heat transfer calculations, while designed for the heated

hot tip approach, suggest that an ablative drill has potential.

~aestions exist, however, on the necessary approaches to achieve

the best release.

REACTING CHAMBER APPROACH

Several design concepts were considered, each, however , did not

overcome the problem that CEL has had with chamber reacting systems.

All chamber reacting concepts involve a reacting slurry, a semi—

closed or a closed reacting chamber. In all cases, the reaction is

seriously inhibited by foaming of the products of the reaction. The

result is a substantial reduction in efficiency of heat production.

p The open system concept with an ablative “SCTJ4” rod probably

can be d.sign.d to overcome this problem.
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There are opportunities and problems with this approach.

Assets in the App~roach

1. Energy density is relatively high.

2. SCIM fuel requirements are with ADOM specifications. [
3. Catalytic recombination of H2 produced with 02 can just

about double the energy density. I
4. It looks like a package can be designed.

Limitations I
1 • The numbers used for the preliminary design calculations must

be verified by actual cold environment experiments. While
probably valid to within 25—50%, they must be validated .

2. Prototype experiments with “fuel” rods will have to be con—
ducted to increase the probability of achieving an operating
system. Too many unknowns that can’t be fully evaluated
by theoretical predictions, i.e. effect of gasing on heat
transfer, exist.

3. Several other systems questions remain unanswered, such as
how do you initiate the reaction, which may require initial I
electrical heating, and how do you supply the salt to the
reaction site?

These assets and limitatioi~s, when combined, suggest to us that

the super—corroding iron—magnesium (SCIM) alloy has the potential of II
meeting Arctic/ADOI4 requirements provided an R&D program is under-

taken to answer the several critical questions outlined above.

U

I
_ _ _ _  

_ _ _ _ _ _  _  
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APPENDI.X 5

“Ice—Core DrilLing”

JNTROI) UCTJON

Metliatneal Penet rat inn

LI Mechanical penetration has been accomplished by rotating a cutting bit , impacting with a
chopping bit (cable drilling), vibratory driving of the drill pipe and ballistic impact. For the lust
two means the motive power may be either a human being or an engine.

Rotary drilling and coring in temperate ice has been accomplished, removing the cuttings
by angering or circulating water. For cable drilling at least part of (1w hole is filled with water to
flush the cuttings from the chopping bit and hole bottom. The cuttings are removed by a bailer.

Rotary drilling and coring in cold ice has been accomplished , removing the cuttings by
augering. circulating a fluid (either air or a non-freezing liquid), and dissolving the cuttings in
aqueous ethylene glycol. Ragle et a!. (1964 ) used a SIPRE 3-in, coring au~zcr to core drill to a
depth of 55 m on the Ward I lu nt  Icc Shell rn 1960. This is surely a record depth for man-pow-
cred core drilling in ice. The 2164-m.dcep h ole through the Antarctic Ice Sheet at Byrd Station
by the CI~REL drill (cam in January 1968 is the deepest hole drilled in ice to date.

V ibratory drilling and coring in cold ice to depths of tens of meters has been accomplished.
• ~‘ith this type of penetration and with the ballistic imp;sct the ice flows away from t h e  penetra —

(or and there are no cuttings to remove.

For those who want to delve into the history of drilling and coring in ice several summaries
have been written. The most recent one, by Langway (1970, p. 6 and 146-148). is a small portion
of a larger work. Langway’s paper has an extensive bibliography citing most of the references
pertinent to the history of core drilling in ice from 1949 to 1969. Miller (1952.1953) has covered
thermal drilling prior to 1953, and also mechanical drilling in ice prior to 1950 (Miller, 1954).

REFERENc1S

Langway. Chester C. J r.. 1970. Strat igraphic analysis of a deep ice core from Greenland: Geologi-Ii cat Society of America Special Paper 125, 186 p.

Miller, M.M., 3952-1953, The application of elcctro-thcrmic boring methods to cnglaciat research
with special reference to the Juneau Icefield investigation in 1952-53: Arctic Institu te of

Li North America Report No. 4, Project ONR-86.

Miller. M.M.. 1954, Juneau Icefield R esearch Project, Alaska , 1950: American Geographical
Society, JIRP Report No. 7.

Ragic. R.H., R.G. Blair and L.E. Pcrsson, 1964 , 1cc core studic s of ~Vard Hunt Ice Shelf , 1960:
Journal of Glaciologi’. V. 5. no. 37, i~r. 39-59.
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A3—3[j M L A S U H I I )  PENETRATI ON RATES FOR E X I S I I N G  DRILLING ‘10013

The following notes give examples of actual Penetra t ion ralt’s for variou s types of existing
equi~’rncnt. Most ni the information is taken from an unpiiblis1i~d report by Mdlor ci oF. (1973),
which ihlustra ie~ m a n y of the pieces olcquipmcnt th at arc referred to.

In ’. I)rihhin ~ in ice prcwiits no great pinhkmn if t ime cqnipme ffl 1% Propi~ ly designed and
u operated, bum some projects have foundered becau~’ of inahih ity to drill ice. ~VeIl-designcd draghits are the l)mplt-st aml probably the most cfflci~ni tools for cul ling ice, as tile)’ re($lU • VCJy[ littI ~ down-thnisl . modest torque, and no percussion. If the ice is perfectly clean and of zero

salinity, drag hits do not require carbide tips or hard-facing. al though som e surface h ardening is
desirable. A slight amount of rock dust can create wear problems (Abel, 1961), as can indusio ns
of precipitated salt crystals (C. Lange, unpublished).

SmaB-diameter holes can be drilled with simple hand equipment at rates that are acceptab le
for some purposes. Thc 1.5 in. (38 mm) diameter USA CRREL icc auger (essentially a ship auger

with mod ified tip), rotated by a ha nd bra ce, can dri ll to 3 ft (I in) at rates from 1.6 to 2.95
lI/mimi (8. 1 to 15 mm/see) (Kovacs, 1970; Sellinann and Mcllor , 1974)- With an electric or pso-
line power-drive the same 101)1 caui Penetrate 10 3 ft (1 in) at rateS from 3.2 to 7.6 It/mm I lô to
39m,n/sec) (Kovacs , 1 970; Kovacs ci oF.. 1 973; Sellmann and Mcllor , 1974). Like any auger, this
tool can be overdrivcn so that cuttings j am in the flight , and care must be exercised to match
penetration raw with cutting cleara nce rate .

A SiIIipIe 1.5 in, (38 miii) diameter fligh t auger fitted with impro ved bits has dr illed ice at
rJles up to 4.4 ft/mm (22 mm/sec) when dr iven by a hand brace , and at rates up to 15.1 It/mm
(77 mm/sec) when driven by electric hand drills (Sellmann and MeIlor , 1974). A 2.2 in. (56 mm)
diameter variant penetrated at rates u p  to 1 0.4 ft/mm (53 mm/see).

The USA (‘RREL 3 in. (76 mm~ coring auger is sometimes us&1 solely for drilling holes,
producing a hole of’ approximately 4.4 in. ( 112 mm) diameter. When turned by a hand brace.
pcnet fat,on rates of 0.8 to P.2 ft/ru in (4 to 6 mm/sec) have been measured: when the same tool
was turned wit h a T-handle the rates dropped to 0.43 to 0.61 ft/mimi 12.2 to 3.1 mm/see)
(Kovacs, 1970). ~Vith a gasoline drive, rates of 3.0 to 3.5 ft/mm ( I S  to 16 mm/sec) have been
measured (Kovacs, 1970). With electric drive, penetration rate has been Theasured at 2.4 to .4A)
ft/mm (12 to 20 mm/see) (Kovacs, 1970) and 5.4 .to 5.6 ft/mm (27 to 28 mm/see) (Kovacs
et a!.. 1973). . 

- 
-

A Russian hand-operated cutting ring 1device, used for coring or hole making, produces an
annular hole 8.8 in. (224 mm) O.D. and 7.25 in.(184 mm) 1.D. at the rate of 0.2 10 0.33 fl/mimi
( I t o  1.7 mm/sec) (Chnerepanov. 1969). Drilling through 7 ft 42 m) thick first-year sea ice takes
30 to45 mm (R. R.j rnscier, personal communication).

A wide variety of commercial eart h augers, or post-hole diggers, have been adapted for drill-
ing ice, cspceially for the use of ice-fishermen. They commonly have diameters ranging from
about 4 in. Iii ’) in. (0.) to 0.23 m). and are normally intended for drilling to dcpthis of only a
few feet. although the writers have drilled to 16 ft (5 in) with 9 in. (0.23 in) diame ter hand-held
gasoline-powerccl augers. K ovacs (1970) has driven an 8 in. (0.2 in) diameter earth auger with

I . various ga~ohinc and electric drive urnts at a penetration rate of 1.2 ft/mm (6.1 m,n/sec). The
writers have drilled numerous 9 in. (0.23 in) diameter holes at somewhat higher rates (approxi-
mately 3 ft/mm ) with freshly sharpened ice augers, and ice-fishermen have claimed rates
approaching S ft/mimi (25 mm/see) with 9 in. (0.23 m) diameter augers, and b It/mm (30 mm!
see) with 7 in.(0.)8 m) diameter augers. In controlled tests, a 9 in. (0.23 m) diameter auger peite-
irated at 5.3 to 7.5 It/mimi (27 to 38 mm/sec). and a 5.5 in. (0.14 m) diameter auger penetrated

1. at 5.4 to 7.5 fl/mimi (27 so 38 nim/scc)(Kovacsct aL. 1973).

H
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~lmoi hi t u k iii  ilk d:~ ~~ i’~’tl I~i; I I I I t k ,~ loun d if l i f l i I ) ç  )IZIV C b~’en its~ tJ 5() drill ~t’C ~vi tli a mini S
nmumn ol mnndifi~.it iiun. l~ ,im’~h I l95~ ) thrilled 1.75 in. (44 m m )  di:iniete r shuot luole~ in ice with
pneu matic rotary-pereus~n~c mining drills , achieving penetra t ion rates of S It/mm (25 mm/see).
Ab cl ( l96l )  used pcrcu~sive augers to drill 1.75 in. (44 mm) diameter shotholes. obtaining overall
penetration rates better than 5 ft/mm (25 mm/sec~ for 8 ft (2.4 nu) long holes. He also used a
‘mand- held elcctric powered auger to drill 2 in. (51 mm) diameter holes at 5 ft/mimi (25 mm/sec~.
Al cAnerney (3968) used a hy draulica lly driven hand-held coal auger for boring 1 .75 in. (44 mm) -

diameter shotholes in frozen silt and ice, obtaining penetration rates up to 11.75 It/mm (60 mm!
see) in lenses of pure ice. Kovacs el al. (1973) drove 1.75 in. (44 mm) diameter face augers and
roof-bolt augers with electric drills , and achieved penetration rates up to 9.5 ft/mm (48 mm/see).

The writers have drilled with hand-held electrically driven 3 in. (76 mni) diameter augers
to depths of 55 ft i i  7 in) ums imug U Variety nt bits. Will ’ ~oi~l bits. slmort—t enu pcnctratitm rates (4— fl
inerenients) of IS (I/mimi (7o fllflu/SCC) were attainable . Controlled tests with similar tools pvc
penetration rates up to 14 ft/mi,, (73 mm/see) (Kovacs ci a!. 1973). Kovacs(1974) has devel-
oped a ligh t weight 3 In. (76 mm) diamete r auger that penetrates at up to 10.4 ft/mm (53 mm!
see) with an electric drive unit. Similar rates of 3.4 to 13.9 ft/mm (17 to 71 mm/sec) were
reported for small-diame ter auger drills in river and sea icc by Russian workers (Nikolaev and -;
Trubina, 1969).

From the foregoing performance records it is clear that hand-held drive units are perfectly
adequate for supplying the power, torque and thrust required for drilling holes up to 9 in. (0.23 

-

in) diameter at fully acceptable rates in ice. However, frame-mounted units are required for hoist-
ing and lowering when holcs have to be drilled to considerable depths. The higher power that is t
usually available in a frame-mounted unit does not permit any significant increase in penetration
rate over hand-held unit s, since cutting cleara nce sets a limit (an inept operator can twist off the [
auger stem if a highly powered unit is over-thriven so that cutt ings are jamm ed).

The U.S. Navy used a traiher -moun ted drilling unit (approx imately S tons) for experimental
drilling in sea ice. Maximum penetration rate was 8 ft/mm (41 mm/see) with a 4.75 in. (0.12 m)
diameter tricone roller bit , and I ft/m m (5 mm/see) with a 14 in. (0.36 m) O.D. ( 12 in. or 0.3 m
I D.) coring hit (Hoffman and Moser, 1967). Tests were also made with a 10 in. (0.25 ni) diam-
ctcr auger. which penetrated at 6 ft/mimi (30 mm/scc) (Beard and Hoffman , 1967).

For deep drillin g in Greenland and Antarctic a. USA CRREL has used an elcctromedianical Ii
coring drill . The drill bit had a maximum outside diameter of 6.13 in. (156 mm) and minimum
inside dianieler of 430 in. (114 mm). Penetration rates have been in the range of 0.12 to 0. i6
ft/ mm (0.61 to 3.4 mum/see) (Ueda and Garfield , 1968. 1969a , 1970).

A lightweigh t (S00 lb or 230 kg) powered ice-coring auger developed by the Iormcr Arctic
Construction and Frost Effects Laboratoty (ACFEL) penetrated at 0.67 to 1.0 It/mimi (3.4 to
5.1 mm/see). taking 3 in. (76 mm) diameter core and making a 4.75 in.(121 mm) diameter hole
(ACFEL. 1954).

~1Pros 14 11or & Ssllsan
“Ic —Cor Drilling” 1974
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- APPENDIX B

A CC~IPUTER SIMULATION PROGRAM

FOR A RECIRCULATING HOT WATER JET

ICE DRILL

1~!
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“ICE PIX”

A COMPUTER SIMULATION PROGRAM

U FOR A RECIRCULATING HOT WATER JET

ICE DRILL

GENERAL PROGRAM DESCRIPTION

The computer simulation model for a recirculating hot water jet

ice drill utilizes standard heat transfer relationships and a very

powerful analytical technique employing finite—difference approxi—

umations. A control volume is established around the drill probe and

surrounding ice. Standard heat transfer relationships are used to

perform the energy balance calculations. In the area where the jet

stream impinges the ice, an empirical relationship derived by Yin—

Chao Yen of the U.S. Army Cold Regions Research and Engineering

Laboratory, Hanover, New Hampshire, is used in estimating the local

heat transfer coefficient .

In applying the finite—difference approximation technique, the

control volume of ice is divided into a finite number of elements.

Five types of elements are established , each type def ined by the

mechanism of heat transfer occuring within that element . For each

type element , heat transfer equations are written in terms of finite—

differences. These equations are then solved using a digital computer .

The printout from the computer illustrates the progression of

the drill probe through the ice and the resulting temperature changes

within the ice elements and melt water.

[~1
ii
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PROGRAM SEC~JENCE FROM T.NITIALIZATION THROUGH ON! ITERATION

I. Initialization:

1. Initialize all input parameters
2. Read in ice properties @ 32°F
3. Store a table of water properties from 32°F — 250°F
4. Define heating probe boundary and ice—water interface
5. Initialize each element , according to its volume, with an

amount of energy equivalent to its heat of fusion
6. Initialize ice and water temperatures
7. Calculate temperature increment for linear variation of

ice temperature with depth

II. Iteration 1:

A. Calculate all input variables to the finite difference equations.

* 1. If the temperature of the water has changed by more
than 2°F, f ind new water properties by using a parabolic
interpolation scheme on the water table.. - -~

* 2. Use Yen ’s emperical formulation of Nusselt number to L
calculate an average heat transfer coefficient for the
jet impingement area.

3.. Select a t ime increment to meet all convergence criteria
of the finite differen ’.e equations.

4. For each element row above the impingement area, find
film coefficients according to an emperical formula for
turbulent flow through a short duct and a variable
annulus d iameter.

5. Find the volume of water in hole. — 
-

B. Calculate new ice temperatures.

1. For each element , scan the surrounding elements to

L 

determine which element model fits.

2. Find new temperatures of all ice elements.

C. Energy Balance.

1. For each element , calculate the amount of energy
required to increase its temperature to the new valve.

a. If the new temperature is greater than 32°F, set it I Iequal to 32°F and reduce the element ’s heat of fusion/
solidification by an equivalent amount of energy . i-i 

-

- I1-~
-
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j

b. Once an element’s heat of fusion is reduced to zero,
I melt it and set its temperature to the bulk temper—

ature of the water.

* 2. Calculate the total amount of energy flowing outward through
a control volume drawn at the ice—water interface and cx—
tending upward to the top of the heating probe .

a. Sum over the entire element matrix of ice the following
energy increment..

- 1. Internal energy increases[ 2. Heat of fusion reductions
3. Melted element increases to bulk water temperature

(. 1 3. Subtract Energy Outflow from Probe input

U D. Lower the Probe.

1. Scan the entire probe to insure clearance
2. Lower the probe an appropriate amount

Li a. Increment time and depth
b. Initialize new elements with a linearly varying

1~1 temperature and their heat of fusion

LI * E. Calculate new bulk water temperature.

1. Using the results of the energy balance and assuming the
melt water can be modeled as a well—stirred tank , calcu—

- 
late the new average temperature of the water .

F. Print out temperature profile and appropriate output parameters
at selected time intervals.

* These calculations are either entirely new or significantly modified
since presentation to the ADOM team, July 1978.

Ii
I ~J
Ii
III
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(4) [1

DERIVATION OF FINITE DIFFERENCE !X~UA~IONS — Refer to Figure 1

From the energy balance, the sumsation of all energy into a

node equals the change in its internal energy. Table 1 defines

the terms used in this derivation. - 
- 

-

I. Element type 1. Conduction through all sides.

k2irR~~ CT 1 — 1,3 — T;j ) + k2nRAx (T 1 + 1,3 — T13) + 1
k2u (R+ A~._) 

~~~ (T1,3_1 — T1,3) + k2~r (R— A.~) ~~~ (T13, .1 —

P2irR4~~i C~ (T~ — T~,3) (1) I
Canceling like terms, dividing through by k and letting

(2)

then define the following:

(3)

where a” .u~u. Ipcp

(4’~ 1~1
C2 — 1—C3 (5) 11
C1 — 14C3 . 

(6)  

_  

_  

_ _ _  

- -
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(5)

Rewriting equation 1 with the above definitions yields :

ii T1_1,3 + T1+i,j + C1 T1,3_1 + C2 T1,J+l +

(C—24C 1+c2) T1,3 — C (T1~~
’). (7)

Note that:

C—2+C 1+C2 — C—4 , (8)

therefore equation 7 becomes:

~~~~ — + ( Ti...i ,j  + TI+l ~ 
+ C 1 ~~~~~ + C2 T1~~.,.1

) +

(l—.~
) T~,3. (9)

To satisfy convergence criteria:

or C I4. (10)

- 

From equation 3:

I C—~~x2 �4. (11)

From equation 11 it can be seen that the time increment AO
must be chosen less than or equal to:

(12)

1 - II. Element type 2. Convection through side (1,3+1).

k2nR ~~ (T1 1,3 — T1,3) + k2irR ~~ 
(T
1+i,j 

— T1,3
) +

L k2~ p 1R+ 
~~~~~~~ 

tT1,3_1 
— T1 3  +

hZz (R— ~~ ~~ 
(Ti,j+i — TI,j) —

k 2
I

i21TR ~~~~ C, (T?i 
— T1,j). (13)

11
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(6)

Canceling like terms and using the previous definitions 
-

for C, C1, C2, and C3 as before, equation 13 can be written as: I -

— 

- 

TtI — 

~ 
(T11 ,3 + TI+l,J + C1 T~,31 + C2Ax T1,j+i

) + 
-

(l—~ (3 + C3 + hC~Ax) ) T~,3 . (14) 1
To satisfy convergence criteria:

i—L (3+C3 + hC2Ax) iO. (15)

k

With Ax small with respect to R,

c3~~O -

and equation 16 reduces to: I
C ~3 + (16)

and

_ _ _ _ _ _  (17) 1 1  -

Equation 18 illustrates the effect that the heat transfer I
coefficient has on the t ime increment AO. For a large heat -

transfer coefficient, AO , the t ime increment for each iteration, 1

1--i
approaches a very small number.

[ j - ~- Il-
— -~ — ---— —-~~~~~- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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III. Element type 3. Convection through tq (I—1 ,J).
-

~ h2irR~~ (T11 — T1,3) + k2wR4~ (T1.,.1, — T13) +

1 k2ir~~ (R+4~) (T1,3 1  
- T1,3

) +

k2ii~~ (R—~~) (Ti,j+1 — T13) — -

[1 p2wR ~~~y C~, ( ~~~~ — T1,3) 
(18)

Rearranging and rewriting equation 19 yields:

~~~~ — + (b~~ T11 ~ 
+ T

14.1 ~ 
+ C

1 
T1 ~~~ 

+ C2 T1,3.~~) +

(1— 
~ (b.~ 

+ 3 ) )  T1,3 . (19)

To satisf y convergence criteria :

(20)
k

Li from which:

2
(f l )

k

IV. Element type 4. Convection through top (1—1,3) and
side (1,3+1).

[ 1 h2,rRAx (T1~13 - T13) + k2wR 
~~~~ 

(T1+i,j — T1,3) +

[ I k2ir .~~~ (R + ~~) (T1,3...1 — T1,3
) +

U h2n (R-— ~~) Ay (Ti,j+i 
— T1,3

)

[] p2ir R ~~~~ C~, (T~~~ — T1,3). (22)

_ _
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Rearranging and rewriting equation 23 yields:

~~~~ — .~ (h~~ (T1_1,3 + C2 Ti,j+i) + T141,3 + C1 T1,3_1) + - -
~

(1 — 

~ 
(}j~~ (1+C2) + 2 + C3) 

) T1,3 (23) 1

To satisfy convergence criteria:

1 — 

~ 
(~~ (l+c2) + 2 + C3) 20

from which (C3 SO):

Ax2
2a (hâx ) . (2 4 )

The time increment given by equation 25 is the most
restrictive criteria. In the program, this inequality
is checked for each iteration. -

V. Element type 5. Convection through bottom (I+l,J) and I
side (I ,J+1).

This derivation is identical to element type 4 with
., substituted for TT l  T and vice versa, therefore :

1+1.p.I

T~~ 1 —~è (b~~ (T
1+i j 

+ C2 T13.~1
) + T1_1,3 + C1 T1 3+1

) +

(1 — 
~ (liAi (l+C2) + 2 + C3) ) T1,3 • (25) 1 i
Convergence criteria is the same as the criteria I

for element type 4. -

-~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ -_ - -
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I 
___________________________________Finite Difference Element Model

1—1,3

i i  
I

I .- 
-

I,J—l,~~._ _1 ,3
~~I,J

. 1~
~~I+l,J

L -J

A_D’

111
~1

FIGURE 1 
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TABLE 1

Symbol Definition

Temperature of the 1th row and
‘ jth column element. Element

1,3 is a circular ring of radius
H, width Ax and heighth Ay.

Time increment

k Thermal conductivity

P Density

C~ Specific heat 

k
a Thermal diffussivity a— pcp

F. 1
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WLE ~ JTPUT FROM COMPUTER SIMULATION PROGRAM
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1.0 INTRODUCTION AND PURPOSE OF EXPERIMENT

The University of New Hampshire , through its Marine Systems

Engineering Laboratory (MSEL) , is involved with the Arctic aspect

of the Air Deployed Oceanographic Mooring (ADOM) program sponsored

I by the Office of Naval Research. The purpose of the ADOM program

is to develop the technology necessary for cost effective and

U successful air deployment and operation of unmanned oceanographic

instrumentation systems. Within this program, two systems are

- being developed; one for deployment in the open oceans and one

for deployment in the ice covered polar oceans. Of interest to

MSEL is the ice covered ocean system.

Deploying oceanographic inatrumentation in ice covered oceans

requires a system that is launched from an aircraft, penetrates up

• to approximately 50 feet of ice and then deploys the instrumenta—

I tion. Only small diameter holes are considered, ie. less than 6
.~1

inches. After an exhaustive analysis of ice penetrating techniques,

[j MSEL has chosen for further study, one concept that shows substan-

tial promise as an efficient and workable technique. This conceptual

technique for penetrating the ice consists of a recirculating hot

water let probe. Water, heated internally in the probe, is pumped 
- 

-

out the end of the probe at high velocity through a nozzle, and

strikes the ice below. As melt water develops, it is continuously

recirculated into the probe and pumped out as a hot jet stream.

• The let stream significantly increases the transfer of heat energy

from the water to the ice than could be achieved through conduction

and/or natural convection. Recirculating the melt water reduces the

II
II
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energy lost to the surrounding ice. Figure 1 is an illustration

of the drill probe.

To further study the hot water Jet concept , a thermodynamic

analysis of the probe’s operation was undertaken , and a computer

simulation program developed. This computer program, named “ICE

P1K” , models the drill probe as it proceeds through the ice after

an initial start up phase. Appendix A contains an example of the -

computer pr intout produced from “ICE P1K”.

In developing the computer program, certain assumptions were 
A

made concerning the heat transfer relationships between the jet I I
stream and the ice. The purpose of this experiment will be to 

- 
-

gain insight into these heat transfer relationships, thereby pro— Ii
vidiug the data necessary to “calibrate” the computer model and [
more accurately predict the drill’s performance under varying

conditions.

II]
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2.0 DESCRIPTION OF EXPERIMENT

2.1 EXPERIMENTAL APPARATUS

In is anticipated that the basic experimental apparatus will

be similar to that used by CRREL in the study of an annular flow

ice—water heat sink. The ice will be contained in a large tank,

LI 6 feet in diameter by 10 feet in height. Figure 2 ‘illustrates the

apparatus . The ice drill viii. be supported over the ice tank in a

manner that will keep it vertical during the test , but allowing it

to move vertically downward as the drilling process progresses .

A measuring scale placed alongside the drilling probe , but

fixed relative to the t ank will allow measurement of the hole depth

during the test.

Temperature probes will monitor the drill inlet and outlet - 
-

water temperatures. It is anticipated that additional temperature

probes will be placed within the tank such that ice temperatures can

H be determined prior to , and after , the test runs.

U The 24 to 30 KW immersion heater will be used to simulate the

drill probe’s interior heating rods. The electric motor and pump

assembly will be used to circulate the water used by the drill probe

simulating the probe ’s internal pump . Figure 3 illustrates the antici—

[1 pated flow rates for the experiment .

• A drain hole will have to be provided at the top of the tank

near the ice level to allow for drainage of the initial burst of hot

water. A description of the proposed test procedure follows.

2 • 2 TEST PROC~~URE

Th. experiment viii consist of two phases which are in decreasing

[j order or priority. Phase I — A study of the overall drill probe de—

sign as presently conceived. Phase II — A study of the nozzle isolated

_ _ _
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from the effects of the probe body. Phase I viii allow study of the

entire drill probe assembly’s performance and determination of over-

all heat transfer coefficients for various nozzle sizes and flow

rates. Figure 4 illustrates the probe ’s anticipated configuration.

Phase II will allow further study of only the nozzle portion of the

drill without the effects of annular flow as modeled in Phase I. It

is anticipated that the majority of melting, and therefore the high-

er heat transfer coefficient, is due to the high velocity hot water

jet rather than the annular flow of hot water around the body of the

probe . Study of the nozzle will allow a means of determining this

higher heat transfer coefficient and give us further insight into

the drilling process. Figure 5 illustrates the nozzle assembly. 
i 

-

The following general test procedure is coimnon to both Phase I

and Phase II.

The tank will be initially filled with fresh water and allowed 
- 

-

to freeze, then stand for some period of time to equilibriate, ex—

pected to be 3 days. Before each test , the probe’s intake line will

be primed and the ice temperature recorded . Immediately prior to

the test run, the strip chart recorders are turned on and adjusted

for proper operation. To initiate drilling, a water source other

than melt water , will be used. This second source of water will aim— 1!
ulate start up water carried onboard the ADO)! vehicle, one of several

start up concepts being studied . As soon as the drilling probe has

progressed far enough for adequate melt water production , the melt

water recirculation process will begin and continue until the test

run is terminated . Transition from using the start up water to re-

circulating melt water will be done manually by opening and closing

appropriate valves (valves A and B in Figure 2).

-___ - -
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Termination of the test run will occur before tank boundries can

influence the test data. Figure 6 illustrates the various pars—

meters to be measured before, during, and/or after each test run.

After each run, the melt water will be allowed to refreeze

and come to an equilibriu m 
- temperature before the next run~. 

- Ap—

• proximately 3 days are expected to be required to refreeze the melt

water and allow the ice to reach an equilibrium temperature. If

possible, it would be highly desireable to perform more than one

test run per refreeze cycle. Perhaps 3 test runs could be performed

per refreeze cycle without adversely influencing the data.

2.3 TESTING SCHEDULE

Following is an estimated test schedule for Phases I and It.

Test schedule A reflects one test run per ref reeze cycle, test

schedule B reflects 3 test runs per ref reese cycle. One replicate

series of tests is anticipated. The amount of time available for

the experiment is set at one month.

2.3.1 TEST SCHEDULE A

Limited to one test run per refreeze cycle, approximately 8 test

runs can be completed in a one month period based on two ref reeze

cycles per week. With these restrictions, only Phase I testing will

be performed and with a reduction in number of flow rates from 3 to

2. Figure 7 shows the estimated test schedule.

2.3.2 TEST SCHEDULE B

Based on 3 test runs per ref reese cycle and 2 refreeze cycles

per week, 24 test runs can be accomodated in a one month period. These

24 runs would allow completion of Phase I and It in their entirety.

- I Figure 8 shows the estimated test schedule.

L1~ -
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3.0 DATA ANALYSIS

The data will be analyzed to derive an approximation of the

heat transfer coefficient for the overall drilling process in Phase

I and for the nozzle in Phase It provided Phase II is performed. 
-

Appendix C contains the derivation of an expression for the heat

transfer coefficient. Heat transfer coefficients for various flow

rates and nozzle sizes will be plotted. Relationships of Nusselt

number, Reynolds number (both based on nozzle diameter) and Prandtl

number will be derived from the recorded data and the results will

be plotted. The overall performance of the recirculating hot water

jet as an ice drilling mechanism will be evaluated.

L
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REYNOLDS NUMBERS FOR VARIOU S FLOW RATES - -

AND NOZZLE DIAMETERS I

>< NO7ZLE DIAMETER 

- 

T~~~.

RISE* I _
0.5 in. 1.0 in. OF

S 3.36xl04 l.68x104 49.1 - 

-

15 l.OlxlO5 5.O3xlO4 16.4 1
30 2.01x105 l.OlxlO5 8.18 

- 

I
- 

H
* Temperature through heater for a I -power input of 36KW

F ] 
-

FICURE 3 H -~ 
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EXPERiMENTAL PROBE CONFIGURATION
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30”

II — Ttaxivnurt drilling depth
$ 1  is set at 6 feet.

— Materials PVC.

45• — 108” overall length.
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Figure 4
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EXPERIMENTAL NOZZLE CONFIGURATION I -

I-
I!
I-

-

- i

Ii
7B” 

- -

L 

- Maximum drilling depth
is set at 6 feet. —

— Material is PVC
— Overall length is 108”. - 

-

H
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Figure 5

[1 
-

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -



-

H

MEASURED TEST PARAMETERS

Li
L PARAMETER RECORDING RECORDING

MODE FREQUENCY

FLOW RATE MANUALLY EVERY 60s

INPUT T~4P • STRIP CHART CONTINUOUSLY

OUTPUT T~~ • STRIP CHART CONTINUOUSLY

ANNULUS T~~~. STRIP CHART CONTINUOUSLY

PROBE DEPTH MANUALLY EVERY 60s

ICE T~~~. MANUALLY BEFORE & AFTER
EACH TEST

HOLE CONTOURS MANUALLY AFTER EACH TEST

NOZZLE DIA. MANUALLY BEFORE EACH TEST

Time base will be determined from

- strip chart recorder speed and a watch.

I -
FIGURE 6
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WEEKS AFTER AUTHORIZATION TO PROCEED
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~~I
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-
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30 GPM TEST

REPLICATE

.5 in. NOZZLE I5 GPM TEST

REPLICATE f
.5 in. NOZZLE
30 CPM TEST 

Ii
R~’LICATE

TEST SCHEDULE A -

FIGURE 7 
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CRREL&UNI
Li MOBILIZA-

TION ___________________

LI
ZLE
5,15,30 GPP
TEST

REPLICATE

Li .5 in. NOZ-
ZLE
5,15,30 GP~i i  TEST

REPLICATE

• PHASE1
° PHASE2

1]

- TEST SCHEDULE B

U
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L. SAMPLE OUTPUT FROM COMPUTER SIMULATION PROGRAM
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APPENDIX B

• Symbol Definition Units

A Area for heat transfer f t 2

h Heat transfer coefficient BTU/m_ftZ°F
I Depth of hole f t

L Latent heat of fusion BTU/ibm

N.1 Mass of ice melted ibm

Heat BTU
- 

• R Role radius ft

L t Time hr

AT Temperature difference °F

TB Average bulk water temperature °F

TIN Average probe inlet temperature op 
- 

-

Average probe outlet temperature °F

V Volume f t 3

pi. Density of ice ibm/f t3

- Volume of ice ft3

~~~~~Lt . 1
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1~ APPEND IX C*

[ HEAT TRANSFER COEFFICIENT

The rate of beat transfer between two surfaces is given by:
L .  dQm hA AT dt (1)

Where AT is the temperature difference between the two surfaces . Con-

sidering the j et drill probe , AT represents the difference between the

H ice melting surface temperature and the bulk water temperature.

If the ice temperature is initially at 32°F, then all the energy

- goes to melting the ice and is given by the following expression:

dQm Mi L (2)

The mass of the ice melted is given by:

[ Mi pj Vj

I 
It is assumed that all melting occurs in a hemisphere around the

-
~ nozzle (Figure AC—i) .

U From Figure AC—l:

Vi — Vj—V2

Li Vi _ ½ ( 4 ir R3) + i r R2 d H _ ½ ( 4 n R3)

• Vj— ir R 2dR

Li Therefore:

L N.1 
~jj 

irR2 dH (3)

and substituting equation 3 into equation 2 yields:

L dQm — 
/j LirR2 dH (4)

The effective melting surface A is therefore given by:

L A - z R 2

[: so that equation 4 becomes:

dQm ~~~i 
LAdH (5)

[j Equating equations 1 and 5 and solving for h yields:

h .4~~ f  (6)

* This work is based on a similar derivation contained in refer ence number 1.
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In order to determine an approximation of the heat transfer co-

efficient, h, from experiment the following approximations and assump-

tions are made.

The average bulk water temperature can be approximated by: 
-

TB - ½(~IN + TOUT) U - 
-

•

Assuming the ice is initially at 32°F , the expression for AT becomes :

A T=~~1 — 3 2  -

or AT ½(TIN + TouT) —32 - Li
The rate of change of holed depth with time can be approximated as

follows :

U
Where AR Is the change in hole depth in the time interval At. -

With these assumptions and approximations, the heat transfer co— L
efficient can be determined from parameters measured during the test. I. ~Equation 6 becomes:

h 
[½(~IN +’o& -32) * 

(7) Li j

H --
I

[J~
L}

_ _ _ _  --- ~~~~~~~~~~~~~-- - ~~~~~~~~~-~~-- -
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APPENDIX D

PROPOSED PARTICIPANTS RESPONSIBILITIES

CRR~~
1. Mobilize test probe and nozzle 1. Mobilize teat facility

- - configurations

2. Supply strip chart recorders 2. Install temperature sensors

in ice block

3. Supply temperature sensors 3. Maintain ice block after

and scale for probes each test

4. Supervise and perform testing 4. Assist in performance of

testing

L

[1
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L TASK DESCRIPTIONS ESTABLISHED AT PROGRAM START

PHASE I - CONCEPT DEFINITION PHASE

- The concept definition phas. of this proposed study will focus

on two basic objectives:

1. Establishing a sound technical basis f or penetrating

11 the ice—covered oceans. The concepts and systems

developed will ba consistent with the ADOI4 concept
• as outlined in the ONR Progress Report of August 1977.

2. Contributing Arctic engineering concepts and technologies

to the ADOM team.

A concept definition study is proposed consisting of the

following elements:

1. Assessment of Arctic technologies and data bases

2. Examination of ice penetration system concepts
L .

3. Analysis of system characteristics and trade off
studies of ic• pene tration concept.

-- 

4. Development of a preferred design concept for ice
penetration

-• 5. Rscosmsndations for a concept validation phase

I Thes. five elements are discussed below.

1. Assessment of Arctic Tschnoleaies and Data kss

Many workers have considered th. problems of ice drilling in polar

- regions; principal among th. se ar e the V. S. Arm’ Cold Regions Research

and Engineering Laboratory (CRPBL ) the Canadian Polar Shelf Study,

H and the extensivs stud ies of the Russians and Japan ese. The full exten t
- 

of this technology will b. gathered, assimilated and abstracted.

I Assumptions mad. earlier in the ADCI4 Progrim will. be verified . A ful l.

..sessasnt of applicable Arctic technolo gies and data bases will be

II 
- - - - - - —- 
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•—•--———••••-— --—.- •——— 

- -~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~ A



- - - - - - --w~---— 
-

(2) 1 ,
I !

made and related to the ADOM Program.

2. Examination of Ice Penetrator System Concepts

Detailed examination will be made of the four drilling systems -

that are currently believed to show some potential for unmanned

applications. These are: -

A. Electro—thermal, whereby a battery driven resistive element

heats the ice, lowering the instruments, while leaving the

main system package on the ice surface. 
-

B. Chemo—thermal drilling, where the energy source is a chemical, I -

releasing heat on comeand or on contact with the ice. -

C. Impact penetrometers, creating a hole through the impact of

an air dropped element , with the remainder of the system I 
-

probably landing by a tethered parachute to reduce decelera— -

tion forces.

D. Mechanical augers. Here unmanned adaptations of existing 
-~

technology 1. contemplated. I
In the Appendix, these concepts are briefly developed , and useful I

references in the literature are noted. Perceptions of scientists,

familiar with the technologies, are also noted . (
The potential for systems that avoid drilling by employing open 

- .

water deployment in leads will also be examined . A reevaluation will F
be made of the available ice—thickness histogram and of ice character— -

istics as they relate to the needs of this project.

Alternative drilling systems will be sought out to broaden the

list. Th. study will further review and recoiiaend candidate aircraft

for deployment in polar regions.

[1 H
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- L 3. Analysis of System Characteristics and Trade—Off

Studies of Ice Penetration Concepts

- 
A detailed analysis will be made to establish specific character—

- 
istics of each system concept. These system parameters then will be

compared to determine an optimum system concept.

- System characteristics which will be included in the studies and

tradeoff analysis are:

— energy requirements
— size
— weight

- 
— applicability of available technology
— portability/ease of air deployment
— failure modes

• 
- — reliability and survivability

— Arctic environment compatibility
— cost
— prototype fabrication time
— compatibility with existing ADOM components

The outcome of this aspect of the study is conceived to be a

• thorough understanding of the current state of the art of ice pene-

tration and related technologies and their potential to the ADOM Program.

4. Development of Design Concept for Ice Penetration

U Having determined specific optimum parameters , a design concept

will be developed. An initial system design will be made in sufficient

Ii detail to support a concept validation model and to permit reassessment

of the t ime schedule as well as the development costs involved in the

prototype system fabrication and testing.

5. Raco~~endation for a Concept Validation Phase

Phase I will terminate with a distribution of all background data

B to the ADOM Co ittse, a full technical presentation to the co itte.

and a thorough analysis and review of the design. Due to tias lialta-

- I I  
__ _i_ •_ ___
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(4 )

tions which exist in the ADCI4 schedule, the design concept which will 1 .

be selected for fabrication of a prototype system must have the maximum 1 1
probability of success. An effort will be made, throughout Phase I,

to inform the ADOM Comeittee of pertinent design implications as I
they evolve. In this manner, it will be possible to recognize potential

problem areas which might interfer with other components of the ADOM I -

system. A recomeendation for one design concept for ice penetration 1
and for undertaking a validation study will be made by July 1, 1978.

It is expected that the AD~I’( Coustittee will meet during July to consider

this design concept and to establish , in consultation with ONR , the

framework for the Phase II effort.

I~
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APPENDIX E

- 
- PROPOSED WORK PLAN OUTLINE FOR FISCAL YEAR 1979
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PROPOSND WORK PLAN OUTLINE FOR FISCAL YEAR 1979 1.

1. Complete (NM design for a manually operated ice drill system.

The actual drill probe will be designed to be manually operated , Ic.

without its final, automated control system , and will be dimensionally

identical to the proposed drilling system for the ice ADOM based on

knowledge at this time.

2. fabricate the CVM ice drill system and perform In—house testing and

checkout. A parallel effort will be focused on initial ADM design

concepts with input from; array and processor configuration, hydro—

dynamic analysis of sensor and drill string , decelerator system and

navigation system.

3. Perform a series of tests of the CYM at the U.S. Army Cold Regions

Research and Engineering Laboratory in Hanover , NH simulating an

Arctic environment.

4. Review the initial AIM design concepts with input from; (NM testing,

stability studies, updated array and processor configuration, updated

hydrodynamic analysis of sensor and drill string , updated decelerator

system, updated navigation system, and updated shell shapes and weights.

5. Complete the ArM design for review by the ADOI4 project team. The ADM 
-

will be a complete automatically operated, self contained ice drilling

system.
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