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                                  Abstract•

     Iu t}ie tirst part e!' this paper i$ given a theorelical calculations ef error caused }.)y a lateral

heaL leakasre tl'irougk the basal faces ef t}ie test pieee shapeCt in a Iiollow cireular eylinder. The

experimental proced"ve is to measure heal flows from the inner wall toward the outer of the
hellow eylinGer, witk diffeTences in teinperature at these two xvalls ranging from 4,iT"C to 337CC.

'lliermal conducLivity is }ast}y ca}culated tts Åíunction of temperature, a]ad for S}ilr'a}cawa-}shi tsvo

abyupt changes hi the thermal conductivity are observed at 210eC and 573VC ((luartz-inversieti
pohtt), while fer Gt}s}}fi-ishi an abrupt cltange is ol}served enly at 210WC (220"C). In the
concluding remarks Quv restilts ave eompaJ:ed svith those of Birch and Clark.

     Our purpose
Iemperatures ever
are availab]e, one being the paralie} plate method
and the other the ho}low circular cylinder method.
To determine the choiee between these two methods
requires a close investigatien from the stand points
of the effect of grain size of the test piece to be used,

capacity of heat geneurator put inside it ancl lateral
lieat leakage and also of easiness of minimizalion of

heat leakage. This lastly mentioned $tand yoint
seems to be very important. This has made us
employ the hollow eircular oylinder met}}od.
    If the conductivity k is assumed to be indepen-
dent of temperature, we obtain,

         k== •--,Åí--,,-,-- ig,fK)l2,, ,,.,,

Adoption of a hollow eimeular ey}inder

 is to measure the thermal eonductivity of granites at high
t}ie guartz-invers.ien point 573eC. For this purpose two methods
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coaxially inside the hellow cireular cylinder test piece, u,,. and ub tlie temperatures

respectively at the inner wall and the outer ef t}}e ey]inder at di$tances of a
and b from the longitudina} axis of the cylinder and c l)alf its heigltt.
    The eguation (l.l) is valiCl when no heat leakage takes place through the
basai faces of tl3e cylinder. Rocks are bad conductors of heat and to insulate
the basal faees from the heat leakage is diffirculti even if we use the worst
condacter fer the insu}ation, and therefore we have to examine the earror cause(l
by ti lx ]g;fi:i ,ge7g,gg kwa:i,,W.lii,2.e, SltZNK:,8,ei2'gS b i, desiree, and in order

that the test piece of granite may be regarded as homegeneous, the thickness
b-a must be saflieiently Iaarge as eornpared with the greatest grain size of the
test piece. The sii-,e of the test piece we eou}d fillally attain in our ]aborator>r

is aS=8cm, b i= 2e cm and 2c =i" 25 cm.

                    Effeet of the lateral heat escape

    The upper half ef the apparatas is evidently $ymmetrical wlth the lewer as
                        .is s])own in Fig. 1. Let sufl'lxes 1 and 2 be useC{
           ! for tl]e test piece ancl the insalator respectively. The
                         eeorcl{nates-axes usedi in tke present problem sliould
                         be cyliRdrieal ones as shown in Fig. 2. At the
                         surf'ace of eon:aet of the test piece witli the insLilator,

                         the foliowing conditions must be satisfied :

                                 uL -- u, , L',-03t.`i -= k,-aa--U#.

                     - The latter condition indicates that the rate of normal
                         heat flow at t}ie boundary on the test piece side and
                         that on the insulator side are egual, and let this rate

         Fig. 2. be Put eq_ual tof(r) where r==r,, r,,. Further, let
                         us asslime the boundary conditions,

       f.8f:'i)_rL7fx:Zi', Eiij'gl:::_::0{,,,,,, l(2i)

       (u.), _b=0, (-eal!ELa) == Z2 for r2 <x a, l
       (.l).a.Ii .= o, "1 Z2=0_-muÅíi f(r,,) for a<.. r, <x b, J (2'2>

           _          "                                        t}                                        -where l is the thickness of the insulator.
    Now our prob}em is to eetermine s (r), g, and g, from the conditien ui=:za,
at tl}e suz'face of contact of the test piece witk the insulator. The tem-
perature decreases as tke coord!oates r and Nti increase and lg is a positive
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quantity, so tkat (f,, g, aradf (r) are negative.

    (1, may, in a ssrict sense, vary from place to place at the surface rina and
o <x zi<x c, and tl, does llkewise at the surface z,,xx 0 and r,,<x a. If tl}e insulatcr

were a perfect non-conductor, g, wouH be a eonstant ane g, zero. The thermal
conductivity lc,, of the insu}ater gsed in eur experiment i$, as will be mentiened
]ater, xiery sma}i as eompared with lgi, so that gi and g,, may be assumed to be
approximateiy constant.
    In order te ebtain a very exact solution, we have to eonsider the eff'ect of
radiation upon the iBside surface. But it is disresarcled in this paper.
    The differential egaation of a steady state flow of heat under consideration is,

               -?,ts.I a,f . gg:,` ,.. o, (2.3)

Tke so}titien ef (2.3) satisfying the boundiaxy conditlon$ (2.l) is, as }vill be

provecl ln the Appendix, '
      u• -= -Zl-- a toss J,

         " SJ,-bi•it7y-(?k'k-S'e'2E,(.g> kiS,SCi$! f:1•(L,gex(t.s) td,t, (2.`s)

where ,c (r,s) _- J.I; [X-)) -muyY-,`'uat;l,{Zl'• (2'5)

              x'(r,s) .., g<5i ;', (2.6)
v, (vi < v, <••••••<1 ;,<•••••••••) are the roets of X'(a, s) ::: e, and, putting v,r .. sc,

f, {x) is the Bessel ftmctien of zeeroth degree and Y, (x) the Neumann's cylinderieal

fu}}ction (the cyl2ndrica} harmonic of the second kind) of zeroth degree.
    For the bounclaxy condition (2.2) the solutien is,

      "-=:-2a,Wi-,'/E fVXiii'li-,ig(fiX"' -'"-(-ig;),,'-l,9S9

          um .xm ,_s_""; <-, St'i'Zgij-1<zi:,f2 S,12,S,i) [: l,f"We()S t) td'l, ,,

where X, are the uroots of f, (x) == O.
    In order to sati$fy tke conditien at the $urface of contact, ui (xi :c) " U,, (X2

== e), }et us assume that the faikction s (r) will be given by a finite series sucli as,

              f(r):= ]lll; C,, c>c (r,n), <2.s)
                     -)t=1
where X (r,rb) is lhe cylindrical function clefined by (2.5) and C. a constant
whick wil! be cletermli}ecl later. [i"hen (2.4a) aT}d (2.7) become respectively
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        ui= -21t a iog -Zr+ ;,i;, J,;- g:SIXt::t -:l- c,,x (r,rb> , (2•g)

a"d .,=_2.{}:x.eei-"(-iill2,',;$.wwi"a)xigi'i:iblilZ6`,-fi)

           -2a f,i}il}, c.)c (a.n) ,Åír., ,, ,f_ ,, ,, 5`raÅí'guaN9iS_nylilflrzfiL)

                                        J,(-1)i•Sr) Ji(-])Sia). (2.lo)

                                           [ fi (N.s-) ]i

TheB, the cenclition at the surface ofEcontact, uJ,=:ze,, takes the forrn,

       -l; ,=lg, iy?i,i ls9i;j-IS g;; :- x (,,r,)

       "'Z?l ,:,:!i]lg,Cn ?c (a7n) }\i,,,,,i_..,,, IZI'Ii igli fo(Nbif),{,9,s c`)

       -k2k,x.oo.iJe(i'],S;""bSE`>k,i:i61,"",Z?iw..,__.kiogrs (2ii)

If tfi is assumed to be given, this eguatien involves m+1 unknown constants,
Cn (n=: Ii.,2,`••••••••m) and (1,. It is ]ikely that the quantity of heat passing
through a point at r=a perpendicularly to the base of the insulator is conti-
nuous, and tl)erefore let us as:•ume g (ct> =tl,,, 'that is,

               Si] C. )C (a,n)-cl,: :0. <2 l2)
               •n-za:I
}"irom (2.8> and (2.5), naturally we get f (b) =0•

    Solving tlie mÅÄ1 simaltaneous egaations consisting of m eguations (2.1])
satisfied at r=ri with a<r<b and i =l,2,•••••••••, m and (2.l2), we can f}nd
the m different values of C,, ancl the value of t7.

    Taking ar=3cm, b=:12cm, c==lecrn and Z=12cm, let us in the next
calculate the effeet ef the lateral escape ef heat. The roots of X' <a,s)=e
have been .obtained graphica}jy, giving a v, = 0.6670, a y, -_l.64t5e, av, = 2.66ag3,

avt =3;7007, av,=4t7405,••••••••i••• The roots of f, (x')==0 are well known. In
(2.8) leL us choose rr}=3. In order to see tl3e erder ef magnitude of C., we
assume g (r) oc tog <rib), and then throug]) some labour of calculatioils we get
C. ce X (a, s)1(av.)2. ' Therefore we obtain C, : C, =)C ((z, l) : O.032 PC (a, 4,).

From thls result, aPproximation Gf f kr> by nb :3 cloes not seem to involve great



IN(ea$urment ef [rhermal eonductivity of Granites 267

errer. With m=3 we have te solve the simultaneous ]inear eguations
4i unknowns.
    By taking r, =4icm, r,,==6cm and r,-_9cm in (2.ll) and by using
we get the following 4, simultaneous efitiations :

  (- zl,,g.677 - _Z4..p.6so) C, + (lh-, 2,3gt3 +-7Ii/i z.OC,rOg) C,•

               + (__lts, 1.26s + _g_, o.,s66s) c,, + -ko. z4i28 cl,, = 1-, z.o986(1,

  (- -Li 8•54•9-Z3•787s) C, +(-k 0•233+ -Z:", 0•1•94o) C,

              +( - -k i..i22 ---- -k o.tss26> <L),, + -Åí-.. 0•0697(i,= rZ;0.693i (f,

  (_ -irri •x•3•37A---if},2•oesg) c, -i• (- -kli z•64s --- IPii-io•8t?O•l) C,

               +( zZ,1 e.5l7+ Z, 0.258s) C.,+ -g-, O.0244g,,=--fl 0.2877g,

                   --6.4•54 C, + 4•.4-67 C, + 5.1Zs C,-cl,= 0,

    For the rnaterial ef the insulator, the insulatien fire brick manufactured by
Isoraito K6gy6 K. K., Nanao, Ishikawa Prefecture, is usecl. Coeffieient of thermal

conduetivity reported by this maker is 0.147Kca}lm.h.OC, so that k,=:O.OO17
jou}efcm. sec. eC. If we employ t}}e average value of the'thermal conductivity
of granites already known, we are to take k,=O.023 joule!crn. see. OC.i) These
vallles make k,lk,-ww13.5. It is eyident tbat the larger the ratio k,/k,, the
smaller the escaping heat. Therefore let us empley two values le and 5 for
this ratio, which will determine from (2.13) the ratio Ci:C2:Cs:c{L,:qi as shown

in Table I. '
                                 Table I

having

<2.X2),

(2.13)

lg i/lg2 Cl : C2 : C,'s : gt: gl

].e

5

l
,
i
l
l

l
i
l
a

 -7.13

- 13.16

5.34,

9.95

3.52

6.75

87.89

l63.90

: 2ooo.eo

IOOO.OO

    Irom this tab]e are computed the graphs of Figs. 3 and 4.
    If we denote by u,, (a,0) the temperature at ri :a and :i=0, tlie tem-
perature at ri==b ana xt ==0 beintrcr taken as zero always, the eoBductiyity lc can

be given from (2.9) by,
       i"i =:,z?7h";.) [iob"{il=+]Il){9i\ .-,J.,. ••g-iivii glb- 'C (op)l' (2 iq

The constants g, and cl,, are simp}y related with Q which is half the rate of tetal
heat generatien of a heater put insicle the inner $pace of the test piece, l)y an
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egRation gt me -ef (2rrac + %a2 g,Ycl,) where (1i ar}d g,, are negative a$ alreacly
mentioned. By neg}ecting $ma}} quantities, (C./gvL' and (g,,lg Jt' and higher teurms,

we fmally ebtaln frem (2.14,},

       k, == -,q-9,-,,, iOg,.,b-g-G -,,,,,.0/,., ,.;l,-[g,t -:f• iog -2t

                               +,),iSwt_.l",e'ww.L,.'g"m,il,;:"Jl],]• (2.]br>

The first term on the right side ef (2.15) is the eonthiÅëtivity te be l-ouncl when
tke length of the ey}inder 2c is very long as compared w2th its euter radins b.
The seconcl term ls, therefore, a cerrectien to be applied te tke first term wheR
the length is not large. [IJhe value of the secencl term with it's minris sign
exclasive l]as been preved to be posklve for mx3.
    If t}ie first term is clenoted by ts,, the ratio (k•'i-k,)!k, (>0) has be6n cem-

?utecl fox lc,!k,=10 and 5, giving,

               (k;',-ig,)fk, =S2.4i8.e•oi for lt,lkE., =IO
                          l4,.67e•o' fer li;,llil., =.:- 5.
    In our experiment, we cool tl}e outer sur"I'ace of l:he te$t pieee with water

and that ef tke insulater is expesecl in air, so that the )ateral heat escape throug}i
the insulator is evidently less than that of the case in whiclt the oater sur{'ace
ef the insulator is lilcewise cooled with water, and therefore the above ment!onecl

errers beeome much smaller for the case actua}ly employed. Tkerefoare, we
finally disregarcl the secozzd term on the right side ef (.9..15) and employ t}}e

 

 
 
 

 

 
 
  
Shiga .Prefecture. 'I(rhe latter granite is pegmatitic.

    Form of our tess pieee has beeii made iiite a hollew eirculaar eylincler.



                 rvleasurement of Clrheyrnttl

Finishing ef its whole surface kas been
done by a stonerr}ason. The finis}ied
plece aare shown in Fig. 5. The form
of' the cylificlers has been careftilly mea-

sured and tbe results are shown in
Table II.

    The sketeh of the apparatus is
shown in Fig. 6. Junctiens of tkermo-
couples are fixed in tiny hollows made
at the extaremities of three diameters
separatecl l]y 60e allgle and lying oR
the liGrizontal piain bisecting tl}e test

piece; alumel-chrome} at the inside and
clipper-collstantan eut•side. - Each wire

of thermo-couple is contaiqee inside an
insulation tube of an outer diameter 6f
aboat l.5mm.' Geod contact of the
thermo-couples to the walls of the test
pieee is securee by pressing t}iin layers

of p}aster of Paris kneadecl with water
glass teward the walls.

    Chemica]ly pure plaster of Paris
is used for the inner wa}1 wl]ere tl}e
ene for the euterwall where the
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        is higher and the ordinary
  is lower. For temperatures higher

oÅí test piece (ln mm)

SIiirakawa-ishi

   G6shti-ishi

Outer dia.

201.95.th 0.27

197.30 Å} 0.39

Inner eia. l
l

l

98.4,I

85.4•5

th

Å}

0.95

e.48

Heig.ht

I94s5

]80.6

than about 2000C, plaster of Paris (CaSOy'z' H,0) becomes dead burnt gypsum
(CaSO,) which is chemically stable against tempera{ure cliange above this tem-
perature. In order to lessen an error produced by minttte irregu,larity of the
inner and outer cylilldrical sux'faees of the test piece with which the stllffang
material, the plaster of Paris, is in contaet, it is desirable that the conduetivity

of the test piece and that of the stttffing materlal are equa} as possible. [['he
conductivity of plac.ter of Paris is O.011 ieule!cm. sec. OC') which is of tke same

order of magnitude with that of granite, bu.t the thermal conduetivity of dead
burnt gypsum is regyettab]y unknown. We have nething to de, therefore, but
te assume tlie thermal concluctivity of dead burnt gypsum to Se approximately
egual to that of plaster of Paris. This assumptien may give rise te unknown
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                 Fig. 5. Left: GcA,shCi-ishi, right: Shirakawa-ishi.

errors in the values of conductivity reported in this paper.

  Representation of therinal eonductivity as function of temperature

    First Iet us assume that the bases of the cylincler are perfectly insulated.
This assumption comes frem the neglect of the second term on the right side
of (2.15) of which the effect is small as already mentioned. Let us now denote
a temperature by a letter v expressed by an arbitrary scale. Then we obtain

                     2Tr k (v) C_kV, = . g,

ancl we get

                     2-`f.,i•og (2)-Siilk(v> dv, (4.i)

where (1 is the quantity of heat applied per unit time and per uint length along
the longitudinal axis, and v,, and v, the temperatures respectively at the inner
wall and the outer of the test piece.
  ' As it is most general to represent the unknown function k(v) in power
series of v, we get

                     li(v)=ao+aiv+a,ve, (4-.2)
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in which ae, a, and a,., are the constants te be determinecl. Fer simplicity put

                      el log (bla)!2rr :g, (t4•.3)
whleh is a rneasu}'a})}e ffuantity, a"cl tlte me.ftn conductivity, say L- t, is given {"rom
(tlt.l) and (4i.3> by

                      71-=c}f (v,, ww ?;,>. (4{.tg,)

Frorn (tg+.3>, (4.2) and (4,.l), we get

               el :a.,(v,, -- v,) +g(v/-vz) -_. _!,l51(v2_v3,,). (4,.s)

If we are given ll sets of ob$ervations of (4i.5) with n>3, the eenstants a,, ai
ancl a, ean be determined by the methed of least $gaares.
    At the {xuartz-inversien point 5730C, we may anticil)ate k (v) as cliscentitiueus.

In such a case twe different sets of constants will occur, ene for tlie temperature$

lower than 573"C ancl the ether higher than lt.

                  Experimentai z'esults on GC}sha-is}}i

                     Tal.)Ie III. Meastu'enients for G6shfi-ishi

  No. eÅí
measuIement/
    i

 l Temp.
 1/ inside
 i u,tb(r.
ha.Lnd

Temp.
outside
 ZObOC

II Q.wwLtY

l 2Q joule

! Mean eonclttetlvity

         Arme
   joulb/tm. •sec. tsC

S

3
4,

5
6

g

    ggg I lgg
            i
            '• 379 l 2j.7' 4,30 I 24A,
            'i 4,95- I 272
    557 i 302    28f6 l g3gg

    258.99
i. .Ze5;.9.?

    3l1.01.
    358.93
    44,7.79
    4,82.74,
   534,.07
    6]6.21

l        o.oz6g

l 164
l li'S

l lgF,
    For the sake of ealculation, let tlie temperatuTe v he defined by

                        IOOv _- z`-400, (5.1)
where u, is the temperature in CC.
    At first• !et us make use of all the measurements $hown In Table III, and
the least sguare$ solutions for (•1.5) give,

         a,--Las2, a•,=:-O.0799, a.=O.0220, and LcxeO.1098, (5.2)
              th 34, rf: 20Z dr 209
wl)ere t.he errors annexed to a,e, a,, ancl a,2 are llie mean errors and E the mean
ererer. foy a single measiirement of g. Then tran$fermiBg the varitab]e from
v to it, we get frem (5.2), (5.l) ancl (4,.2),
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      lc (t`) =:1.t-102•10-2-O.0799 (zt-400).IO-4+O.022e (u_40e)2.IO-6,

                              for 169Åé<u<690Åé. (5.3)
    From a elose inspecÅíion of Table III, it is neticed that when we pass from
i--2 to 3, lc. sudden}y decareases, after we pass i_-3 it shows a gradual increase
until we reach i=5 and after i_-5 it does, en the contrary, a gradual decerease.
[l]hen, if we omit the two data ef i :I and 2, the least sqaares selutions applied
for the remaining 6 data give,

      a,_-i.tMO, a, =-O.0223, a.,= -O.0291, and Lc==O.0776. (5Ai)
           -k27 th251 Å}235
The similar transformation of v into u gives,

      lc (u,) ww-1.4,40•IO-t' wnO.0223 (u-400)•10--{_O.0291 (it,ww400)2•10-S,

                               for 217Åé<u<690"C. (5.5)
    The value of 6 given in (5.4,) is less than that in (5.2), and therefore the
result (5.5) will be more like}y than (5.3), so that let us assume that k(zt) given
by (5.5) will be the thermal conduetivity of G6shfrishi for 2170C<u,<6900C.
    For the purpose of obtaini"g the thermal eenductivity lg (u,) for temperatures
be}ow 2I7Åé, Rum})er of the available Clata are eregrettably on}y two and the
conductivity has to be expressed by a linear eguatien. If we denote by v, (se-
peration temperature) the Iower limit of the temperature range for which (5.5)
is valid, tlie follewing two kinCls of condtict.ivity come into play on tlte right
side ef (4n l) :

           k(v) == b,+b,v for v <v ,, (5.6)
and k(v) ==rae+aiv+a,, v2 for v,<v, (5.7)
where the values of a,, ai and a, are given by (5.4) and b, and bi are the
collstants to be determined. Putting these into (4,.l), we get

      g -a, (v,, - v,) - -ii!(vk - v;) - g2(v?, - vk') == b,(v,- v,,)

                                            -}- {lil (v lg - v7), <Jr.s)

where v,<v,<v,,. 2i7Åé (u, fer i=:3) may not be a plausib}e temperature corx'es-
ponding to the separation temperature v,. The separatien temperature may }ie
in the neighbourhooG of .9.l70C which is the lower ]imit of the teml}erature
eraBge {br whick (5.5) is determined. Let as, therefore, assume tw•o kinds of
separation temperature, one being 210"C and the et}iex 220eC, whick give rise
to two kinds ef v,, -1.9 and -1.8. Values of b, ancl b, wM be then determined
from (5.8) hy using t}}e twe data of inv-l and 2. The transformtion of v into
it- xvill be sirr]ilarly done. frhe results with v,,=-].9 are

    lc (te) _--il.93•IO-"2-i- 41i.65(u•-400)•10"'`, fer 169"C < u• <210"C. (5.9)
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And the results with v.,---1.8 are,
    k (zb) -- 9.63•IO-- :' + 3.67 (u - ooO) •10-4, for 169Åé < u < 22e"C. (5 10)

rlr.he two- eoefficients oR the Tight sides of (5.9) and (5.10) invelve ne errors
because of only the two dala.
     Graphs showing the equatloiis (5.3), (5.5), (5.9) and <5.10) are re?resentecl
in Fig. 7. Diff'erence })etween the values 6Åí v,,, -l.9 ancl -1.8, pro(ltiees cftp-

preciable cliange in the conductivity be}ow 2!7CC. This indicates that fi'om our
experimental clata the separation temperature has an.important lnfluence for
the determination of k (u) below 2170C. But regicetlably we have no basis
by wliich we can reasonably determin6 the separation temperature. The two
kinds ef lc (it•) belew 217Åé obtained above are to be seen as showing only a
gefieral t'endeilcy. It is worth noting that the concluctivity ahruptly chaBges
when we pass throutocrh the neighbourhood of 217"C and also the cenductivity
below thls temperatmre very steep}y increases with temperature. And we have
te remark that it ca?i not be justi{led from our present data whether the con-
ductivity is as really discentinuous at 210eC or 2200C as shown in It'ig. 7.
    Beforehancl we have hacl for granites an expectation of occurrnce of a clis-
centinuity or an abrupt change in the cenductivity at the gaartz-inversion pOint
573eC. In the next section, it wM be shown that the cenduetivity of Shirakawa'
ishi sliows an abrupt increase when the temperature passes 5730C toward higher
temperatures. ]i'or G6shCi-ishi, hoxxTever, the values of ma h'  {[l]able III) show a steady

deerease, even wlten u•,, passes 573Åé towar{l higher temperatujes. [lrherefore,

            y

OD3

.Q02

ODI

Fi.cr. 7. Thevmal cogductivity oÅí G6shfi-ishi
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     'Fisr. 8. T}ier.rnsl conduetivity of Shirawa-i$ki.

 the tliermal conductivity oÅí G("/shffi$l}i ls

an abrupt change at 573Åé.

Experimental results

  Table lV. Measurements

Oll

for

l}Ot

Shirakawa-ishi

S}iirakawa-ishi

diseentinuous or

  ATo. of
meaFurement
    i

Temp.
insiae
 ISceCC

Ni

l
I
i
i
l

Temp.
outs.ee
 ubec

        itl ! l8g i lgg
 3 239 i 152 4 I 284, l 173
 s •377 I .2]3 6 420 I 226g ggs l zgs
 g i 62s i 3e6
IO 668                         335
        I

         i.O•
," Z".tS' IY i

20 joute 11

Mean cencluctivlty
      Lk'
joUle/em. sec. "C

;

14,s.o7 l
l.70.92 i
gggi3g I

391.9'!
4,4,8.45

tl,97.56

559.43

686.76 l
768.41 l
        l

O.OI85
  162
  l70
  157

  l40
  I36
  126
  IZ8

  I25
  130

In thls

    As weil
measuremnts

case the favourable transformation

      100 v =, u-300.

as in the case ef GCshffishi, let
shown in Table IV, for which the

of temperature is

                   (6.l)

us firstly make use ef all
 Ieast sguares solutions are,

the
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      aJ== l•328, a,==-e.2294, a, =O.0916, and s=O.I070, (6.2>
           Å}30 th338 Å}588
and lc (u) :1.328•10-2-0.2294, (u-3eO)•IO-`-l-O.0916 (u-300)2•!Om`',
                                     for il2DC<u<6680C. <6.3)

     Observing the va}ues of h (l'able IV) carefully, we find that l) wlien the
higher temperature u. exceed$ 560"C, whieh is just be]ow the quartz-inversion peint
573'C, k clearly shews an increase, while k does a steady decrease as u,,, increases
up to 5600C, and 2) if k for i--3 (zs.=239Åé, za,_-__152Åé) is put aside, all the
values of k up to i==8 steadily decrease. rfhe fermer fact suggest$ tlaat the thermal

coneuctivity of Shiral<awa-ishi will abrudtly change when we pass the guartz-
inversion point. 3rhe latter does t}]at the thermal eonduetiviity will also al[}ruptly

change when we pass a certain temperature fa}}ing between 239Åé and 1520C.
Fer this temperature let tts assume 210Åé or 2200C we have employed fer G6shtAr

ishi. Let the measurements given in Table }V be divided, tkerefore, into
tharee groups by 210eC and 573Åé. [lrhe first greup eensists of the measuremeBts
of i=1,2,3 ancl 4, of wltich the lewer temperature u, clees not exeeed 2kOeC, the
third greup i=rm9 and 10, ef wliicli tke liigher temperature ie,,. exceeds 573eC,
ancl the seceiicl greup t}}e rest of the measuremnts, i=S, 6, 7 and 8.
    The results of the ca}cu]asien of lg• (u) for the second grotip are,

       a._-L396, a,ww-0.2027, a., :O.0164, and s==O.Ol27, (6.tl)
            Å}5 Å}269 te l63
ancl k (zt) -- 1.396•iO-"2-0.2027 (ie-300)•IO-""-t- O.0164{ (u-300)L•10""6,

                 fex 213"C<u<573"C (the second group). (6•5)
;c (u) for the third greup has been calculated in tl}e simiiar way we liave used
fer G6shG-ishi for the temperatures lewer tkan 2ZOOC. rlr}ie resuit i$

      k (u> ==-l.073•Ze-L• +e.936 (u-300)•IO-",

                  for 5730C <it <668"C (tl}e third greup). (6.6)

For the first group, the kigher temperatres ie,, for i=:3 and 4F exceee tbe separa-
tien temperatiire 210Åé, and thexefere it will }]e necessary to obtain two hypo-
thetical data of which u,, is taken as egttal lo 2100C anc! ze, to 152Åé for i :3 and
to 173"C for i=4,. Fer cloing th2s, }et this separatioii temperatttre be denoted
by v,, the conductivity for v<v, by lg. (v) and that for v> v, by lgB (v) which
is identical with (6.5) if u is transformedto v. Then we have

               g.., s"S k,, (.) d,+I"akp (,) d,. (6.7)

                   Vb Vs
If we give to v,, the values courrespond2ng to 2390C (i =3) and 284;'C <i==4i), tsvo
values eÅí the seeond integral on tl]e right side ef (6.7) can be evaluatecl. Sii}ce

the values of g en the left side of (6.7) ean be fottncl from (tX3s, two va}ues
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of the farst

hypothetieal
integral can be
data mentioned

Table V.

also dolle, whiclt are the

abexre. Thus we obtain

Measurementsxnodified by 210"C

va}ues of g ef
Table V.

foy Shirakawa-ishi

the two

i' i
l

leceOC ubCC g joule/em. sec
l

l
l
l
I
I
i

I

k joule/cm.sec. eC

]'

2
3
4•

I
l
l

l59
195
210
2iO

i.].2

l33
l52
173

l

J
i

O.S71].
I.O055
l.0230
0.6309

O.O.l.85

  162
  i.76
  ].70

     Ex})resskGg k. (v) ])y,

               kpa (v> = co + cl •v + c, v`i,

the $olutions beceme

      c,-ww7.2L16, c,==8.4,37, c,,me3.li6, and Lc---.O.Otl,87,

        dv3.923 t5.84,9 t:2.i13
and lc (na) --- 7.24A6•10-'2 -l- 8.4•37 (u-30e).le-"` g- 3.ii6 (t`-300)L•IO-'{i,

                  for Z12Åé <u < .9"100C (the' fust group).

The errors aixnexecl te the values of co, c, and c, in (6.9) are
The erigi}} ef these great errers will lle in that botlt the separation

assumed at 2IOOC and the appreximatiei} ef lg. (v) by a secend
(6.8) may net be satisfactery.
    Graphs of the eqaations (6.3), (6.5), (6.6) ancl (6.10) are
For Shirakawa-ishi, there are two character!stic temperatures 210"C
(quartz-inver$ion point) at which t}ie thermal eonductivity shews
Below 2100C the conduclivity has a sharp minimum at about
210"C and 5730C the conductivity cleereases as the '
the quartz-i}iversien point, the conductivity increases steeply with
lt is regrettable that we eoulcl not obtain more than twe data above
to melting of the heatingc wire.

(6. 8>

(6.9)

  (6.I0>

relatively large.

   temperature
 orcler eguation

            showi] iii k]ig. 8.
                  and 5730C
              abrupt challge.
            165"C. Between
temperature mcreases. Above
                 temperature.
                 5730C owing

                          Conelu(lii}g rematks

    l) Change of thermal conductivity with temperattire ef G6shifi$hi expressed
by (5.9) (or (5.IO)) and (5.5), which }}ave been ebtalned by the separatiori of
the data at 21eQC (or 220eC), will explain the observed data more sati$faetoriiy
Åíhan that expressed by (5.3) w}}ich has been obtained by the methecl in whick
the separation is not empleyed. For shewing this, stavadard deviations cr have
been computed by these twe kinds of ec!uations. The results are: By the set
of the e(}[uation$ <5.9) (or (5.IO)) and (5.5) o-=:O.04i76 which is clearly less than

ffrm-O.0868 obtained by the ec{uation (5.3). Similarly, tke e{luatiens (6.10),
(6.5> and (6.6) whicl} have been obtained fer Shirakawa-ishi by the separatiens
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at 210"C and 573"C will also exp}aiii the ebserved data mere satisfactorily tlian
the eguatioR (6.3), as a standard deviation calcttlated by tl]e former set of equatiens

is cr=:O.Ol59 whick is also clearly much less than o- =O.0895 ebtainecl by (6.3).
    II) As for the resalts obtained fer the two kinds of granites, G6shfi-ishi
(pegmatitic) ancl Shirakawa-ishi, there are two questions which fellow: X) why
cloes not G6shfi-ishi show an abrupt change in cenductivity at 573"C (guartz-
inver$ion point) while Shirakawa•ishi does?, and 2) why do the conductivities
of both of the twe gTanites change abraptly at about 210eC? These two qaestions
seem to be impertant, and prior to finding answers to them we have to make
oti}er experiments to iiwestigate into the above two facts. One experiment wili
be that in which we have te observe such stiitably selected physica} guailtitie$
other than t})ermal eonductivity that change with temperature. The other will
be that in wliioh ranges of temperatures for wlaieh the mean conductivities k care

to be obtained are made as sma]l as possible than those employed in our
present experlments.
    III) Lastly we Iiave to make an important reference•to the works of Birch
and Clark.2) They measurea by an ingenioiis device change of thermal eon-
ductivity with temperature betweeR 0"C and 4{OeeC of 18 igneeus rocks and
seveii seclimentary and metarnorphic rocks ane etc. The specimen they usecl
was shaped into a fiat circular cllsk of 6.35 mm thickness and 38.1mrr} cliameter
and tl]e tRil'l'erence in temperature at the two lbces of tke specimen was about
5"C. Sucin a smallness of the temperature difference ensures their result safely
to be the thermal conductivity as function of the temperature, that is fe (ie>.
Tlierefere, we may compare eur results of Jg <tt) to tkose of Birch and Clark.
But here it must be remembered that our results are deduced frem the observed
mean condactivity lc for }arge temperature ranges. On close inspection ef their
result for a}ioTthosite and diabasic roeks, nine in number, shown in their Fig. 5,
it may be wortli noting that therrnal conduetivities of diabase (Vina} Haven) ancl
gabbro <Wisconsin 2) show an increase, theugh net very conspicuous, in the
shape ef a'eusp at abeut 20eeC, and simitar cuspidal increase can alse be eb-
served for diabase (Mt. Holyoke) an(l albitite (Sy]mar, Pa.), while Birch and
Clark represent the thermal Qondactivities of these rocks by smoeth curves.
Exceptkig gabbro (French Creek), tlie thermal condactivities of diabase (Maryland),
gabbro (Wisconsin l), anorthosite (Stillwater> and anorthesite (Tran$vaal) are not

reported at temperatures abeve 200Åé, but they increase steadily witli tempera-
ture toward 2eO"C. It is also noteworthy that diabase <SV{aTyland) shews a
minimun tkermal cenductivity at about l50"C. These facts above neticed are
consistent g'ualitatively with our result$ obtained fer G6shfi-ishi ancl Shirakawa-ishi.

0n the other hand, the t}iermal condttctivities of Rockport granites l and 2
represented in their Fig. 4i s}}ew steaciy .clecrease with increasing tefnperature up

to nearly 300Åé and that of Barre granite de3s simi]ar decrease up to a little-
less than 200"C. On the contrary, our two granite$ clo not show sueh a clecrea$e
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in a temperature range from l12"C te 2200C.

                               Appendix '
     In the follewing is given the derivation of the eguatien (2.4) which is the
solution of (2.3> satisfyiBg tke boundary conditions (2.l). For doing this, tke
;g,`i"ri,g, lg 52ig2.IIz,diogx3d,,fo.',,zi,megi,g.g'k\'s,figk?6,,,.I.Åí,wz,z2I,,u.ig ,v+-• it is

       (ee),.,,---l},(V),m=b=0,(ge),=,=0,(-Ill:1)..,, :0, (8.I)

          9,2,V, +;- ge +gl: -o, (s.2>
and (g;g),=,, _-__ o , (,,), =, _- o , ({l;s), ..,= o , ( g-Y)...,-- -kL s (r) ,

                                              (8.3),<8A•),(8.5),(8.6)

          ,ai4,V+S.a,IV+a,2ge=-o. (s.7>
The so}utien of (8.2) subject to the boundary conditions (8.l) is given by

               v :-h9- a log-8. (s.s)
For fiizd,s.li, L' j..zt:g, s,•.gv:_:silzes"'za_,, The" from <s 7) :g s,Rlgi:,,

where v is a constant. The solution of (8.IO) is

where A and BR (a' 3e :a:Iillltk)y'cgnYsXa( lli in order that this e(8u'alio)n R(r)

satisfies (8.3) and (8.4-), v must be a root of the equation

               J! (a v> Y, (a y) =0,
               f,, (b y) Yo (b v) (8.12)
which eguation can be replaced by X' (a,s) =0 as will be easi}y seen threugh
simp]e calculation (Cf. (2.5) and (2.6)). Putting ay=x and bia = p, (8.12)
becomes
              f, (x) • Y, (px) - J, (px) • Y, (x) --0. (8.13)

Using the asyrnptotic values ef .1.(x) ancl }".(x) for large, positive values ef x,
J. (x)=:V.2. cos [.x- {7 (2rzÅÄ1)] and Y.(x)== il;P'. sin isc--l}- (.P.n+1)1, the }eft

side of (s.13) is approximately equal to -2- -IL- cos (p-1) sc for large values of

                                  7irsc                                      p
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x, an(l therefoere we know that (8.12) has an infinitly large number of positive
roots. Let t}}ese roots be cleneted by vi<v,••••••<v,<•••-••. Determining the
arbitrary constants !1 anai B by (8.3) and (8.4t), we obtain

               i{ (r) -q, (fll}i'S'21--Y,=?[;:'Zl)-c,,c(r,s) , (s.i4-)

where C, is a constant. On the other hand, tlte solatien of (8.9) sat;.sfying
(8.5) is

              z(x) -- cg• {ilXI2 ii-`,, (s.is)
                            t)
where C:. is another constcftnt. Therefore tlie general solution of zv is

               to =:,$, K, -il?elil]S-ll,-:.: x(r•s). (s.i6)

where K, == C, Cg-. From (8.6) we get

               -2-f(r) -- #, K,v,X (r,s), (s.].7)

Multiplying rX (r,m) with nz=l, 2, ••••••s, ny•••"• to both sides of (8.17) and then

integrating frem r =a to r=b, we ohtain

      Ks heww -iig b•2xr2(b,,)kw9_ .,))c,<.,,)i: flt) )C (t,s) t`lt, (s.ls)

and l]ence
       tv_--ill?-fg ,,,,,,<b2,,X)Srkl)x,(.,,) gÅí..Sne;: jZ:ZiÅí`)x(t,s) tdt. ,s.ig)

One can easily prove that the eguations (8.8) and (8.l9) are respectively the
solutien ef (8.2) satisfying (8.l) and tliat of (8.7) satisfying (8.3), (8.4•), (8.5)

and (8.6), and therefore that v+zv_-ze is the required solution.
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