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Abstraen

 
During

 the ]ast twenty years over  10000 m  of  ice core  have been recovered
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The

 mps'or cause  of  ice cere  fracture under  thermal  driIIing is thermoelastic  stresses,

R]lr:e"d"2iiitgu?ftil.:niZefCEOI'lstaakS"thgegoe;eeiJiEDk8ra: 
bgfp'g

 
,'
 l:an:IYa'nMd"[hOeVgd,efteP.IYg:lgdl2:

S8M..9"S,`laje,2h8,t,r,:,l.d`P.ad,:T1,EhD,gileKl'EEDD',tr:gU.C:S,lg;W,7,1,CS,ZS?bM.9:.O"-XYo3cO;iig

I
S

/VE
M

,g.

`

i'$,zs//,imb,its

"

g
b

,:/.:tg.g,ldlo,W,.
W2i,l6,,//2h

iill･iiei:,
S

i
ikC

ai,ig,gntsi[i,Is
'

z
d

illlVijiP,-X,20,h,a//1･l,/ta･klil:%g.i:
lei/e:la

S

,iitll

"

:,iltOg
"

klgl,?9.II':,2hng
a

:
"

igyg
e

IEZ.gPlil,7#.I
S

g&
i

g
"

rcrd:ri,sctllilcgtu;:.:.･:':,:w:1poilw,kt･e:'

ism::pg･i:.i
                           1. Introduction

    
For

 
the

 
last

 
twenty

 years antifreeze  thermai electrical drills (ATED) have been used
for

 drilling deep holes in temperate and  polar glaciers (KoRorKEvi
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depth

 
the

 dri11ing stopped,  Eleven months  ]ater the drilling operation  was  resumed
without

 
any

 dithculties (MoREv et  aL,  l989), The  Antifreeze Thermal Electrical Drills
(ATED) have the fbllowing advantages:
   

.
 
environmental

 and  personal safety;

   
'

 penetration 
rate

 of420  m!wk  (24 hr shift, 500  m  depth, Z ==  -15eC);

   
.

 
directional

 drilling capability  (ZAGoRoDNov et al,, 1992);

   
.

 simple  structure,  short length, and  small  shelter;
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     cost.

    However, when  thermal drilling has been performed at glaciers with  
the

 
temperature

below -250C  the fbllowing drawbacks of  ATED  were  exhibited:

    .  ice core  fractlonatlon:

    .  Iow speed  (O.2-O.3 m!s)  of  the drill during lowering and  
raising;

    . slush  fbrmation:

    .  ATED  has a limited capability to penetrate a dirty ice (regardless oftemperature);

    .ethanol  penetrates the core  on  depth of2--3  cm.  ,

    In the  present paper, technical  aspects  of  ethanol  thermal  drillilg.technology

considered,  the possible modifications  of  the ATED  are  suggested,  The  dmllmg.head gnd
core

 barrel are  subjected  to major  modificatlon.  The  principle ofthe  thermal  dissolution

drilling is also  discussed.

                          2. Ice Core Fracture

   It is known that thermal drilling is accompanied  by ice core fracture. Sometimes  
only

small  pieces of  shattered  ice core are  recovered  from a drill. Typically horizontal 
cracks

are formed, At a  temperature  below -250C  a typical distance between cracks  is about  
3

mm,  at T, ==  -14eC  the distance is from IO to 50 cm  (NAKAwo and  NARiTA, 1985;

ZAGoRoDNov,  1989). In erder  to improve the quality ofthe  ice core  the thermal  
stresses

 
in

an  ice core  under  impact of  heater-bit have been examined  (NAGoRNov et al., 1994).

    The  strength  ofa  polycrystalline ice depends on  several  factors. There arg  
mode

 gf

Lo,%dgr,?･s.`kai,",,I･:tkgy,`,:ig
'

re,l,tem,p,eJag."s:hilirLz",g?`5z",,Rf.k
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GoLD,  1977; SABoL  and  ScHuLsoN,  1989; ScHuLsoN  et  al., 1989a, b; TiMco 
and

        NG,  1982) stated  that typical glacier ice (grain size  1 to 10 mm)  at commonFREDERKI
ternperature conditions  <O to --600C) under  strain  rates higher than 2･1O?sihas  

a
 
tpnslle

strength  of  1 to 2 MPa  and  compressive  strength  of  3 to 4 MPa.  The strength  
of

 
artificial

ice under  thermal  shock  was  found to bc between 3 and4MPa  (GoLD, 1963), .

    A  
schematic

 ef  the ATED  drill is shown  in Fig, 1. Due to its contact  with  the heating-

bit and  meltwater  at borehole kerf an  ice core  is subjected  to heating. Measufed

:e,:ize,ga,tgsz.pgsfi,i:s,A:,a･,2i&e,go,!e,g:i,iag,.",ZE,,Ig,:,CIYYiiX,Zr?･,R-!eg,el,le,g.`",,Filgd,2i,,P.:51g,
experimentally  that the drilling fluid transfers the heat to the ice gore il 609 s, Therrnoelastic

 stresses  in the ice core arise  resulting  from the thermal  expansion  ot an  ice  (NAGoRNov et

 al., 1994). Measured temperature distribution in an  ice core  during the drilling procgss

 indicates an  axial  stress  to be a major  factor of  formation of  horizontal cracks  in an  
ice

 core.  An  axial  stress  in an  ice core  under  impact ofthe  ATED  drilling bit as  a  function of

 radius  is shown  in Fig. 3. Clearly the value  of  axial  stress  exceeds  the  tensile and

 compressive  strength ofthe  ice through  the ice core  radius.

     To 
reduce

 a thermostress in an ice core  it is necessary  to decrease the eenciency  ofthe

 heat transfer between the drilling fluid and  the ice  core. During the drilling procedure this

 can  be accomplished  by a fbrced circulation  of  the hydrophilic drilling fluid at the kerfi A
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temperature ofthe  EWS  at the kerfzone to be close  to Z 
,

    Thermal coring  with  a  fbrced EWS  circulation  under  the coldest  conditions  typical for

the Central Antarctica has been modeled.  The  model  simulated  axial stress  in the ice core

is shown  in Fig, 3b. A  stress  decreases by 5 to 6 times  in the central portion ofthe  ice core

as  compared  to conventional  ATED.  At asubsurface  layer of  the ice core  the value  
of

 
th.e

thermal  stress  follows the tensile strength  of  the ice, Therefore the m-ATED  rnakes  it

possible to obtain  a good quality ice core, Another expected  advantage  oftbe  
m-ATED

 
is

its capability  to penetrate dirty ice. The continuous  circulation  of  EWS  will  rfiIpove  
the

fine solid  material  from the kerf and  provide good heat transfer between the drilling head

and  ice. For more  experimentai  and  theoretical details see  NAGoRNov  et al. (1994).

       3. The  Lowering ofa  Drill in a  Borehole Filled with  Viscous Liquid

   The viscosity  of  the EWS  is significantly  higher than  the other  drilling liquids

(ZAGoRoDNov et al., 1993). Nevertheless the lowering rate  of  the ATED  is about  O.4 mls

and  O,2 mfs  at  glaciers temperatures 
-280C

 and  
-530C

 respectively  (ZoTiKov, 
1979;

ZAGoRoDNov  et al., 1993). To obtain  a  higher penetration rate  ofthe  ATED  at temperatures

below -300C  its lowering rate  should  be increased. For better visualization  of  the ATED

struetural  modifications  the fbllowing equation  has been used  (ONisHiN et al,, 1990):

V==[(l+ri)lnlfr,-(t-ri)]ri(p!-gpil)
41tl

'

where  V is the drill's lowering speed, r,=  r,lr2 is ratio  of  instrument (ri) and  borehole (r!)
radii, p2t  mg!nr?,  where  m  is the instrument mass,  g is gravity acceleration,  i is the length

of  instrument, p] and  m  are  density and  absolute  viscosity  of  the borehole liquid

respectively.  This formula was  developed fbr estimations  of  the  lowering speed  
of

demountable  instruments in industrial boreholes. In the case of  the ATED  the calculated

and  experimental  data are  in good agreement.  The  dependencies ofthe  lowering rate  on  Z ,

clearance,  weight  and  length ofthe  dri11 in Figs, 4 and  5 have been calculated  by eq.  (1). 
It

fbllows from Figs. 4 and  5 that even  at a temperature  of 
-600C

 an  appropriate  
lowering

speed  (O.5 to O.7 mls)  can  be achieved  at quite realistic parameters of  the m-ATED  (Table
1),

    The  slush  formation in deep boreholes at low temperatures is caused  by energy  loss

during lowering and  raising  of  the drilling instrument (ZAGoRoDNov et al,, 1993). The

above  modification  of  the ATED  allows  fbr significant  reduction  of  the hydraulic

resistance  of  the drM and  the energy  loss. Which results  in a diminishing of ice slush

forrnation.

    Focusing on  a design of  a  new  drill, let us  consider  the conventional  ATED  and

further rnodification  (Fig. 6). If the outer  tube of  the ATED  will  be replaced  by a  few

small  diameter pipes or  channels  then the drill-borehole clearance  can  be expanded  by

about  809i6. This effbrt  provides an increase in a lowering rate  up to O.7 mfs.  The optimum

 parameters  of  the new  drill can  be determined  based on  the above  forrnula. .Local

 hydraulic resistance  arising  in the drilling bit can  be essentially  decreased by the windows
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ILible I.Parameters  ofthe A llED and  m-A  TIED drills,

       Parameter

Temperature efice  (OC)

ATEDO

 
-･
 -33 O  -- -60m-ATED O 

--
 -60

Dri11ing head diameter (inner/outer, mm)

Borehole diameter (mm)
Ice core  diameter (mm)

Dri11 length (m)

Ice core  length (m)

Drill weight  (kg)

Power consumption  (kW)

Dri11ing rate  (mhr)

Penetratien rate  (m/wk)

 84rl08

  118

 78-80

 1.8-3.2

 1,5-2.7

 25-60

 3-.4

  4420-450

 105!114

  134101-103

  4

  3

  80

  3g

  4420-450

 821100

  110

 78-80

  4

  3

  60

 1.5-3

  4420-･450

l;oif;:tig.betso,w,tle,c&:･?,$ag,cee,:,gls,cRa,::
'sm.ii6g",8,b)i.D,",ge,g,i?,w,eP,",E･.a,"d.,raRssl:,g,OE.thg

circulation
 mentioned  above  the windows  should  be closed  during a drilling action.  There

f,r:,;e:･srs,i.d.e/jg,:ssi,Etig",?fo,',2cg."e,//n.gSh.e.\･:8d.o,w,:lfi:zg,m,g,ch,a･",ts':,1･ig9PP.eti,8,":,Oi
lorvering

 and  raising  operation  three springs  press the bottom flange down,  keeping the
windows

 open.  When  the drill reaches  the kerf the force of  gravity will  compress  the
springs

 and  the windows  will  be closed.  The  parameters of  the prototype and  modified
ATED  are  presented in Table 1,
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Fig, 6.
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                 4. Parameters  ofEWS  in Glacier Borehole

   The concentration  (C,, ), density ( p, ) and  kinematic viscosity  (v) of the EWS  depend

on  the temperature (T) (MoREv and  YAKovLEv, 1984). These experimenta1  parameters as

functions of  a  temperature  can  be approximated  by the following temperature

dependencies:

Ceq (T) =
 O･O1454'T,

p. 
==  999.187 +  4,72394･T+  O

v  ==  2,10911  +  1,05558･T+ O..30828･T2+20863･Ti+oo,.O08421･T]+O04692･T3+73.05243･10-ST4.14625･10-S･T4.,

 (kg･m'])
(cSt)

If the temperature  profile T (z) is known, then the C,,, p. andv  as functions of depth (z) in

the glacier can  be calculated.

    To obtain  the pressure of  EWS  in the borehole p, (z) and  the ice-overburden pressure

ph (i) the ice density profile p, (z) and  level of  EWS  in the borehole H  should  be known,

                                                           =p.(z)-ph(z)

Then  the pressure difference between EWS  and  ice-overburden pressure Ap

can  be found:

Pe (z)-i:
･

J

z<H

z.p,(T

 (z)) dz, z>H

(1)

Ph (Z)=- g  f: p, (z) dz, (2)
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A p  (z) -  g i:[pi(z) 
-
 p.(T  (z) )] dz. (3)

    
For

 
example

 the conditions  ofthe  Byrd Station hypothetical borehole (HL75 m)  was
consideled.

 Calculated C., (z), p, (z) and  Ap  (z) profiles in a  hypothetical borehole are
shown

 in Figs. 7 and  8. The average  concentration  ofEWS  in the borehole is close  to

X}%,fo.1};:,g,1iyi6".gh:g,2`,.:t:l}, ,:kzM, :l)t,YI,leX2h,g,iZ 
9,,:,9S,Z5,9',6･,,Z`P.?i.Zi,lS.Ze.C.eS.SftBY"

et
 
al.,

 !993). 
With

 small  diameter m-ATED  only  7,4 t will  be required.  For comparison

g7P6r40:iXeaptethlYai6B';rtdOsfta?iFoAn, 
and

 
triChlorethylene

 
were

 
consumed

 
for
 
driiiing

 borehole of
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    The calculated  density of  EWS  through  the berehole depth is greater than that of  an
ice (Gow,        1970). In such  conditions  the ice-overburden pressure at the top ofthe  borehole
exceeds

 s]ightly  (5 bars) the EWS  pressure. At the bottom the opposite  situation  takes
place. The compensation  ofthe  ice-overburden pressure provided by EWS  is not less then
that

 
by

 
DFf{-trichlorethylene

 solution. We  came  to the conclusion  that the applicatien  of
the

 EWS  with  m-ATED  can  be used  fbr deep drilling ofthe  West  Antarctica Ice Sheet.
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                      5. Thermal Dissolution Drilling

    It is well known the ethanol  dissolves an  ice. Obviously this phenomenon  can  benefit
for

 
the

 penptration ipto the glaciers. The schematic  ofa  thermal  dissolution dri11 (TDD) is
shown

 
m
 Flg, 9, This drill consists  ofa  pump,  a core  barrel, a  drilling bit and  irijector. The

:/zm,g ,e',ox,'ggg,a, tcx,iz`ip,: 
oi,p,,l.y,dto,ebi//i,dr4L'A2g.:,E･gig-,

 ,:2e,sc,1iilgl,//q, : P.e?l,s, 2
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flushing hot-water drM" (SFHWD) developed by RADo et  al, (1987). The  SFHYVD  drill

rnelts the ice by consuming  the electric  power  while  the TDD  consumes  
the

 
electrlc

 poryer
                                                          EWSi
and  the potential energy  of  the selvent.  Obviously the dri11ing head with                                                               ngectlon

can  be designed fbr ice coring. The  schematic  ofthe  TDD  does not  differ much  
from

 
that

ofm-ATED,  The drilling head should  be modified.

rFDD
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Fig. 9, Schematic ofthe thermal  dissolution drill

     (IDD),

Fig. 10. Tlemperature distribution during one-

      dimension  steady  state  ice-EPFS

      dissolution.' a - C,. =  O.300, b - C,. =

      O,64Zc-CE.=1.0.

    The  experimenta1  and  theoretical investigations have been performed to realize  this

                                                                 been
principle. The parameters of  an endothermic  ice-EWS  dissolution reaction  hgve

determined by calorimeter  (NAGoRNov et al,, 1994), It is an  endothermic  reaction.  We

found experimentally  that the latent heat of  ice dissolution by ethanol  varied  
from

 
300

kJlkg at temperature  -20C  to the value  of  l OO kJfkg at -240C.

    The inputs of  the mathematical  model  of  TDD  were  selected based on  experimentFl

parameters of  the ice-EWS interaction, The  most  attractive result  of rnodeling  is shown  
in

Fig. 10. Under specific  conditions  the TDD  drill may  provide a three temperature regimes

ofthe  ice: (1) the ice heating, (2) invariable stage  and  (3) the ice cooling,  The last-narned

regime  allows  fbr the recovery  of  an ice core  which  is not  subjected  to heating. When  
the

ice temperature is -30C  the expected  rate  ofthe  drilling-dissoiution is 2.7 times higher than

aspeed  of  the drilling-melting. .

    The  next  prornising result  of the modeling  consists  in a  low power  consumption  of

TDD.  In a  temperate  glacier (Z ==  -3eC)  at a dissolution drilling rate  of  1O m!hr  a  O,1 m

diameter borehole can  be drilled by consuming  80 W  of  electrical  power and  25 gfs of

ethanol.  In this case  the model  demonstrates a  large potential power  saving.  
At

 
a

temperature  of  -200C,  the reduction  of  the power consumption  is about  30%. Further
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physical and  mathematical  modeling  are able  to find an  optimal  proportion
and  ethanol  consumption.  Probably, in some  cases,  to dissolve the ice
preferable to burning oil by a  power  generator appears  to be more  ethcient,
ofa  practical dissolution drilling technology is the subject for further research

of  the power
by ethanol  is
Development

6. Discussion

    The  proposed parameters of  the dri11ing operation  (2200 m)  in the West Antarctic Ice
Sheet (Z =

 280C) derived from catculations  are  shown  in Table 2. The calculations  were
specified

 based o?  both the m-ATED  estimated  parameters (Table 1) and  field experience,

.D,uf,i.o,Bs.m,aai,gr,asi:･g2,trS,'sq,1il'e.m.ep,`s,,a."S,go,wabge,,dr,il･//:･g,sq.gp.m,:",Z,'hs.`gSag,x,fgifS,`

kMg-i,'BE,D,,d.U,rl",gh,twpo,.o,f,,i,2,i.h.oui,s,,shg?s,'h,T:{g.he,aEvDiesit,p.atrt..o,f2gsjp.m!g/:tl:',dthe,h):;Lnc,hi;,:gOig

needeg
 
fbr

 mounting  and  disassembling the camp  and  drilling equipment  the  field
operation  can  be fu1filled in 8-1O weeks.

'lable2ii",:z;g3",d.w:,g.htS.`l,zf.lh,s,dr,',,"t.i,g,e.e,:.rp.m,,g.nths:=e:;t.n`.c,tuf,an,,d,Ba,mp,,,f,z//:iz/rte,::titXl'zd.rg.ii:g,,of

She]ters (weather port, tents)

Diesel generator (8 kW)

Winch  (2200 m,  4 kW)

Cable (Kevlar, 2200 m}

m-ATED  drill

Control box, power cables

Hand  tools, spears and  accessories

Ethanol (200-i drums)

DFA  (2eO-l drums)

Campequipment

FoodTota1

 weight

  2.5

  O.4

  O.5

  O.4

  O,1

  O.2

  O.410.0(7.4)

  1.6

  1.4

  2,O192

 (16.2)

Numbers  in
respectively,brackets

 
are

 estimated  for m-ATED  with  ice core  and  borehole diameters 80 and  110 mm,

7. Conclusions

    
The

 drawbacks of  the antifreeze thermal  drilling technology (ice core  firactionation,
low

 
speed

 of  lowering, slush  formation, limited capability  to penetrate a  dirty ice) can  be
overcome  by modification  ofthe  conventional  ATED  drill,

    The  forced circulation  of  the drilling fiuid (EWS) at the kerf decreases the ice core
heating. The longitudinal component  ofthe  thermal  stress  in the ice core  will  be reduced  5
to 6 times as compared  with  the conventional  ATED.  The quality of the ice core  obtained
by m-ATED  wil]  be significantly  higher, Forced circulation ofEWS  at the borehole kerf
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increases the m-ATED  drills capability to penetrate dirty ice.

    The  structure  of  the ATED  makes  it possible to expand  the driil-borehole clearance  by

about  809x6, The  local hydraulic resistance  of  the drilling head can  be diminished by

windows  with  a mobile  stopper. These improvements  provide a lowering rate  of  about

O.5-O,7 mls  at temperature -600C,  resulting  in a  drilling rate  of  350-420 mfweek.

Thermal-dissolution appears  to be favorable fbr ice penetration, The TD  drill will  combine

all  advantages  of  the  m-ATED  mentioned  above  with  potential fer low  power

consumptlon.  .

    The application  of  the modified  ATED  and  EWS  makes  it possible to drill a 2200-m

deep borehole in the West  Antarctic Ice Sheet in one  field season.  The  total weight  
ofthe

drilling equipment,  drilling liquid, shelters  including camping  equiprnent  and  food are

estimated  as  20 t.
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                              Appendix

    After presentation of  the paper at the Workshop a  short  model  (48 cm  length and  
109

mm  diameter) of  the rn-ATED  has been constructed  and  tested in the laboratory (n=
-130C). The experiment  was  conducted  by using  an  experimental  stand,  which  permit to

monitor  penetration rate  and  temperature of  the ice and  EWS  drilling fluid (Fig. 1 1,), 
A

similar  stand  was  described by NAGoRNov  et at. (1994). The major  goal ofthis  ex                                                              perlment

was  penetration of  sandy  ice. For that purpose a  cube  of  ice 23 cm  an  edge  incorporated 
a

7 cm  thick  horizontal layer of  frozen sand  with  a  60-70%  volume  concentration.  The

dri11ing was  fu1fi11ed using  about  75%  power capacity  of  the drilling bit. The d,rill 
moved

through the ice at a  rate  of  1 mmfs  (3.6 m!hr)  in the upper  portion of  the blogk ice (clear).
In the frozen sand  layer and  bottom portion of  the ice block (also clear  ice) it moved  at a

rate ofO.5  mrnfs.

    The diameter ofthe  ice core  (Fig. I2), obtained  during this experiment,  was  6-15 mm

iess than that taken  during penetration of  uncontaminated  ice block. This is explained  that

by the slow  penetration and  conductive  heating, respe ¢ tively, melting.the  cerg  above  
the

drilling head, However, the diameter of  the core  of the sandy  ice  is not  significantly

smaller  the rest  ofthe  core.

    The  experiment  shows  that fbrced circulation  of  the drilling fluid (EWS) make  it

possible to core  extrernely  sandy  ice. To  improve  the capability  of  the m-ATED  
for

penetration of  a  thick ice-sand composite  the solid  material  (sand and  rock  
fragments)
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Fig, 11. 7)ieexpJerimentalstand. Fig. 12. 77ie ice core  taken by m-A  71ED

     ahe core  length is about  2l cnij.

should  be removed  from the kerf constantly.  This modification,  will  increase the
penetration rate  ofthe  sandy  ice.
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