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the samples grQWn were "somewhat opaque and milky. .Nevertheless,"“‘
pancy was not feas:.ble, the data are presented at occupanc:Les .

a
nal veloczty J.n 1ce. i Two sets;of data for xenon hydratev
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propertles of.some clathrate hydrates, 1n partlcular methane""“

»,form cages/ each of whlch may accommodate at most one,

,,,,,

- ‘e . \.

¥
amolecule. Whereas the host molecules are chemlcally-bended,
v 4 "‘,_‘ i i B “ .1-_.

.the cages., Whlle the presence of guest molecules 1s requlred

¥ to establlsh structural stablllty, not all cages are\necessarlly

'.j’fllled., For thls reason, cia hrates are non—stoxchlometrlcv
' V. . ,' 7 "'" a - \/

Several substances are capable of formlng the clathrate

f*j structure. Considerable attention, for example, has been glven

~

5;:l to the Hydroqulnone clathrates (Staveley, 1964).. HOWeVer, by

far, the majorlty of experlmental work has focused on those

sult

i

lquLdS, may prov1de guest molecules (or hydrate fo}mer) to the

,

hydrate lattise.: Bas;cally, the only restrlctlons imposed on

ﬂ”fa\The purpose gf the present work 1s to study the acoustlcf

guest' inh”‘

i ; -
the guest molecules of a true clathrate are&51mply trapped w1th1n-

the clathrate hydrat%s.v Many gases, as:well as some volatlle

compounds whose clathrate 1att1ce is composed of water molecules,._=

A o Ep—
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Z{Jfor numerous observatlons of unekplalned wave ve1001ty lncreases

g ,;:;n,some reglons of the ocean/floor. Other factors could,
B R S
En~‘of course, account for these observatlons. The authors (St011p

" ' )

= ]

”7fflar1ty between p0551ble naturally oycurrlng ocean sedlments

ﬂcontalnlng gas hydrates and those pr:duced artlflclally.J For

5further r,adlng\see Holllster and Ew1ni;ljf,flsﬂj“ﬂ“

fthe d155001at10n'pressure curves for methane hydrate, condltlons

fbeen detébted 1n the atmospheres of Saturn and Juplter and may

'£?b7€§?kf51mllarly ex15t 1n the hydrate state. 'Comets may contaln some

- g

'73festabllshed that condltlons are favourable for the Tormatlon °f

'tt_CO hydrate 1n the 1ce“caps.on Mars (see Mlller, 1973)

*(the framework of methane and xenon hydrates)}and Structure II,

7vlously mentloned,1

r

.‘.-'4 N
”They are, 1n order of}&ncrea51ng sxze,:

vk

]het al., 1979) also ralsed doubts ctncernlng the aSSumed s1m1—x:ﬁ7-uw

bOth water a‘d. ethane on these planets“andi‘by extrapolatlon of.. J,“'"

'“f}appear to be fav6urable for 1ts formatlon.u Methane-has also ;t;:-d;

*ﬁlmethanei‘ydrate as well (Whlpple, 19§l) x Marlner probes have;;{fﬁ“”

helyater molecules form ﬁprox1mate1y spherlcal.polyhedrons,‘f;.:
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: »f-‘ﬁ.@w@fﬁh”:’-?’ﬁ,’n—n Shdast ,',,.‘,'Y..., ey Al e iad

land thlrd'are found 1n I and II respectlvely. A summary of"a'

Dlagrams 1llustrat1ng ﬂf—ﬂﬁf;*ff.g

‘1ven in Table 1..

...r»~

 ;and March, 1952)

water molecules, so thatl Wlth allj
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S Table l., Clathrate Hydrate Structural Propertles .
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‘Prcpertxﬂ;[fﬁf

Structure Iv

.-‘»,St;:.ucj;u;e B &

T

) Unlt Cell Slze (A) ‘
*‘No..of Dpdecahedra.,v’ :
_1|No. of Tetrakaxdecahedra
. INoV of Hexakaldecahedra
| cages. per .Cedl: OB
| water. Molecules per Cell
*|Formulaes i <

'VALIwcages‘x_L;ed“”'
Large cages filled

Faces Faces n

Pentagonal Hexagonalej

I;:Tetrakaldecahed;an
f.Hexakaldecahedron

Pentagonal Dodecahedran 5 2'and 4‘8

.;.;6 9

-

Hexagonal Faces.;

Structure I

tStructure I:

:?:Paullng, L.
ﬂ;llZ_(l952)”

g O'fo'angle is 1os°~115°d
0 O -0 - angle 1s 110°-and 125°
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Pt e dl e
'*'ifffg; eStabllSh structural StabllltYN. The upper bound As determlned ﬁ&;i:

: of course,'bb the 512e'of the tetrakaidecahedron._ Molecules

larger than 5 l A in dlameter are found only in'these cages‘

1In contrast, a. clathrate formed whenftw0'%“

'as éﬁmlxed hy"ate







varylng concentrat1 ns, were present More often than not,

5 The ﬁ}o mosp common clathrate hydrate‘structures were

Taw ,

was flrst proposed fromLmodel bulldlng by Clausen (1Q§1), WhOSe

work was dependentnon the supp051t1pn that.the 1attlce con51sted

/. ‘

lassumption were

'"f'pentagonal dedecahedra.i The ﬁaSLS for thls

.o 3 - 1 e _‘
determlned 1n.the earl% 1950'5.‘ The Structure II formatlon f“‘
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. lmportance was the development of a statlstlcal thermodynamlc & °

“ﬁ“ﬁ:uﬁ model by van der Waals and Platteeuw (1959) U51ng a Lennard-f}: E

Jones 12 6 potential to descrlbe the lnteractlon between the .

guest and hcst molecules, the authors predlcted the d;ssoclar

htlon pﬂessures fcr Varlous hydrates. Although the1r calculated

.l,'.
.

pressurés was performed by Barrer and co-workers {195? 1962,

‘

1967J, the last reference recordlng the flrst éxperlmental

jihydrates, including xenon hydrate. Other wcrk (NcKcy and \

: “ _
Several factors appeared

W ve ve1001ty oﬂ the ocean floor.
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0 f of the rlgidlty of the 3ed1ment on the sound veloc1ty. -Bh;lhf' _ :

well, the velocity appeared to decrease wlth 1ncreased temper~

ature._ However, thls infcrmatlon was only deduced intultlvely

_I.,.‘- -._,'. -. ‘. '

durlng the course of thq experlment,,bécause a systematic studyf

tofbthese‘effects Was not performed

In:aglater w0r§‘(5tollﬁ

" '-,_». ® e

-of*ﬁﬁg sediment‘upon'f'rmation of the hydrate w

% .r J

longltudinal véloc1tyfin ice.f Wlth all ca é ‘fllled, respect1ve ”»“5‘3'

I"”i« ratlos cf a939\¥nd
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'Phase Diagram: for Methane ‘Hydrat”j‘
‘reproduced from Stillller ‘-
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S XPERIMEN‘I’AL APPARATUS

Optlcal Equ:.pment
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11ght scatterlng experiments included- S

- Zééer' 3

ST R R s

' ¥ J : . The prrmary optlcal components requlred to, perform the

(1) a 1aser,r to produce

l.
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"'medium (i e., 5145 ﬁ ‘4880, A). - I I Cog e
' Due to various effects within the 1aser, the laser
emissmn 5pectrum is ordinam.ly broadened to about flve GHz,— .
e at half J.ntens:r.ty. Thia arises from the presence of several ) _
long::.t:udlnal, or ax:l.al modes- _: »coexistlng with:.n the opﬁical _ uy -

.

esonator, each of wh:.ch sa :.sf:.es. the condltlon for construc' ‘

l t.o permn.t prel:l.m:mary beam pos:l.tJ.onJ.ng. A
After pass:.ng through an ~aperture, the beam was focused at the.‘ll-“
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'.,.-_ In the 1n1t1a1 optlcal set-up, a s:l.ngle lens,, located

- o at 1ts focal 1ength from the cell, rece.wed the scattered llght

T, from the cell as a po.mt source, thereby producing parallel i O

(see' Ga.mmon,' P H. ..

”‘:'-:hydrate (see_Sect III l) . Tha.s, in addition to the fact that

‘fllter msertec‘i between the cell'and Fabry—Perot,

) cons:Lderably“




7, "-‘ \'&
" '3' .»' | .-2:" ) . ' & - “ ) > ‘:'.22'.
e ",1X-Y mounts for optlcal allgnment.v In partlc—».
J; ’ 'ﬁulary flne,thnlng of the 1ens aIIOWed selectlon of the d951EEd
:_wfd 317'[_f€observation reglon. .The second lens serVed the same purpose as

uthe lens of the 1n1t1al set—up P051tioned at 1ts focal 1ength

..-: Sy 0 - = .
* ¥ il seset T

‘(15‘cm) from the aperture, 1t produced parallel rays for

. passage through the F ry-Perot
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the constancy of the plate separatlon and on the hlgh degree

of parallelism necessary betweenathe plates.. These external

effects commonly arlse.frcm me hanical v1bratlons, pressure

5 ‘,....«...........» B ey o

(1ncluding acoustlc),,and temperature fluctuatlons., Mechanlcal'_ s 1‘

used almost exclusively in‘conétrUction of'the FP'skeletal”frame,'
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was performed electronicalg.y, us:mg the three plezoelec‘trlc
",'_.elements \connected to the rear plate., ‘Bhese elements also
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'I‘h:.s (Br:.llou:Ln) frequency shJ.ft,was determmed by a s:.mple

A

" - ) " ) . . N i
i -.ratlo calculatwn.-}:- S by 0 ® R R B =

SRR T B 1 = The contrast, C, of an 1nterferometer :Ls deflned as- the' ".f

r i ratlo of max1mum to mmlmum transmltted :Lntens:l.ty, or, in the

5, case of a s:mele, one component (1aser) spectrum, as the ratlo

S v

of the central laSer peak to the 1ntens:|.ty observed at a Shlft

1, .
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. For s:.r&gle—pass operat:.on, the theoretlcal fmesse, / §3':'~
Y e s e 1, ,for th:.s Fabry-—Pez'ot (see the Burlelgh Tech Memo for RC-

22\ Mult:l.pass) J.S determined from ) '
ST

v o

. where F_ (Reflectivity Finesse)

o ko y el d ‘a. value of 640.'1._ :For multlpa.ss operatmn,‘ Fl must be“.:

t
e

; _mu1t1 l:.ed bY (2 /P _"‘1.1'—]’/2 (where p 1s the number of passes 2
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the F—P plates, more ehhanced parallel:l,sm w,as achieved when a ’
Slngle flash:l.hg spot emerged from “the- lntgrferometer, as. ‘.-‘ : .," .

1nd1cat:|.ve of near complqte. constructlve and deatruct-lve T :
1nte::ferenqe.“ ‘Furthg.r allgnment was achleved from l.':_ght o _' ‘ LI
focused.on 'an f' S&:a.ttered from a card Place;d.at the cell s:-.ght -
R B i e .*s-- N ™

of the photomultmpl:.er tuhe (PMTJ = In focus:.ng the scattered

- .

using the beam of the Argon_ laser:.'?'.l‘he blas voltage appl:.ed to "_ R |

"fthe pieZOeleatrJ,c drives:of the rear plate was then ad;usted., X2
S 1 ‘5 - ¥ ik .:'
Finally r extreme

'fj” A:fter passmg through the Fabry—Perot, tt.he 1:Lght was:;._f

.«r‘,._l

l:t.ght., only thf:vse photons travelllng parallel to the optlc ?‘ !

ax:l.s "'ente;r:ed the PMT. 3 Acceptance ofa photons "'t:l:‘a\rell:l.ng a.t a
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model ITT FW 130) generated a ﬁhotopulsa, relayed to the DAS-l v1a -', "l-' -

3

o "y
AR ‘:L‘r [
ol
E3

i

L an ampllfler—dlscrlmlnator, (AD) for each photon recelved ks I_ts SR R
\' , ,. K’ ¥ o 'rr' P

st e dark count v?as less than one count pe”r second
",.".-. {. 3 A‘ 'o .

y The opt1<:a1 assembly from the aperture of the spatlal

P T e
AP

&

fJ.‘.I.teJ: to the PMT was enclosed 37n a black styrofoam box, covered

1n black cloth WJ.th the room lights off no measurable ‘stray

) -'relat:Lve to .the_ dark count .-enterec"i wthe PM'I'."

[Output data frqm the photomultipl:l.er tube was stored 1n
is,‘:' ;

1_ channel analyzer (,MCA) Of the:) DAS.1 . Althbugh cons:.stlng
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"only at the channel correspondlng to thﬁ’plate separatlon
' 1...,

"at that tlme

channel.; Photon countlng dld;not occur durlng restoratlon to YQ{

E% P

,4 i a1
the 1n1t1al plate p051tion. ‘Equlvalent responses to the wave—':,fﬁ

n: steps r::f".~ 01 ms from 01 ms/chmto,99 99 ms/ch. Generally;,l*""

An addltxonal feature, known

u_‘.'\o '. ’\ -_
. An intensifled

channel zero.
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Because of the very long accumulatlon tlmes requ;red
to obtaln the hydrate"gignal (up to a few days igywpmemcabes), k1

h;{f}LTQT“- mlnor unwanted fluctuations in bothwthe FP plate separatlon =}lg
A T T CNCLE, -

'and allgnment 1nvariably occurrad To nombat thls, thé DAS

aa e



'fof the rear plate about the horlzontal ax1s.

31

p081t10ned at channels 248 and 252 and determlned the region of '

total count accumulatio;hﬁpon completlon of each sweep..

complete cycle of the flnesse optimlzatlon procedurearequ1red

After the flrst sweep, a, test voltage

T

four sweeps of the MCA.

the count totall The thlrd and fourth sweeps lnvolved taltlng

In all cases, the

2The drlft stablllzatlon and flnesse optlmlzatlon

l
ey,
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as cracks or bubbles withxn the substance and has the,

~such

3{. effect of 1ncrea31ng the background of thé'spectrum and reduolng
Ideally,

the - acoust;c 51gnals through attentuatlon of the beam,:

1
"

'7,f‘ Coa 51ngle crystal laoklng these imperfectlons lS de31red tl‘ :é

.J-'.

'?“ ﬁdu_' Prlor to thls Work, clathrate hydrates had never been ,:{'

.' e. Yo

scatt lng exPerlment) dlf%ered appreciably from those prev1ously
%’

In.addlﬁlon, 1t was hoped that vla

o4 L

used for groWLng'hydrates.}

ok ;i.:;‘.-‘: f%—éﬁi}.w.@mﬂ‘.
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Temperature control of the hydrate 31te was acoompllshed

usrng a thermoelectrlc module. Thls module produced a_temperature

S gradlent between ltS upper and lower surfaoea proportlonal to the

- ;[?amount of current supplled to it The upper surface was the d f;'l {»,“

wat'a maxlmum odrrent of three amps. Furthe; coollngsxnetumm'remuzed

'"“btalned by,resettlng the Lauda cooler. Thermal contaot

+
& v

) at the oell was provrded by a copper brald and brass cllp clamped

to the bottom of the quartz tube’”—Slnce the plug extended beyond

L e b A T R R M
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i R formlng 1ce samples a temperature of -lO°C was assmgned to the i P‘,
e§§ l%g'xlf- hydrate samples 1n these exberlments. Although this- estlmate T
B may be 1n error by as.much as two degrees, 1t is. of llttle

51gn1flcance, Sane the flnal calculatlons of the hydrate/lce ?k g&‘

trlc module,,theﬁelectrlcal leads and the vacuum port ; A quartzl=,3

ln the bottom cover permltted passage of the 1aser beam

. A

w1ndow

AN A T AR
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3!." o

hours, from whlch an 1ce sample was obtalned by furthertcoollngh

1 i ’ R N

The system was then pressurized w1th methane gas, 1n the hope e .\

.

-fu hat the 1ce s ”ple would serve as a catalyst for the formatlon

~rate from the water vapq; Unfortunatély,/thls’
lt%.dld not50ccuri—-‘at least not to a nptlceable extent.l Methane‘

e

re or piessure

*.' s TR
nt‘ 5 "°‘ Foi

§ } & ‘rﬁmjﬁ‘? ”i

T
ﬁf R

B *g’?
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II,Z{iL'ISubseﬁueﬁf Gasfﬁanﬁliny Modifications .

s e ‘Whereas under vacuum the water vapcr from the reservoir

readrly condensed at the cell srte, after introduct;on of the

A . . "

";ﬂQ’TV*“'hlgh pressure methane gas, hydrate formatlon from the vapor

;metirlng valve used to regulate the flcw rate.l

LB
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rellef valveSrT Each of these valves malntalned a constant

e W T ,,|.

c
¢

pressure d;fferentlal between 1ts entrance and ex1t, so that,

Y 2 14:
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III l.} Methane Hydrate Formation

'x"

\fff Essentlally four cell parameters

lcourse of grow1ng the hydrate samples. T

B

:flow rate..
¥ "' ‘-' .

hydrate formatlon.A All samples exhiblted

LN ) e ,-.

appearance (1.e.,

* ;

as noted prevrously,

o

perature, methane gas pressure, hypodermlv

The effect of‘\he\presence of

'essentlally the same
“thaf;

and, were practically anapable of yleldln

4

A

HYDRATE GROW‘I‘H AND RESULTANT BRILLOUIN\ SCATTERING&

P

jeﬁe adjustable 1n the.‘

ey ,ere the cell tem-"

t:'e height and. gas ST

ice:and water,‘“'

7Brllldu1n srgnals.;.ff[.

=4l

The only major.problem anurred with the se

iup\arose from hydrate

“‘and stoppage of gas flow

This problem coul.'only be alleviated

W’.\“ﬁ:&emu«\mwbm\r}*tw oefaras

v . - y .
N g i

.of “packed snow") ‘g-ﬂ‘ff




unless the temperaEure of the cell fell below at least -5°C ,"

'7;(at 700 p51) water*would condense in the eell. Although,vat

'“these condltlons, methane hydrate is stable, condensatlon, as -

':aopposed to hydrate formatlon, was certalnly not surpriSLng, TN |

'31ﬂce a continuous flow of gas inltlally at room temperature 1nto ._:,4-;

B \'(

Th;s dlscrepanCy was,

at the diode and that at the sample 51te.

5,

ol

.
"

) "'ll“

It should be noted that a slow growth rate was désired

fformatlon.-




%;f la‘yer. Gas f."low over thJ.s layer resulted An: further hydrate Ty

samples wouJ,d be of best opta.cal-j u_e

take_sPeétra °f a:sample formed on tﬂelquartz ﬂlug from the flow— 'x_“”’

s
_|r 2

"A sample a few mm3 in volume was grown at about

l

through method

m3 /s-l. ’I‘he cell

EaN ,'_.

oy \ '

acoust:.c‘@lgnals could be obtalned. _ '

_ﬁ"l‘he most s:gm.fioant reason for ':Lmrhedlately abandonmg
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studled were formed above an 1ce crystal by dlrecth nclus1on

of methane gas 1nto the 1ce. Thls, of course, eilmlnated the

ffproblem caused by the epoxy fllm, 51nce now, llght scatterlng f;

1 1, “:>

'jfrom the hydrate occurred well above the quartz plug. At thlS ;‘?’I

'~. »

.....

:45° 1n each dlrectlon from the vertlcal pos1tlon, For the f52f3f5; L

partlcular hydrate growth method 1n questlon, ltlls apparent

should be of the hlghest optlcal quallty

to mlnimlze‘attenuatlon of the laser beam}i 7
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; Before hydrate g.‘cowth commenced, flne tunlng of the j:,
% 3 2 opt:.cal al:l.gnment was carrJ.ed o w:.t,h the cryostat pos:.t:.oned i

G *%m\‘wﬁ WM:’:& N ARy
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- water, the column was frozen, 1nvar:.ably as a polycrystall:l.ne
i sample.‘ Convers:Lon to a s:mgle 1ce crystal requlred melt:mg

" B _.of the sample from the .top downward untJ.l only a thJ.n f11m of

[

1ce over the qhartz plug remained

N e '
e

L

seen 1n the water column, the cell was recooled at a rate o.f 'i

= i W
B K1

',—_‘vto a smgle crystal of J_ce.

such tha. _.the beam passed through the cell reg:!.on closest to the

.,.

‘.L s:.gnal :n.nt-.ensity-~

It was, .'m fact necessary W

about 1/4 °C /hr (max ), until the ent:l.re column had been converted

At A
B

o,
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o _.;: ,.,?. After preseur:.z:.ng the system to 650 951 Wlth methane

gas, the cell temperature was adjusted such that the temperature

—

of the surface of the :..ce crystal was 0°C. g ’I‘hough prev:.ous

T - tnals .had shown no not:l.ceable temperature dependence of the

C A

.

A TR

v -‘._- - a'

lattz.ce .at th;.s temperature would prov:.de the most suitable -_ '

by ‘

to determ].ne the glass plate o:::.entat:.on z:equ;.red to w.ew the‘

cell near the dlscontlnm.ty between J.ce and hydrate. ThJ.s *

reglon was selected on the assumpt:.on that observable Br:LllouJ.n

scattermg would be strongest here. : It Was 1ater Verlfled that

the hydrate 51gna1 ,grew weaker at hJ.gher hydrate re.glt::nsr malnly

-~

"'depth to wh:.ch methane hydrate f.ormed within the 1ce cryetal. ..-“ sapr S

t'was J.ntu:.tz.vely thought that the 1nstab11:.ty of the iee_ \ "

. _‘_-"'_".“'f""‘—-‘-%f S s
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‘~f:~ - -';'the :Lce 51gna1 Successwe spectra were taken hlgher a.n the

"-‘;:,cell to a pomt beyond rthat where the ice s:.gnal dlsappeared.

Flve methane hydrate samples were grown and studied,

- = .—__‘-

ST s Ha » LRI ‘1“1

.',-'Although no d1ffa.cu1ty arose 1n obtalnmg strong 1ce s:Lgnals,

LY ""‘;:thls: ‘Was: certan.nly not the casen for the hydrate slgnal

"o spectra (F:Lg..

1ntens.1.ty, respect.u:ely requlrlng& flve days and 11/2 days of

x,—-—r_‘.)

.»._-._'total accumulatlon t1me ':jNumerous other:; spectra 1nd1cated the

"":__-’;presence of “peaks"/ th.ch have not been a/ccounted for/but oould

':have been attributed to statlstlcal fluctuatlons .m the photon

"'Aﬂcounts., The 1atter were not :anluded :Ln calculatlon of the

-t . e,
. -4 - 4 ‘“',,'. \. """

Further dlscussmn of the

IA,‘ frequency sh:l.ft of methane hydrate.

1

113

“Xenon Hydrate Samples: and Resultant.Spectra

."temperature of -lO"C.._ Hydrate"::formed‘ inl the,flrst .-few m;mutes :

L }‘the bas:.c prOcedure Just descrrbed belng followed a.n each case. i

Only A

45 18 19) produced hydrate Peaks of s:LgnlfJ.cant;f',‘.;'l.';,fi"‘ .'
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L 59¢C over . a perlod of about thlrty hours.\ Although the flnal

VQlume of rate was about tw1ce the amount whlch had formed
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N hydrate. On a few occasibns, hydrate peaks began to appear _'_ku
, afber cnly a few mlnutes hut would become lost ln the background
: after‘several hours. 'ff;;_[ ; ﬁ“:?ﬂ n;fl : _3"{1_5' " ff“ v, e
] ; . _” . -.;l s 3 . . ‘,—.- EE L - . . _ .I . ) .:'-:

In stuﬁylng the subsequent xenon hydrate samples, alﬁ

v

be observed The obserVatzon that the hydrate peaks were ev;dent,

Although spectra were typlcally allowed to accumulate

“Tfor several hours beyond the tlme at which the hydrate peaks
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; P were uSed. : It was, in th:.s case, hoped that the laser m.tens—-,

) J.t:.es would be sufficiently :Lntense to y:.eld hydrate peaks '

- P .:' ". . " /(h
.‘before destruct:l.on occurred Also, by tak:.ng successi\re spectra'l =

ALy {Z e .

1,,-"'of »thex same reg:.on, 1.t was ant1c1pated that the :Lntens;Lty of thei,“:':'

hydrate;_,peaks wouldireduce w1th 1ncreased accumulatlon tlme,

s .‘,7‘ .“

ot "“d 'sperse *and less ;Lntense £han J.S convéntlonal. -'- Thlé was to ol W

Unfortunately, Sl

% B £
\.., S . RS

Ly probed reg.lon and -‘oss ’,of the hydrate s:Lgnal
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rin the memory of the DAS Dependlng upon the c1rcum—

.subsequent spectra were taken for equlvalent tlme g-;df'tﬁ', ¥ i

. charted, and added to the memory. A dlfferent reglon'3
o A",‘ wh" ) . q g . N '1 .
ij'ﬂﬂt‘lwas obserVed after it was ev1dent that the hydrate peaks were o T }ﬂ“

_dino longer present.“ileferences 1n the 1ce 1ntensit1es for ,1'¢L

'formed w1th1ngthe.surface:o\\the lce crystal.- Growth then
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& The spectral results obtalned for xenon hydrate are

dlscussed f:u:st, as the h:Lgher quallty of these samples not

understand:.ng tthe effects of the' cell constltuents o the

'*/

Wi

scattered lz.ght (e _,g

.?, signal :Lntens:.ty) as well as determmlng

et

the cell reglons mostcpnduc:.ve to yleldlng the hydrate s:.gnal

Fo],low:.ng’ thls,'_' the average frequency shlft dlfference between ‘:~':" K ot h
""'ijJ.ce and xenon hydrat ts determlned for all but the flnal"-j;: o -

n sample. ; The frequency sh:.ft calculat:.on for the fJ.nal sample

3 J.S then performed J.ndependently.‘ as these results were felt to . Lo

be far more;rellable. & Dlscuss:l.on of the methane hy,drate spectra
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A lt was necessary to reduce the lﬂCl—.A
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, Surprxslngly, the 1ce sxgnal 1evel actually mt!reasedr
i \ » e
an uhexpected result 1n vievg*of the fact that the cell was now

R U

P -
e K U B "
N

"_ N

belhg observed close)r to the hydrate sample. ThlS would appear

-,.;1t

to 1nd1cate that the opt:Lcs were more sultably allgned at thlS

plate onentatlon. ‘l‘he ba'ckground rate 1ncreased by about‘ 25%,

»;and_nndoubtedl} resulted from the parasu:ic s{catterlng, or

s « J-‘.'or..,‘

'-:The count rat{e at the central Raylergh ilne had

doubled ovgr the prev10us spectrum.‘ ¢ f : 'I -; i

.,.‘ A,.‘

',:-‘Ht t]’,.ls stage, before runn:mg the third spectrum
4 3) the 1aser :.ntens:.ty was reduced because Raylelgh

.

£ y r,‘(l‘:‘lg. ;

| loadJ—.ng of the photomultlpla.er tube.; Th:!.s was an m.ﬁortunate ‘:5

-d - >

IE _'necess:.ty, as comparlson w1th the previous Spectra 1s somewhat

; " repressedL Nevertheless, the. £ollow1ng data were recorded.

wh '.

(1) Accumulatlon tlme

669_ s,

L1 T

1 '5 cts/s.. (4) hydrate s,Lgnal level

(2) background level

(3) 1ce s:Lgnal level

‘,\

0 07 cts/s.'

RS g

Raman' scattermg (from the hydrate) at the }ce—hydrate d:Lscon- ! '

scattermg from the hydrate J.n thJ.s region of the cell over-— L

b e

The reductlonJ J.n the lce and hydrate 51gnals, et

l 9 cts/s'.,' 2

By, o %

ooie

g
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5 b 1ncrease 1n the hydrata to lce count rate. . Attenuation of the
1aser beam 1n the hydrate, as ev;denced by the parasltlc
scatterxng, could account for the loss of the hydrate peaks.~
: --_;v.-l.z. -'saiﬁpiéé-_'.lexia-‘-Fi:éqﬁency:_rshift nete‘minai-.”i_an Te s F

-t ',.-.-,“. B . . 7

ﬂable 2 llsts the channel p081tions of the 1ce (1) andgj
; .

T4 ar

prltlon of-the peak.“ In some cases,_thxs uncertalnty:-ﬁ




Channe Displacement. Data-

Chanriel ;_dé.fs;plfé_éé‘fne;iti

‘Ice

P Weighting Factor
TR
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Nommally, the frequency(shlft for xenon hydnate would

be determlned dlrectly from the channel dlsplacements h" R" !; . f5\\

dnd R'-h‘- For several reasons, 1t was de01ded not to do thlS By

here.f Flrst of all, a sllght non—llnearxty,existed between .th

¢

the channel number ana the separation of the plates of thei{ _f-.;-f»

Fabry-Perot.a Thxs 1s EV1denced by the locat;on of the central e
A N
'peaks (in most cases)»at channels 47, 250 and 448 The problem

-3 & :

was enhanced w1th the use of the (69 channel) segmented'tlmejf“'

s;xachahnels,,whereas'W1thout the Segment, .
: 1 gk -

he average

*sh1ft discrepancy o

}the ice peaks were symmetrlcally located

However,
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AL _4-,~~A'i“" e j?* "*“~f' A vf::' 0'~" C n RS TS - k-
"‘@ffﬁg; gf' An attempt ‘was not made to compensate for the adverse I';‘ttf
. effects of the segment.“ Rather, the frequency shlft of the

hydrate was, as noted determlned relatlve to the 1ce sxgnalﬁ”

r &% e

U51ng the aata of Gammon (Ph .- Thesxs) a. Shlft oﬂ 91«2 channels'fﬁ_ﬂ;-

ufrom the central component would be most probable\}b'

'?7;The average dlsplaéement for the first.mce crystal was 90 0 :fd!”

L

,,channels,,and 91 6 for the-second.n The dlscrepanCy fOrf”’L

fagreement between he two values of the channel dlsplacement

\.

'TOn the -other

! . e (5
fdlsplacementszln the spectra. However, the data 1s conSLdered

"1spectrum'ha5'ﬁeen a351gned/a welghting factor for:use‘ln:averaglng>f*#

£ " t N Ve
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'dlsplacement between,the 1ce and hydrate s1gnals 1s ‘15. 4
%

}channels (Table 2).» Thls value is assumed accurate w1th1n a

”h‘ftwo channel range.; Despxte the unamblguous positlon of the

: R
'ElCé ;ignal 1n nearlyhalldspectra, one channel error is assigned ”
ahere, as. well, to allow for, ‘the sllght discrepancy of t} ';t.;:
orecdrded ice srgnal posrtloh w1th the slgnal correspondlng > W2
' “. totthe‘auerage sound velocity., A value of 3845 m/s (Gﬁmmon,A;?L“
Ph D. The81s) 13 used as‘the average longltudxnal veloclty of
.sound.l Uszng the Brlllouln ;quation, thrs corre5ponds to a ”\Qlu

“;ﬁ 91 2 channel dlsplacement from the centralspeak. Hence, the

fractlonal reductron in the frequency shift of xenon hydrate

“ relatlve to Ace: (for thls serres of spectra) is 15“4/91 2 ;;(,_fi
.1691 011 f.lht:}:?’ '.'i'i' V:W ”‘;, if;‘ﬁgjﬁ r..:f< : '}ﬁ-‘ﬂf‘;
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-%?{.lv,ltj.gtsaﬂpleh551 Spectra ana Eregpency,ShiftsLbj :3,;&31Tf75:‘
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ﬂlwl-cﬁ The majorlty of spectra taken of the flnai xenon hydrate

e

._u.:'. g

fl: sample, listed in order of increasing cBll helght, are shown
?irn Fxgs. 4. 12—4 17. Thesexlndlude obse

vatign wlthin the ice
~3discontinu1ty between\ice and transparent hydrate,W(Fig. 4 14)

plate poslt10n necessary to vléw the poonf&ual;ty hydrate was

ea81ly determined by the fact that much 1aser scatterxng occurred
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fcrystal (Flgs..d 12 4 13), the poorer quallty hydrate, or if',f

“and w1th1n the transparent hydrate (Fig..4 15—4 17) ' The glass -23'=-“

b y ! " by ‘- : - . . . ) o 8 d
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LThe results of spectra IVA and IVB are presented together,w1t . P
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?“an average dlsplacement of 15 5 channels. ‘The resultant average S
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p'“through thls region,_

thls serres of spectra.l
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at this region. thereby resulting in a high central component f‘“

"rfact that the He—Ne beam,‘defxning the ﬁgtlc axls, passed- “'

The plate rotation angle of 15° for this.

region, being close to the vertical posrtidn. agrees wzth the :/}_}V"

Flg 4 15 represents the stpongest hydrate

A}

l

approximate, having'been judged,yisually.‘

exhlbited reduction xn the exgnal intenslty, ae expected..ﬁ

.14 above the dzscontinulty only the hydrate aignal was present.:'

Table 3 llsts some of the pertlnent spectral data for

91gnal, wh11e spectra taken at 1ower and hlgher cell posltlons
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The glass plate positions are only

Note that the incident

1aser 1ntenaity for the flrst two spectra was three tlmes that
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AR 'I‘he pos:.t:.ons of the long:l.tudmal signals of both ﬁe
, et L =l \ L
" ey o 1ce and hydrate samples var:.ed somewhat, between dlfferent speqtra, c

’ although no dlrect correlat:l.on wlth cell positlon observed was ;

ev:.dent., The chanpel pOSlthI‘lB Var.l.ed from 337 338 and 352-— SR

"s;gnal, aod 317 313 5 and 369 5 3?1 ﬁor the'”'“

25

; extra weighiug ‘%P thoae_, e‘beqtra contaening the strongest s:Lgn .. 15,

'371’ nafaia 370)
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. ‘ . e L raEET o
- IV- 2. _,'"_Methane Hydrate §pec§t’ra and ,Sound.‘veloci,ty Ratio . o0 0 ;
" ‘ ' Only two spectra (Fn.gs. 4 J.B 4 19) taken of the methane,
' hydrate samples contained 1onga.tud1na.1 hyflrate s:.gnals S'I.].;Eflc- g § )
R : :.ently intense to be used 1n fthe soun& veloc:.ty cal_gulatlons, .

’I‘he channel d:..splacements from the 1Ce s:.gnals Were 5 5 and

1-."'.'

when expressed in th:ks manner ; one Bhould bear J.n'mz.nd that 1f

s

'_-'; the frequency sh:l.fts were Lcaldulated J.n the conventzonal manner "'_

- i

(J. ie., relatlve to the cent-ral h.nes) r: the hydrate s:n.gnals

d:.splaced 5 5 a.nd ten channels from the 1ce s:.gnals would d:.ffe:r: S

:|.n frequency shJ.ft by only 5%.

\..
T

. B R e ,\‘ L
used to calculate the ve10c1ty ratlos.. Using the calculated

!

’;.;,,;a_-z o }#Iﬂ‘ﬂ;‘}w !%I‘?}]Ji.ll:;&‘?'%{’bu ﬁﬂ"fi‘ R o 5

a]:though the translatlonal sh:.ft of the ice peaks were ev:l.dent.. J ¥

v ,F LN 5 J o e p 7 o I"‘- ‘_:- B % I':

The =average channel displacement, 8 4 channels, Was : s
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w;th the 4 andard express;on‘for the velcc1ty V, in an I

Upon substltutLOn of?-

bthe re01proca1 of the Bulk modulu51
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o i— 0 9181..»g/cm (corrected to -10 C, from Butkov:.ch 1,958) b

' 7""’-{-.-_';The ayssumad heat: capaczty contrlbutlon from the guest molecules. f a

-

‘h';..'was 3R and 3R/2 Qfor methane hydrate cnly) for vibratlonal and

&8 -rotat:.onal mctz.on respeot:.vely. Dens:n.t:y values of 790 g/¢m3

and 802 g/cm‘! for the 'empty methane and xenon hydrate latt:.ces

. -'-'.-_Were used to determme hydrate dens:n.tlee at the varlclt’}cage

"yt

I'

’.‘to be l 97 x 10

./' . ',-

: Comparlson of Theoretmal Xenon and ,Methane Hydrate o e
Veloc:.ty Ratlos w:Lth Expermental Values Vi'e, 0
: -.._'.\“ , N

IR AL Guesb i Cage Occ. :, Py "IC I" ;o S /V )
8 e i, AT Molecule o h ph L h 'i
0 5y n i e _ (%) .wg/cm J/K me".l. Theor. Expt. NN
75 . k1 554-‘:.,— 40.9° P 1 1.7 --..,|.77_:_5 e\ o ¥
99'.-; 107177 4L 6 -;'_'__'.._,Js_‘a,s_ 2764 1150 \g___.'_.‘- e ]
_' : 100_'--. S 1T S ST TR 1 TS - - 1 R
T8 8821?-‘?-'_-"42,.-,6 JRET T E FTE
907 L9004 e 43,6 T n i L9460 < T '
‘-_l:‘j_ioo '_'_'-:-'.'_--":‘-‘.9127' L-:';'_:‘44 2;-"_{ _

m

',."J"-,-r

-~ . 'I‘he calculated hydrate molar v’\l)umes (xenon hydrate- V= | T

- 2 25 x 10 m /mcl, methane hydrate v‘ o= 2 28 X 10 é m /mol] )\ :
& we,e| mdependent of the oage occupancy. In conmder':.ng the ' .
- var:.ous cccupanc;es, then, only the* heat capac:.ty ccntribut:.on

r

by the guest mc 'less«and the dene:l.t’J.es need tc be accounted

I -.'
a g e . .,

":"_f_gr_»,‘ The exact heat capaclty dlfferences are not of great.
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o 8 H vconcern, as the max.;.mum dn.ffe:;ence 1n the last term of eqn. St
%4 \ 5 5 throughout the calculatlons was less than 0 ]n% % The- AL

\ralues 1n ,Table 6 are cal’culated at lO C to corre ond -'fWit’h-' e a

PR

the hydrate temperature J.n the present exper:.ment., Also Jmcluded -

\\ :Ln Table 4 is a comparlson wlth the experlmental values and L .; _‘ L
: Y . percentage d:.screpanc:.es‘for metharP&‘hydrate and the two Sets
of data for renon hydrate.;:"l ’ N .{ , ‘ A
’ c o Wh-alley s result,;s may -also be compared W1th the e;r.per--“

: 3 ' 5
oow, . ,_n_-

i,mentally determ:med sound veloc:.tles of propanenhydrate

(Structure II) by Pandlt and Klng (1981) Usn.ng ultrasonn.c

technlques, longltudlnal valocrtles of 3 18 km/s and 3 05 km/s

»

m ;,};-,;.j 'f for the two propane hydrate spec‘:lmens (p .850 g/cm and %50
' . . .. -p' ’- & N -\‘:‘ . ?
/ g/cm ) and 3. 80 km/s for J.ce were reported, with- an. average” '

AP

L hydrate 1ce : ratlo of 820. ! Eqn. 5 1,‘ however, ylelds a ratlo
Aok .r‘.‘ \ y i i

o of .945, ‘as reported by Whalley for ) propane hydrate sample

‘j( 883 g/cm ) of full oct:upancy at 0°C. Use of Pandlt'

: den51ty measurements in eqn. 5 l (rather than the den51ty at

A% . g A
e . L
Fia P e

fu l occupancy') yz.elds even hn.gher calculated hydrate. 'ioe ‘

I ! UM et T

The longltudlnal acoustlc veloc:.tles of methane and Py

e 1‘- - . xenon hydrate have been determined w:Lth (limited) success.,f. e ;3§
e .c1early, a major part of the effort in this work was the doh

productlon of sultable samples. E The flnal xenon hydrate sample“*

hav:n.ng ylelded the most J.ntense Br:.llou:m s:.gnals, shall be
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used as a gulde 1n the follow1ng dlscu891on of the mostfsult— - aﬁj-

AL
i iy : As 1n ald other spectroscoplcally—studled saﬁples, _Jn}gl
a“c grOWtP‘Of the flnal xenO” hYdratg.Sample entalled pressurlzlﬁc gf""':
.vthg‘cell W1th the‘gas above a 31ngle 1ce crystal. In addltion :
. & ‘ o

to hydrate formatron wlthln the crystal, further hydrate growth,f

,;ffcr the last sample, contlnued above the 1ce crystal via combln-':ﬁ'
W ' o _r-,‘ ., i S8 T :'i.:"‘("_‘
atlon of water g;por {trapped 1n the system) and xencn gas.ug_pﬁg i

As was explalned (Sect III 2 ), the beam readlgy passed through

thls hydrate sample, and relatlvely 1ntense longitudlnal hydrate ft

/

siénals were eaezly obtalned. apjjﬁpfff'

n

'Ef?,r”li}fl: “In. all prevrcus caSes, the hydrate samples obtalne&'- L 5
through dlrect lncluslon of the gas lnto the lCE crystal were,j‘
relatlvely opaque to the laser beam._ This was evldenced by ,f{,.ff}'

T

the tfemendous amount of scatter1ng prevalent at the 1ce-:’ o
hydrate boundary and created numerous—problems related tO* }g'_:;TT;;L”
. _\ _* e syt u .

obtalning a Brlllouln sxgnal 1ndependent of the poor hydrate f;ﬂﬂpf

e,

"Tﬁa;nualaty-ats

'?Ef;ﬂf reduced Brzlloumn scatterrﬁg.due to-attenuat1on of the heam,ué ,1:

’

Wlth a'resultant greater need for pre0191on optlcal allgnment.._;jflﬂ
As well the scatterrﬁg at the boundary not only 1ncreased the i;ff

background of the Brlllouln spectra (of partlcular concern 1n

v ~V1ew of the Weak hydrate signals), but also requlred further

“'*reductlon of the laser]pcwer to aV01d overloadlng of thefn ‘@*ﬁ.t
' photomultrpller tuhe.' Tlnally, rt is possible that attenuation~-lt:f'

of the beam at the boundary may have caused 1ocallzed destructlon
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Pt
N7

growth 1s formation from xenon gas and water vapor, each supplled

tfi-!ytﬂ from ah‘external reservolr. The\p ESence ofpan lce trystal,-»gf{}
Er:ﬂ:f';ras a catalyst for hydrate formatlgn, may also be a redulre—; iyi e
',\ o ment, though thlS has not been establlshed.w The hydrate obtalned
requlred about two days to grow, and was of reasonable quallty.,hi"\
m”I;;;y';hf ‘Growth of a better sample, hosslbly even a,51ngle crystal, . _:
o e o Bt & wd

L f A .
p hps 7 FEL would appear to requ1re no more than a reflnement of the growth

e.,

.f b:g «ﬁ?x[g” process. Thls would 1nVOlve growth at dlfferent xenon gas ‘;ﬁ'

3 W B ES pressures, cell temperatures and the concentratlon of ater’bapor

,;Z'ff»'ifﬁf“"inythe cell., The latter may well be the most 1nfluent1 1 as,j"

-f;;:. In any case there 1s)certa1nly cause for optlmlsm w1th respect

r S .{ to further study.'ﬁ*'5fr‘.j’jé;f.ﬂffY-f::ﬁi.;{[;!£_5‘5' i'" i ? t '
{fz{ ';v.“ ‘ Both methods employed to obtaln the methane hydrate samples
, S e [ A -
ks }*[f';;f'- (1 e., (l) flow of methane gas and water vapor through the cell,:y.,*z
;ﬁ{; HT.}T i and (2) dlrect lnclu51on of statlc methane gas rhto the lce: ;“ :
ﬁﬁ, ﬁ'?{ '.:: cryStall—are~veewe&~as'hav1ng*been successful‘lh‘obtalnlng.'.1 .
;;%_mw.m. il,bulk quantltles.: Although Brlllouln 51gnals were obtalned ohlya

L mﬁ 1t 1s felt that -§~*:

‘ireflnements to the former procedure" ! the most,promlse for

Qj;productlon of more sultable sampAes.ff fpeclally 1n,v1ew of ~fyffﬂif”

'fithe results of xenon hydrati growth, possibI‘.ﬁmprovements‘;tﬁi”?
:;nclude.l(l) a reductlon, of varlable control, 1n the concentra-.‘

”.”tlon of water vapor in the methane gas, (2) thermal 1nsulat1 '

ff}or heatlng of the hypodermlc to avold blockage resulting frmn(x
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hydrate formatlon and (3) refinemen‘&s- oi 'the gas handllng system

-

to permit the use of h,1gher methane gas pr&sures. -_.‘ j"',_’; L

° iy &

; J.g.nals

samples wene plagued by very low long:.tud:.nal hydrate

~

a problem whose orJ.gJ.n was dlrectly a: result of the samples'
’ - k =

poor optn.cal quallty. (Prec:.s:.oh Optlcal allgment was, in, all

virt ."

cases, ensured by the mtense J.ce 51gnals) On numerous occasrons

throughout the course of the‘experlment, no Brllloum j}gnals

frOm the hydrates could be’ obta:l.ned Innmost other asesh, the

s:Lgnals were so weak as

u, A

correct channel pos:.tlon,

_“o cause dlfflculty J.n establ;.sh ng the |

of the s:.gnals.: ThlS dlfflculty

l

has been 1llustrated forn xenon hydrate J.n Table 2, where, for

‘ v

some spectra, the dlsplacements between the J.ce and hydrate

RS

s:.gnals dlffered by as. mueh as three channels, and for methane.:.’ 2 &

hydrate 1n Sect.» IV 2., where a’ maxlmum dlscrepancy of almOSt

fJ.ve channels i noted 'I'he results llsted 1n Table 2 for the
Co N - . LI
f:x.rst four sarnple/s of Xenon hydrate are reasonably consn.stent -

Ag il 7

Tﬁmdlscrepancy between these results and those of the last 5 v

n

sample probably arose fro‘:ﬁferences in sample quailty.‘ The g

data presented for methan ydrate is felt to be 1nsuff1c1ent

P
& 3

Approx:.mate agreement J.S ev,J.denced Between the

‘\

6 R
For methane ,hydrafe, the theoret:.cal results were about 6% greater oo

\ s.,‘

and for xenon hydrate about 19% lower ‘ Recons:.deratlon of

o ,
- * s Ta
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