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ABSTRACT

   Pyroclastic fiow is one  of  the most  destructive eruptive  phenomena  and  has kept scientists from
making  direct rneasurements  of  its physical properties. We  constructed  two  types  of  penetrators to
measure  the  temperature,  over  pressure and  particle velocity  of  a  pyroclastic  surge  accompanied  by  a

pyroclastic-fiow eruption.  The penetrator-type thermometer  measures  temperature and  duration of  a

pyroclastic surge  based on  the  change  in state  of  several  k{nds of  meta]s  and  thermodyes  which  rnelt  at

specific temperatures during volcanic  events.  The  penetrator-type blastmeter estimates  the  explosion

energy  and  particle velocity  of  a pyroclastic surge  on  the basis of  the deformatien of  a  thin metal  plate.
A  helicopter of  the  Japanese Self Defense  Force was  used  to drop  12 penetrators from  a  height of 30-
45 m  at  S points on  Unzen Volcano  in Kyushu,  Japan, most  of  which  landed erect. Measurernents made
with  this type of  penetrator enable  us  to obtain  certain  physical properties of pyreclastic surges  in dan-
gerous areas  during explosive  eruptions.

1. INTRODUCTION

   A  pyroclastic fiow is one  of  the most  destructive of  eruptive  phenemena,  containing  a mix-

ture of  hot lava fragments and  gas and  descending volcanic  slopes  at  high speed.  Pyroclastic-
flow eruptions  occurred  at Unzen  Vo]cano in Kyushu  on  May  1991, one  of  which  was  the largest
of  Japanese historic pyroclastic-flows since  the 1929 pyroclastic-flow eruption  at  Komagatake
Volcano in Hokkaido. Chances te study  the physical properties and  hazards of  pyroclastic-fiow
eruptions  have been few because the frequency of  the occurrence  of  a  pyroclastic flow is appro-
ximately  once  in several  decades in the case  of  small-scale  pyroclastic-flow eruptiens  and  once  in
tens of  thousands  of  years in the case  of  caldera-forming,  large-scale pyroclastic-fiow eruptions.

A  pyroclastic flow descends at high speed  destroying everytning  in its path. The pyroclastic

fiow from Mount  Pelee on  8 May  1902 ki11ed about  28,OOO peopie  at St. Pierre 6 km  from  the crater
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tic surge,  Vnzen Volcano
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[1]. The  pyroclastic fiow at Unzen  on  3 June 1991 kMed  43 people within  a few minutes.

   The  physical properties of  pyroclastic flows must  be determined in order  to understand  the

flow mechanism  and  to  reduce  disasters. The  temperature,  dynamic pressure  and  particle velocity

are  significant  factors with  which  to determine areas  at hazard of  pyreclastic fiows. Direct mea-

surement  of  the physical and  chemical  properties of  a pyroclastic fiow, however, is rare  compar-

ed  with  the monitoring  of  earthquakes,  crustal  movements,magnetism  and  volcanic  gases. Chan-
ces  of  studying  the physical properties of  pyroclastic flows have been limited because they  are

too dangerous to approach  for direct measurement  and  because instances of  pyroclastic-fiow erup-

tions  are  rare  in the  history of  scientific observations,  Previous studies  on  pyroclastic-fiew erup-

tions have been limited to the measurement  of  flow velocities.

   Taniguchi and  Suzuki-Kamata  [2] succeeded  in directly measuring  the over  pressure  of  the vol-

canic  blast at Unzen  on  8 June 1991 using  a  lead-plate blastmeter set up  en  the ground  befbre the

explosion.  The  over  pressure  of  this vo]canic  blast was  O.28 bar 2700 m  frorn the crater,  tbe over

pressure  at  4400 m  being less than  O.06 bar. The  estimated  explosive  yie]d of  the eruption  that

accempanied  the blast was  ].1× 10T kg TNT  (5× ]020 erg).  Although this method  of  rneasure-

ment  was  very  usefu1,  it proved  unrealistic  for further use  at Unzen because the hazardous areas

were  entarged  as  eruptiens  continued.  A  safor  method  of  measurement  therefore was  needed･

    We  have developed a  penetrator-type  thermometer  and  a  blastmeter that measure  the tem-

perature, dynamic  pressure and  particle velocity  of  a  pyroclastic surge,  Because the exact  time

of  the occurrence  of  an  eruption  can  not  be predicted and  because a  pyroclastic-flow eruption  is

terminated  in a  few minutes,  a  penetrator  system  coupled  with  the thermometer  and  blastmeter

is essential  for obtaining  the physical properties of  a  pyroclastci flow, Penetrator suryeys have

been planned to obtain  seismological  data in Antarctic [3] and  on  the Moon  by the Lunar-A  mis-

sion  [4]. Our experiment  constitutes  the first trial for pyroclastic-flow studies.  We  succeeded  in

setting  up  the penetrators  by dropping from a helicopter onto  the eastern  flank of  Unzen  Vol-

cano,  where  a  pyroclastic fiow was  expected  in the near  future. The  thermometer  and  blastme-

ter will be withdrawn  at the end  ofpyroc]astic-fiow  eruptions,  We  here describe the apparatus  and

the aerial  drop experiment  done  at Unzen  Volcano on  4 March  ]992.

2. THE  GEOLOGY  AND  RECENT  ERUPTIVE  SEQUENCE  OF  UNZEN  YOLCANO

   Unzen is a  composite  volcano  produced  by an  extensional  stress  field unlike  most  Japanese

volcanoes  whihc  are  located in compressional  stress  fields [5]. It is composed  mainly  of  thick lava

flows or  domes  of  hornblende-biotite dacite associated  wjth  pyroclasricdeposits [S,6j. Eruptive ac-

tivity started  about  500,OOO years ago  in the western  part of  the volcano  and  moved  eastward  [7].
The  most  recent  past eruption  occurred  at  Fugendake. Iecated in the eastern  part of  the volcano,

in 1792. Fifteen thousand  people  were  killed in a  debris avalanche  triggered by an  earthquake

associated  with  this volcanic  activity.

   The first phenomena  preceding  the latest eruptien  were  earthquake  swarms  in November

1989 centered  below Tachibana Bay  west  of  Fugendake  [8,9]. The  eruption  began on  17 Novern-

ber 1990 at Fugendake  with  a  steam  explosion  after  198 years ef  dormancy  [8]. Since the extru-

sion  of  the lava domes of  hornblende-biotite dacite en  20 May  1991, many  pyroclastic fiows have

originated  from  gravitational dome  collapse  up  to the  present (August 1992). The  three largest

pyrQcCastic-flow eruptions  occurred  on  3 June, 8 June  and  15 September,  with  respective  fiews from

the vent  of  3,9, 5.5 and  5.5 km.

   Pyroclastie fiows are  considered  to be comprised  of  a  pyroclastic-fiow body, a  pyroclastic
surge  and  an  ash  cloud  [10,11]. The  pyroc]astic-flow body  is what  runs  down  to a  topographi-

cally  lower area  burying any  vallies  due to its high density, A  pyroclastic surge  is a  dilute fiow

that first accompanies  then  detaches from the pyroclastic-fiow body. The  pyroclastic-surge de-

posit usuatly  is thin and  fine grained in comparison  to the pyroclastic-fiow body. The  pyroclas-
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tic surge,  however, is destructive in spite  of  being thin and  fine grained, sometimes  destroying
trees along  its route.  Volcanic hazard maps,  which  basically are  drawn with  reference  to ancient

volcanic  deposits do not  usually  show  pyroclastic-surge deposits, as  they are  diMcult to identify
in field surveys  of  ancient  volcanic  products  because of  their being very  thin. Therefbre it is
.important

 to determine the physical  properties of  a  pyroclastic surge  in order  to chart  hazard areas
during pyroclastic-fiow eruptions.

3. DESIGNOF  THE  PENETRATOR  SYSTEM

    Diagrams  of  the penetrator-type thermometer  and  blastmeter are  shown  in Figure 1. As

penetrators must  stand  upright  on  the ground, we  planned its center of  gravity to be low at a level
and  added  wings  to ensure  a  straight  fa11. We  designed the wings  so  that they  would  detach from
the penetrator when  it reaches  the ground  in order  to exctude  the possibility of  the penetrator
faIling down  due to the  strong  lateral pressure of  a  pyroclastic surge.  The  wings  are  attached  to
the penetrator with  double-sided adhesive  tape, selected  because of  the results  of  our  dropping ex-
periments,  in which  the wings  detatched successfully  from  the penetrator on  the shock  of  collision
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    (A) (B)
1 Diagrams  of  the penctrators for temperature  (A) and  the dynamic  pressure and

  particle velocity  (B) measurements  of  a  pyroclastic surge  and  a  volcanic  blast,
  Ml-M4  and  TC  respectively  are  thermometers  that use  the fusion of  metals  and

  thermocrayons.
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with  the ground.

3.l Penetrator-tJtpe thermometer

   The  thermometer  is designed to measure  both the temperature  and  duration of  a  pyroclastlc

surge.  Sixteen kinds of  metal  and  alloys  function as  temperature sensors  based on  their fusion fea-

tures at  various  melting  temperature. We  chose  alloys  that have a relatively  small  temperature

difrerence between the minimum  liquidus and  maximum  solidus  (Table 1). The  melting  tempera-

tures range  from  1000C to 7800C, the maximum  temperature interval being 1020C. AII the metals

and  alloys  used  are  corrosion  resistant,  as  the sensors  are  desinged to be Ieft for a  Iong time  Lmtil

the withdrawal  of  the penetrators. We  also  used  thermocrayon, a type of  thermodye  made  by

Nichiyugiken Industrial Corporation, that has a  me!ting  temperature  from 100eC to 7930C (Ta-
ble 1). Thermocrayon  is sealed  in a copper  tube  2 mm  in diameter because it would  lose its function

if wet.  The  sensor  sizes  are  l mm  diameter and  1 mm  long (Ml of  Fig. 1), 2 mm  diameter and

2.5 mm  long (M2), 2 mm  diameter and  10 mm  long (M3) for all 16 metals  and  alloys;  3 mm  dia-

meter  and  10 mm  long (M4), 5 mm  diameter and  10 mm  long (M4), IO mm  diameter and  5 mm

long (M4), 10 mm  diameter and  10 mm  long (M4) for the tin, lead, zinc  and  aluminium  devices;

and  2 mm  diameter and  5 mm  long  for the thermocrayon  (TC of  Fig. 1). Results of  melting  ex-

periments done  at 5000C shewed  that it took  2 seconds  for the smallest  lead (1 mm  diameter and

1 mm  long) to melt  and  about  3 minutes  fer the largest lead (10 mm  diameter and  10 rnm  long).

The  sensors  are  suspended  by a  nichrome  wire  O.02 mm  in diameter that is fixed en  four bo]ts of  the

penetrator  (Fig. 2). A  nichrome  ring  O.35 mm  in diarneter suspends  16 sensors.  The  penetrator
is composed  ofa  lower steel rod  and  upper  steel pipe connected  by a  steel stopper  (Fig, 2). The

thickness of  the steel  pipe is 2.8 mm.  Alminium  wings  are  attached  to the penetrator with  double-

Table 1 Melting temperatures of  the thermometer  materials,

Metal   solidus  ]iqu{dus
temperature  temperature     component

Ag(20), Cu(45), Zn(35)

               liquidus･
 Thermocrayon
             temperature

 I DIA230  7100C

  (Silver BTazing Filler Metal)

2 BAg-8 780ec

  (Silver Brazing Filler Metal)

3 BAg-5  6650c

  (Silver Brazing Filler Metal)

4 BAg-2 60sOc

  (Silver Brazing Filler Meta])

5 AIuminurn 6600C

6 BAg-1 6050C

  (Silver Brazing Filler Metal)

7 A]umit 58oOc

8 AC2  5220C

9  Zinc  420eC

10 Alminum  3600C
  soft so!der

11 Lead  328"C

12 Type  lead 260"C

13 Tin  230ec

14 Soft solder  1830C

15 Soft solder  1430C
16 Termo-fuse  1000C

8100C

7800C

7450C

7000C

660eC62oec

5920CS220C4200C3620C

32sac2600c2300C184ec1430C1000c

Ag(72), Cu(28)

Ag(45), Cu(30), Zn(2S)

1/

                       I

Ag(35), Cu(26), Zn(21), Zn(18) 1
                       !Al(IOO)Ag(4S),

 Cu(15), Zn(16), Cd(24) 1

Al(68), Cu(27), Si(5)

zn(loo)

Pb(100)

sn(loo)Sn(63),

 Pb(37)
Sn(51.2), Pb(3e,6), Cd(l8.2)

1

1i/1/

t M795

2 M765

3 M700

4 M645

5 M590

6 M545

7 M490

8 M460

9 M430
10 M395

11 M345
12 M300

13 M255

14 M200
IS M150

l6 MIOO

7950C

76sec

7ooec

64sac

5900C545eC

4900C460eC4300C3950C

34SOC3000c2550C2000C1500C1000C
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P]an of  the penetrator-type thermometer,  Ml  denotes the  srnallest  metal  and  alloy  pieces that

indicate the shortest  duration of  a  pyroclastic surge.  The sizes of  the thermometer  rnaterials

iacrease from  Ml  to M4,  TC  sltows  the thermoerayen  therTnorneter,  Numbers  1 to l6 show
p]acernent  of  the  metal  and  altoy  pieces and  thermocrayon, These  mateTials  fuse at  the melting

or liquidus temperatures shown  in Table l.

sided  adhesive  tape just before dropping it.
is 3.5 kg.

The  total wejght  of  the penetrator-type thermometer

3.2 Penetrator-mpehlastmeter

    The  main  frame of  the penetrator-type  btastmeter is a  square  steel pipe. It is twisted 22.50

at  three points having 16 different orientations  for the blastmeter elements  (Figs. 1 and  3). This

pipe in cross  section  is 38 by 38 mm  and  1.6 mm  thick. Blastmeters originally  were  used  to mea-

sure  the over  pressure  of  a  blast in order  te estimate  explosive  effects in the fields of  industry and

military  technology  [l2]. Taniguchi and  Suzuki-Kamata[2] succeeded  in measuring  the over  pres-

sure  of  volcanic  blast using  a  blastmeter during the earliest  stage  of  the 1991 pyroclastic-fiow erup-

tion of  Unzen  Volcane. The pressure sensor  used  is a  lead plate O,5 mm  thick and  50 mrn  in dia-

meter.  Tlte total weight  of  the b]astmeter is I.3 kg. We  designed a  small-size  blastmeter for

the penetrator because the usual  device is teo heavy  for the penetrator attachment.  Lead  and  alu-

minium  foits O.1 rnm  thick that make  up  the sensor  are  fixed on  a  hole 20 mm  in diameter with

plain washers  <2.6 mm  thick) attached  to a screw  en  each  of  16 faces of  the square  steel pipe <Fig.
3). Four  heles 3 mm  in diameter have  been drilled to secure  the washer  screw  and  to set a

bolt in the steet  square  pipe. Four  holes 10 mm  in diameter are  present in the lower part of  the

square  pipe to avoid  increases in the inside pressure due to the volcanie  blast and/or  pyroclastic

surge  at  the time  of  eruption.  These four holes  are  covered  by a  steel-board  fence to divert the



Japan Society for Natural Disaster Science

NII-Electronic Library Service

JapanSociety  forNatural  Disaster  Science

6 K. SUZUIU-KAMA714,  K. S,41V(}E7Vl HL  KAMA7Z,  HL 71itlVIGUCJll &  S. IVL41(ADA

1500mm
alm'

600mm 900mm
ro.

F-T-T..
pm･v･ //'t/tttttt'

// }..t.ttt.
t.t..･.,.t.tt.t.Ll

,/･
sL･u

4oe ec 100-70tOO70tttttBsteelsquarepipe t..tttt･･.･.･..-･/ttbind

A loo

alm[nlumwing

asher leadfojjaluminiumfoilsamplepockettttttttttttttttt/t/ttttttttttttt

oo l'I'"'''"･････････････････-･･--.".-,
l/il"''"''"'-'""--e-----

l'l

t..../tttttttt....ttttgeq8

gg;3
oo

19ooottttttttttttttttttttttttttttttttttt/t/ttt///tttttt-tttttH.

'
t.t.tttttttttttttt....tttttt.t.t

30 40-.30- 70- 25.

herizental sectlon  ot  A.12.
drainageholecov

ttttttttttttttttttt.tttttttttttttttttttttttttttt
trst3 1OO.t-r--

tttt//ttttttttt."ttt.""ttt//
stopper--

36---

cross  section  of A

hole

                         hor[zontal section  ot  B

Fig. 3 Plan of  the penetrator-type blastrneter that measures  dynamic  pressure and  particle velocity.

direct effects  of  the fiow. Total weight  of  the penetrator-type b]astmeter is 4.1 kg. A  trinitrotol-

uence  (TNT) burst experiment  is planned  to calibrate  the blastmeter after  the withdrawal  of  the

blastmeter.
   The  lead and  aluminium  foils of  the blastmeter are  used  to measure  the particle velocity  of  a

pyroclastic surge  on  the basis of  the relation  between the impact traces of  ash  particles and  the

nature  of  the metal  plate. Particle velocity  is calculated  by the methods  of  Baker et a]. [13] and

of  Taniguchi and  Suzuki-Kamata  [2]. The  equation  of  Baker et al. [13] is given by

          
6,h,2-s-o･s-vP,lllr,p-,-oao3s

 (i)

where  a is the projectlle radius  (assuming a spherical  shape),  V  the projectile yelocity,  p.  the density

of  the ash  particle projectile, h the thickness of  the metal  p!ate, p, the density of  that  plate, o,

the yield stress  of  the  plate and  6 the permanent  defiection of  metal  plate at the point of  impact.

This  penetrator also  has a  sample  pocket  for the collection  of  pyroclastic materials  that are  used  to

estimate  the density and  size  of  the ash  particle projectiles (Fig. 3), The  bulk density of  a  pyrecla-

stic surge  can  be calcuJated  from the particle velocity,  dynamic pressure  and  average  thickness of

the pyroclastic-surge deposit.

       4. THE  DROPPING  OF  THE  PENETRATORS  AT  UNZEN  VOLCANO

   The  penetrators were  dropped on  4 March  1992  with  the cooperation  of  the Japanese  Self

Defense  Force and  the Director of  the Shimabara  Earthquake  Volcano Observatory (Kyushu
University), after  gaining  permission for the experiment  from  Nagasaki Prefecture, the munici-

pal oMce  of  the Environment  Agency  of  Japan  and  the Forestry  Agency  of  Japan.
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 Pyroclastic flow and  surge  deposits

a".

Landing  points (D, E, F, G  and  H)  of  the penetrators on  the flank of  Mount  Unzen  and

the distributions of  the  lava dome, pyroclastic fiow and  surge  deposits up  to 22 Septem-
ber 1992, The  topographic map  of  Shimabara  (l : 50,OOO scale)  published by  the Geogra-
phical Sutvey ;nstitute, Japan, is used.

   Japanese Self Defense  Force  crews  dropped 12 penetrators (six thermometers  and  six blast-
meters)  from a  twin-engine  helicopter of  the Self Defense Force at 5 points northeast  and  east  ef

Fugendake  (Fig. 4). Another type  of  medium-sized  helicopter was  used  tD monitor  the new  lava
domes  at that time for sefety  precautions. At each  point the penetrators of  the thermemeter  and

blastmeter were  thrown  simultaneously  by two  people. Because the penetrator is designed to

measure  the pyroclastic surge  of  a  pyroclastic flow, it was  thrown  onto  broad ridges  or  gentle slo-

pes where  the pyroclastic-fiow deposit was  less thick.  The  altitude  from which  the devices were

dropped was  30-45 m  above  ground  surface.  The  landings of  the penetrators were  confirmed  on

board, and  pictures taken  by the crew.  These penetrators made  successful  nearly  vertical  ]and-
ings at  four points (Nos, E, F, G  and  H  in Fig. 4). At point No.  D, the temperature  penetrator
made  a  successfu1  landing but the blastmeter penetrator broke against  the surface  rocks.  It took
abeut  ene  hour to drop the 6 pairs of  penetrators.
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