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Monticello Nuclear Generating Plant Docket No. 50-263
s

v g
i REQUEST FOR AUTHORIZATION OF,

j
MODIFICATIONS 10 GASEOUS RADWASTE SYSTD4

~'

PROVISIONAL OPERATING LICENSE NO. DPR-22! n
2:a,

...___ ____..... .._____________.-----_
i Supplemental Information to
-

Change Request No. 2-

i

! U~ Northern Star.es Power Co pany, a Minnesota corporation, proposed
?" certain modifications to the gaseous radvaste system by submission of
9 Change Request No. 2 dated April 1, 1971. This supplementsl information

.
. is for clarification on the following items:

1

(1) Design basis for the filter and computation of chock wave<

| 1 attenuntion in the recombiner system,w

(2) Verification that the dilution flow to the off-gas stackrt

/+ vill be raintained constant.6
>> This supplement contains no restricted or other defense information.

-
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ANS%TRS TO DRL QUESTIONS

,que stion #1 - What steps will be taken to insure that the dilt. .lon flow
to the off-gas stack and the isokinetic probe will be m air..atned at a

constant flow of about 4000 cim.

Answer - The existing fully redundant stack fans and coittrol systems are '

currently designed and operated so that the dilution flow to the stack

and isokinetic probe is automatically maintained at a constant flow of

about 4000 cfm, fr. dependent of the fan inlet or stack exhaust conditions. 3

This is accomplished by continuously monitoring stack flow with redundant

pitot tubes and using the flow signal feed back to position the stack fan

!nlet vanes which control the actual flow.

In th a pt system, stack flow will be maintained in exactly the same

way, since t e only change is the source of dilution air to the stack fans.

Under ner.ul operating conditions, the 4000 cfm dilution flow will be made

up of 2000 cfm from the air ejector room ventilation system and 2000 cfm

from the proposed storage building ventilation system. Should the flow

split be tween the air ejector room and the storage building become un-

balanced, a control damper in the storage building ventilation system can

be adjusted from the ccatrol room to return the system balance to normal.

In the event the 4000 cfm Standby Gas Treatment System is automatically

initiated, the storage building ventilation system (as well as the air

ejector room ventilation flow) will be shut down and possible back flow

to the storage building stopped by a check damper.

-1-
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i When the Standby Gas Treatment System is being used for containment

| purge with flows of about 3500 cim, the ventilation flow from the
i
' storage building will be reduced to about 500 cim. The split of dilution

flow to the stack f ans will be adjusted as necessary by repositioning

! the control damper in the storage building ventilation system.

|

Question # 2 - The NSP answer to DRl. Question ** 2 of June 3,1971, |
1 |

) stated in part:
II " Calculations indicate that the overpressure associated

i

i*

with any shock wave propogating from the recombiner
i s

! system would be attenuated to about 1/10 of its initial

value by the effects of expansion and subsequent pro-

pogation through the various piping systems to the air
! compressor inlet filter. To fully insure that no potential

shock wave could reach the air compressors, the charcoal

filter element has been uesigned to withstand the full ,

350 psig over-pressure without failure, and thus the

filter element will reflect and/or absorb any potential

! shock wave to insulate the air compressor from the recom-
:

| biner system. "

j !

Provide the calculational method utilized for compu;ing the shock attenuation:

and the design basis for the filter. Also, a detonation occurring in the

inlet end of the 30 minute delay pipe should be considered.

i

Answer - As shown in the attached calculation sheets that consider the
shock wave resulting from a detonation in the inlet end of the 30 minute

i

decay pipe, the calculational model has been based on conventional shock

-2-
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| tube and shock wave theory as presented by Greene and Toennies
j (1) and Dryden and von Karman (2). The model has several features,

4 that insure conservative results: ,

i |

|
'

i

j (1) The calculations of shock wave attenuation in the various off-

| gas pipes are based on data developed in either steel or glass j
4 -

I shock tubes, The internal surfaces of the off-gas pipes would

not be as smooth as the experimental apparatus, and rcugh [
f

I surfaces result in increased attenuation,
i

*

i

|
In addition, all cws or other direction changes in piping systems

would tend to reflect a significant fraction of the energy of ;
'
.

an incider t shock wave and thus result in significant attenuation ;

of the on going shock wave. However, the calculational model

j treats el'aows as equivalent pipe in accordance with sub-sonic

| pre s surer drop .necry and, as a result, underestimater the I

i ,

j attentuation in th^ pipinc system.

1 -

(2) The calculatione:1 model handles the problem of predict:ng the

! shock wave generated in the 6 inch diameter branch line off the '

!

: 42 inch diameter, 30 minuto delay pipe in accordance with i

,

| conventional shock tube theory, in such a conventionel shock

| tube, a gas reservoir is pressurized, and the high pressure

|' gas is suddenly admitted to the low pressure portion of the
!

shock tube through a quick opening diaphragm. The calcula-t

i 4

; tional model assumes that the high pressure short duration
'

,

( < 0,5 millisecond) shock wave reflected from the discharge
,

| end of the 30 minuu delay pipe acts the same as the high
|
,

i

|
-3-
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pressure gas reservoir. Thus the model equates a static,

high pressure reservoir with a very short duration pressure

front and consequently overestimates the shock wave in

the 6 inch diameter branch pipe.

Based on the calculational model, the shock wave resulting from a hydrogen-

oxygen detonation in the inlet end of the 30 minute delay pipe is attenuated

to n 30 psig by the effects of system attenuation and the subsequent ex-

pansion into the off-gas compressor inlet filters. Since the charcoal filter
retention elements are being designed to withstand 350 psig overpressure,

the charcoal filter element would further attenuate the shock wave, althotch

such additional attenuation is not included in the calculational model.

The 30 psig pressure wave that could possibly propogate into the off-gas

compressor suction is smaller than the margin between storage system

design pressure and the normal operating pressure; accordingly a pressure

wave of this magnitude is not of concern in evaluating the structural
' integritv of the storage tanks and associated system.

References

(1) Greene, Edward T. and Toennies, J. "eter: " Chemical Reactions
' in Shock Waves"; Academic Press, Inc. 1964

(2) Dryden, H.1.. cnd von r,arman, Th. " Advances in Applied Mecher'ics"'
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driser and lon 1u c sm 5 I h. m n.:.w.n shock + ng-FJeurred at>

, .

,

increas.o4 i'. e3 i . ni t .. ti.ij' jet.ig M Pw~..OCk stigneO ig g g'. ,

i'e

s.... un! u Mtmi ..t the end of his 13 o' tube g 9 cmam su o '. .3

'ref.scet'c n) ||c n . bu cd openii,r timyt of ebout tiOO sect for
y m o.% , w.- .-

,

2 I ellatIUhs Dtising frong jp[cgggjNn bidilhe dM g gg
I or tuost apg. cations of shoci v. it, d- p.esence of a fornetion de..

.i.cment and the 'ipm5eant time r ciaised fci the formation of shacks after
t c by tir ,~ ef toe d...phr,ipm would not h4 them3ehes be sciious deviations
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ck u eity, once the, ' , '
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shock b r. ; !ar . 1 1 .

" '" * I #'#I -I ?
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- - " " 'Many experim:nter, hS e sbn n i t '"ition -t succ:ssisc intervals
p"i ,'l '?"!'"05 35 Etcal ni l peicent per

''
'

down a shec': tube mav 5: o ~ t ".. - 'l
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ThDLE 5.5

Artemaation ofShocKs in Tabes

!Shock Tube

Cross Material Driver Gas Ileated pornm M. duifu, Distance from Referene
Section Gas per rneter . Diaphragm

cm m
'

3 5 diam. brass air air 760 1.04-1.4 0-0 01 4-5 Emrich and
Curtis

!
-

O64x76 duraluminum air air 760 144-1-4 0 004-0 03 45 Emrich and
Certis'

15 diam. - air air - 1-12 04002 - Eminh and'

! 11arnson

| 0 64 x 7-6 glass air air 760 114-133 004-002 05 Ilomer

15 diam. - II, air 38 8 0 009 33 spence aml-

hm!s
| g
j 9-5 diam. stainlcss steel ll 11e air 5-100 5-10 0 005-0 01 30 Ames

3

76x76 steel air air 0N-29 31-14 0 03 23 Ik%r.

| 2 5 diam. - doub!c di.7 ragm air 05-5 10-20 0 07 5 MI'icuiyder~

h

Ile or comtestion
.

driven1 ' .

'15 diam, eluminum lie he;.ted by air &I-I 17-30 &O3 5 Camm and
and glass are dmhary Rose

y
t 61 diam. stainless steel combustion of air 0 02 14-24 00007 10 ljn aml Fyfe ,

I I,-0,- N,
misture

5-1 x 18 steel II, N, 9-5-38 25,3-2 0 05 3-7 Ifollyer
5-1 x 18 steel II, N, 37-15 2-5-33 006-408 3-7 8' *lyer
51 x 51 secci 18, N, 5 '9 0 026 55 'w kiron
51 x 51 steel II,. 0,. Ile con- N, 25 10 0 043 5-5 W.sklan

| t. int volunx
i burning

,

.

V
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5 I x 51 steel if O,. IIe sclf N, 25 8 0 0x2 55 WAdr. n -
.

ignitiern
51 x 5 I steel 11 O IIe N. 25 13 0-11 5-5 W.shtr n

,,

"
detonation

5-1 dum gl. ass it. N, 0 6-15 4-9 01-t,02 2 Tc:r nics5 2 diam Wnct IIc Ar 10 7 0 045 2 Wr. v#

51,1. m gtys i t. Ar 06100 4-3 0-1-0 01 2 t o mies10 d. em bra's lie ' Xc-O 10 30 6-3 . O of
,

Itu.L. K J;ht
ar .I lit.tl2 5 drir s gt.iss li: tir 2 30 5 0 02 I l'a!.twr and

1

e
'

I l..r m::76doni gir.s II, C ll, 2-00 3 -8 0 A 0 02 13 Atcre '

Aten. C. I' unpuNhhed

Ibyer. f). W.. Univ.. of Toronto, Inst, of Aerophysics 7eth. No. 8 (1956). Efvts of Kive ratic Virrosfry eq/ 5 thy SpccJ mr .Vrockss'are Art. ruarwn.
C.un,i, L C. :ind Itose, P. II /%rr. fini.h, 6, u.3 (196.1).

U l r-v x h. It. J. at:d Curtis, C. W., J. Appl.1717v.,24, 360 (195 3).* ,

l'm iJi R. L ,,nd llarrison, F. IL, r/rn. Rec.,73. 1225 (1943).
Ilulin r. R. N. Jr., Univ. of Michigari, l'ngineering Research Institute (1953). A Sturf ofArremarrion in the Stonet Tahe.f '

11oo.sr. II. L,1 chh;h Unhersity lnststute nf itescarch, Sicasuremerst by TimedSyarrk Shenfow Groplus efS1wck Velocities i, rite Shock Tube.
Jones. .l. L Nat. <f<!nwrr Cmmer. Ar ro umt. Tcrit. Narc 4071 tl957).
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|30 Chemical Reactiotts in Sitock W cs

where x is the distance from the diap!..agm, D the i. trauiic diameter (4
times the ratio of area la paimeter of the cron seev " ".1 I the attenua-

tion coetlioent which ha values betmen 0 6 x 10 ' . td ( O s 10 m their
examples. Ahhotyph .I may be espected to dep:n.! >r. 7. ,',, , a:.J D,

-

significant.corf dations.are b.:rd to e tablish from E
-

:m.. i.. theIn addition to selocity attenu .tian other evidenn . . . .

+ ptco re andwalls comes from measurements of shock curvattm
i

. ) in9density ch mpes behind th front. For shoels of M * 2 (p:/pi n
i

3 m fioni dia.nitrogen 0 5 cm diameter shock tube, nre.isuring "...t. .

4.

phragm) at p, - 1/10 atm measurements showed .n ircrnse of density,

pi, of abat:t P.' per msce in the hot ps bahind th shock? The increaseo

was less rapid at greater distances from the diaphraem Pr:- e me:sa.uacnt

in the same tube were not precise, and although son e merease m... have
.

occurred v.ith time in the hot pas, the change ua :.n .d. r th..n the
experimental error.: In ancther imestigation' in a tuk c f 7 6 cm spare
cross section a decreme in pressure of approximatelj l'a per milh teond
was noted (p, = ' atm cir, p.:'pi : > l 5). A snvD - . c in p., aure-

behind the shock w. s oburved by Trimpi and Cohen frota treuuiemens of
the displacement of a thin diaphragm. ( (p3 - pi) approsiately G per
msec for M = 2 in air).i

<

3

Lesuu m Wck's eq:r.m a the dewJty n d'" : intw.
ferometer observing throna,h the boundary layerr. on the v. indows coine of
the rise may have been due to an inercased thickness of the c.dd Ia ers. Thiss

fis consistent with other expeiiments on shocks in Isr v,hich a aed a constant
densitywithin 1 % fca 100 psee behind the shock fullcu ed by a small increase
attributed to boundary layer thickening 5 Jhis etreet also must contribute-'

,

to the subuantial rise in density obsema by DufP in hi, :,perimetus in a
2 86 cm di.imeter tube with law pressure shocks in arcon using an electron
beam densitometer. lic,pMersed [.' p:!(p3 - pd] y 0 5' r.t appa ,imately
100 mm behind a st.eck of M = l 6 with pi n 0 5 n..n. Den,ity ar d pres-

i

sure measurepetiis base been made by Rose nnd NeL n n the Mach number
-

rangef6for shocks in air with initial pre:,sures nom 1040cm.' The
; F c ed r #c > Ly ct I a;;'n;r A S.t

rg.- e p x 'Y- -

1, 61ack,1. L. D.msity .s1:waren:ent in Sh-ck Tube Flow mit! tire Cl.ronninte-ferometer,
Inst. of Reorch. Lehbh tinhermv 0951), I

2. Emrich, R. J. and Peteson, R. [ . fremerc l'a larmn with 7vre in t!:c .5hocA 7. 8>r,1nst.'.

of Rewarch, Lehich UniwWts (1956).
e

3. Iluber, I'. W., Fidon, C. E. Jr. and Ddpino, T., Nat. Adtircry Cornne. Aeronaut. Tech."
i ,

Note 1903 (IN91
4. Trimpi, R. L. and Cohen. N. D.. Not. 4.!riserv Cunnu. Mere ;n'. Tc: 't Nott .U75 (1955).f'

; 5. Patmer, ll. D.. /. <f.7 . rnri. 27.1105 (195 6)./ ,
.

6. DulT. R. E. PI n. /l.,us. 2. 207 (l9.<0L*-
7. Rose.1'. )1. and Nd>0n. W.. On the Efect of.titenuation on G.:s Dy namic Alcanrements

Madein ShotA Tubes, AVCO 1.scictt Research Report 24 (1938).
!'.
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4. Relation of diaphra;:in preuure ratio (p,Ip3) to shock pressure ratio (p:/pi)
in order to base continuity off and, n - u, across the contact surface,i

the shock moving into the low pres >ure pas must accelerate and compress
this cas to the same conditions off and u, - u produced by the expansionn

of the pa, orig:nally in the high pressure section. This additional relation
mans th t for a giten shock (fned p:, ui - v:) and a specified driver pas
tihed y.) theic is only one possible salue of the pressure, p., in the high,

picssore scalon ef the anock tube. Sescral authorsi hase derised the relatien
betacen p/p, :.nd j,p, for the case of ideal pases and constant specirc
heats. 'llas is done by climinatin; v - v: from Equation 5.2 and Equationsi
2.28 and 30. ~1he result isy

_ ,,
~

(trel/ tie-1).s \ -

#a (y, - 1) -1Jb r_. B |_ P' '

. . . $.3.

h I2 2Pi bP'~I B, jy, . )
Ya - 1 T T: - 1 T: _

h e cre n' af. ner t cen:!auotu to be drawn from this result.
ror a piscc ,n c.ad p 9: higher the ratio of sound velocities, a,la , and theiL

e:r the h !!'< stronics is the shock which is formed. The solid lines in
hrs. 5.8,5.9, and 5.10 show the p/p, required b) Equations 5.3 and 2.28
to produce a pisen M . for shocks in argon. mtrogen and acetylene (constant
y,) respectisely when 3 hTerent pases ll:. He and Ar are used in the high
pressure section. It is - a that H and lic produce much stronger shocks
foi a given p/p,. ~1' is mostly because of their low molecular weight and
consequently high sour >d selocity.11, is more efTective than He but is
sometimes to be a.cRed it may . act aith the gas in the low pressure

4

'

section. '1here is a hmioap salue of p: p: as p,'p: increases. This limitI,.

:
correspond: to th: us.ishi .o . ~ R cspressieri in the bracket in Equation 5.3.

When Eqc.n.on 5.3 doe: r.ct epply because the specific heats of the pases
<

s ary. the v.Ct.latic n ( f p/pi s somew hat more tedious but still quite feasible.i,

la the high pressure section the expansion for strong shocks, an almost free,

expansion, cools th: p sc much that condensation can occur; if the gas is
,

hydrogen the heat capicity decicates because the rotational degrees of
freedoin are no long.'r fully excitcJ a> is the case at room temperature where
e,is |R. In this caw Iguation 5.1 may be integrated either numcrically or'

i

aith an analytical espression for c,(T) to sise the flow velocity achieved
when 11 is espanded from p, to p2.8 Since only the ratio p/p: is needed

,

the results may be u::d for 11 driver gas in combination with any pas in the6-

low pressure sectien to predict shock strengths as a function of pJp3,Itis-

only'necessa:y to cakd 'c f/p, and u, - u: for the desired shock wave in,

1. K H n }". 7. le T, + e t d:: tdt. I'er, #d, ID (f 910).*
i 5:,. iJin.1L fio.m. /. 3 s. O t (!932).

Tad, A. H., M i v tr , L.a.er u.-111 wr, Rm Scl. Inste,20, S11 (19493).'

P.paan. W. and .werb.nl. V. C. F., noc. /u,y. Soc. A!86,293 (1946).2. Dt.n1 R. E, Tlr l'
af hl Gecs m a Wry T.Jr, U.-iv. of Mi:hpn, En-ine: ringRs . sb h.s'. R , : C
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3 section). T. - 300"K. Emperimental points described trental points described in Tah!c 5.3. Curves calculated
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Flo. 5.10. I:;r.'r, ts. Mac'i r. umber for shock waves in nectylene. Various drher gases.
T - 300 K. Experimental p0ims described in Tab!: 5.3. Curses calculated fromi

Eq. 5.3, constant y (wlid) and MT) (Joued) (
the gas to be heated; and then, for tlus u, - u to calculate the ratio p,/p,
which gives pi!ri rectly. For monatomic gases Equation 5.2 is satisfactorydi
until the onset of condensation, which is not a problem with lie.

When the gas in the low pressure section is not ideal or not of constant
heat capacity, p2 and u, - u, must be calculated as functions of M or

i

palp, by the methods outlined in Chapter 3 for real gases. Then the desired
74/pi can be found as before by matching the vahics of ui - u . Table 5.2s ;

shows the values offi/p2 required to produce various ni - u, for lie and H
(constant e, = {R and e, = c,(T)i). Figure 5.8,5.9 and 5.10also show(dotted

'

lines) cunes fo; 11: and lie drisen Ar, N,, and.,C:ll, shocks using experi-
mental heat capacities for all the gases. Some experimental measurements,,

are included for comparison (see Table 5.3).:

1. Farkas. A., Orthohrdrogen, Parahydec3cn and ficary flydrogen. Cambridge tJniv.
Press Camtsridge (143.5) p.19.

2. For eqernmer'.tal resutts see n1so 30nes,1. J., Nat. Adchory Conrnt. Arronaut. Tech.
Note 4072 (1957).,
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} Production ofShock Wates 1i3
i

| I TABLE 5.2

} | Elow Sperds and Temperatures Produccd by Cipansons oflie and He Driver Gas.
initial Condations are Statinary Gas as 30u'K.,

| He . = 1R He , = c,(T) He e, = 1Rcc

, , - , , , .,-u, .-,
1*K yJp, m pJr, a pJr. m ,

,
a psec psc irseea

j
I'

_

300 1 0 1 0 1 0
.

? 275 1 356 0 280 1338 0276 1 24 0-130 -
! 250 1983 0 573 1856 0-562 1 58 0 266

,

I 225 2 74 08S2 2 65 0 858 2 05 0 410*

1
- 200 4 13 I208 3 92 1164 2 76 0 561

] | 175 6 60 1 555 6 04 1479 3 85 0 722
: | 150 11 31 1927 9 77 1804 5 66 0 895 -

! 125 21 4 2 33 16 80 2 14 8-92 1 084,

! 100 46 8 2 78 31'$ 2-48 15 39 l292
| 75 128 0 '3 29 67 2 2 84 32 0 1 529!

50 $29- 3 89 189 6 3 24 88 2 1809
40 1155- 4 18 332- 3 43 154 1 1 941

;
. 30 3160- 4 50 685- 3 64 316- 2 09

25 5990- 4 68 100S- 3 76 499- 2 18
1 20 13070- 4 88 1897- 3 89 871- 2 27

] In general for a f,iven shock velocity the agreement of experimentalp,'p
with that calculated is within a few percent for shocks with N < l.5 but
falls off so that at # = 5-10 the esteulated values are only approximatelyi

3

one half the experimentally required ones. In spite of this discrepancy the *
calculated curve is very useful for interpolating between experimental. points,,

i

4 ? 5 0. J., J ;o m /..s 0.: : 1 . 7 % ':i: i r :'
; produced in shock tubes

|
.

ing stronger shocks than those calculated from Equati with the driver
Resler, Lin, and Kontrowitzt have considered various meth obtain.,,

!- -
..

gas at room temperature. These methcds fall two groups, the first of
which involvesincreasing the sound spe - the driver gas, a . This may be

! done by heating the gasin several s. Effective external heating of the high
-

; pressure section is usuall ward, but internal heating by solid heatingn
| | clements can be use etter still is heating by an electrical discharge 8 or by
' u internal com ion. A common procedure is to use a II, driver gas which

conta' small amount of O, and then to ignite the mixture just before the,
'

[* phragm is broken. For.12 % 0, the sound speed in the heated gas is about
i; - !.5'' C.o+ sitat for pure ts: at rovm mapaium a W su a im5d =4hb H -;

,

1. Resler, E. L., Lin. S. C. and Kantrowitz, A., J. Appl. Phys. 23, 1390 (1952).4 , ,

| 2. Camm, J. C. and Rose P. H., Phys. Eluids, 6, 663 (1963).
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i TABLE 13

.

Datsfer EsperimentalPoints ce Bursthy Pressure vs. Af, ngeres18 9.10
e

i
,

Symbol Driver Gas 11cated Gas Distance from Range of ';<

Di.1phragm Shock Tube
.

ri Referenceg H. Ar 3-2 m 50-90 mm 31 x 18 cm steel
'

; flo!!ytr. Univ.of Michigan.
I:ngmecting Roemh leswi-o- Itc Ar 32m 60-90 mm 51 x 18 cm steel
tute Report,1953

i
,

'

1, llenycr. Univ.of Michigan,
'

,

Engineering Research inwi- t
| 9 H. Ar '*

10-150 mm 3 S cm diam.stect
tute Regwa,1953- -

; I
cr bciss Itesics, t_in, Kantrowiti.f. 1

j Q II, Ar 2m 0 6-1E0 mm 5 cm diam. ghss J.1*.1o:nnis unphlMxd
!Appt nys.,32,Ibo(1952)() He Ar 2m 04-6j '

4 II. Ar 2m 9
5 cm diam.gbss

J. P.Tecnnics unpublished 1
"

,
1

!
2-5 cm diam. gbse

J. P. Tucmiics unpublishedQ Q H. N, 32m 15-150 mm 51 x 18cmstect
-

|' ,;
Hollycr. Univ. of SEhigan,

'
i

Engiocciing itesemh Imai- I
;

O- He N, 32m 35-70 mm 5-1 x laem steel
tute itegwt 1953 , '

Ilettycr Univ.erstichigan, - 'h
Engencering )1ese.stth Insti-q) H. N, 2m 0 6-15 mm

>

! tute Itcprt 1953 I
51 cm diam. glass

J. P.Toennics unpublidied !C}- 11e N, 2m 0 6-2 4 mm 51 cm dism. gbss J. P. Toennics urpubikhed ~
! Q II, C.H. 13m 2-60 mm

,

i

7-6 cm diam. gbss C. F. Arcn unpubli.hed
i '-

Y

, .

< >
, ,

I I i
!
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'llie Propagatiolt of Shock Waves along Dilets of Varying
Cross Sectioit.

,

!

; By W. CHESTER

Unitirsity of Brusta Brist4 Evt and!

Pop
'
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NOTATION

A Cro# sectional area of the duct
i '

e Sone speed
li See equatto, (3 33)
C . C Characteristi:s'

a Distance traselled by shock
F. C. H See equa tions (3.2 5) (3.00). (3.'!i)'

/ See eque tion (3 5).

7 K. A u See eqt.ations (3 2), (3.10;
M Ech number

J l' Charac t eristic
p Ptessure .

, 9 Fluid r,ierd
R See equatvan (3 6)

,
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e Radial co ordinate
# Time* '

,,

U Shnck velocity
a Co ordiriate along ...e atis of the due
a Frt s6ure ratio across the shock
a. A See equations (5.im. O II)
y Adiat>atic indes
I+6 Mach nuinber of weak shock
I+e Mach number of the flow at.ca.1 4 b, . .o

n See equation (314-

A See equation (3 32)
*See equatior.13.3)

p De nsity
,

e See equation t3 36)

' Subscripts:

a Characteristic quantit)
d Flow quantmes downstream of area change
: Incident shock

*

e Reuccted shock
i Transmitted shock
T Stagnation condiuons

,

Flow quantities upstream of crea char.cu
1-5 Ekcept for Section V these sutwript. re.t to the regiunt of flow shown m

Figs 2 and 3 In Section Y subscripu I ad 2 refer teipectively to N,.
quantities imrnedtately m front of, and imniediately behind, the shock

.

I. GENERA 1. INT Robl*CTION

Wh n a shock wave travels alang a duct whose cross section changest
continuously, there is an interaction between the sht.ck and the changing
cross section. The flow behind the shock is daturbed and there is a modifica-
tion of the shock strength. A number of wn.ers have con <i<ltred the e!!cct
of the interaction on the flow behind the shock; this w.ork has been noted
in the bibliography and reference is made to some of it in the following pages.
The present article will, however, mainly consider the modifying effect on
the shock wave itself. This problem is of particular interest, not least because
of the success of the relatively simpk a bi,,e which have been evolved
to deal with it.-

By way of introduction consider the propagation of a shock wave between
two walls of infinite extent, forming a two dimensional channel of uniform
width connected to a channel of uniformly increasing width. As the shock,

passes into the diverging section two independer.t diffracted pulses are
produced, one at each corner (Fig.1). Eventually, as the pattern expands,-

the tuo pulses willinteract and suffer repeated reflection from the two walls.
The whole process is too complex to attempt a complete mathematical

'

description, but if the angle of divergence is small the problem becomes a,

,

1

'd

E
= ,

'

$
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,

linear one. The interaction of the pulses can then be replaced bya simple s,uper.
'

position and the effect on reflection of the small divergence of the walls
'

can be ignored, for this will be of the second order for a puhe in which the,

perturbation is already small. The diffraction problem for a single corner
uas solved by Lighthill (1), and the image system which simulates repeated*

reflection between two walls w as studied by Chester X 12urthermore,
since the prot ei.: is hnrar, the solution for arbitrary (though small) varia.
tions in chanr cl width can be obtained by summation over all the elementary
usiat'm.s in slope. Thus if t,he channel con <ists of two sections of uniform
undd pin.d t y a t'ansition section of finite length the asymptotic behaviour
of the tbw can tw deduced, and consists essentially of a uniform but modified

,

,
u.inumtted shock and a plane reflected puke. The theory of shock propaga-

'

tion described in Section 111 stems from the solution of this problem.
2

4

_,

d
- g.

-. . . .

4 i

I 1.e duisa,uon panern proded by the interaction of a shock wave with a.

i divergins channel.

I Freeman (3) has also it vestigated the image system in the problem of
the last paragraph and has c' educed therefrom that the perturbations behind,

the shock ,are oscillatory in character and decay asymptotically like d-",,

, ,

where d is the distance travelled by the shock wave from the transition
producing the Terturbations. Freeman a!so shows that the rate at which the
perturbations decay depends,in addition, on the strenSth of the shock, being.

,.

strongest when the shxL Ech r.,4rc,ber is about 1.15 and decreasing sharplyi

( for both strong and weak shocb.
'

Another simple example which serves to introduce the subject matter
' '

of this review is the problem of an acoustic puhe travelling along a tube of
,, , varying cross section. This is again a hnear problem because the weak

i ! shock can only produce a small disturbance. The restriction to small varia-
tions in cross-sectional area is, however, no longer necessary. IIere two
interesting cases arise, both of which are discussed by llayleigh [4). The

'" first is that of a sharp fronted puhe proceeding along a duct for which the
cross section caries continuously, At the front of the pulse the energyi

P reflected is negligib'e on a hnear theory, so that the transmitted energy isi

b invariant. Sir.ce the latter is proportional to the square of the amplitude
multiplied by the cross section, it follows that the amplitude varies inversely

'
j' as the square root of the cross section. The result is not true in the rear part
:

6
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.

of the disturbance because the second order effect(may accumulate to a
significant modification ov(r a finite change of cross section. But tha

.1 integrateil effect cannot modify the front of the pulse since disturbances in
i the rest travel no faster than the front itself. Such disturbances therefore

neser reach the front.
The other case is the problem of reflection and transmission at an abrupt

change in cross sectien. liere the argument of the previous paragraph i<
no longer valid, for a significant'propostinn of energy will now be reflected

i by the discontinuity even at the head of the wave. Ilut a simple argument
*

|
gives the ultimate behaviour of the transmitted and reflected pulses. I.et
the cross section change discontinuously from As to Ai and let the ,ilach

1 numbers of the incident, reflected, and transmitted pulses be respectively
(1 + 6.), (1 + 6,) and (1 + 6.). Then continuity of pressure and mass flux

,

demands that

(1.1) 64 + 6, r= 6,,

(1.2) A:(6, - 6,) = A 6,,3

since the perturbations in flow velocity and pressure are proportional to 6.

on a linear theory. These equations imply that
,

6 *4
} f"A Asi;

'

which agrees with the previous result only when |A, - Ad < An'.
These solutions for the acoustic pulse illustrate two extreme situations

in the problem of shock propagation along ducts. In the first the interactions
behind the front of the pulse have no effect whatever on the front itself.
In the second they are allowed to exert their utmost effect.

,

For a shock wave of finite strength travelling along a duct whose cross
section varies continuously, but by a significant fraction of itself, the answer
lies somewhere betecen these two c.stremes. The disturbances created behind
the shock front will now be continually overtaking the shock with consequent

,'

modification of its strength. If these effects continue to be ignored,
notwithstanding the lack of rigorous justification, a simple solution can be
obtained which has been studied in detail, originally by Chisnel! [5] and
later by Whitham (0,7). This theory is the main theme of Section 111, and
evidence is offered which suggests that Chisnell's hypothesis is sound and
in certain circumstances predicts the variation in strength of the shock wave,

''
a.s it progresses, to good accuracy.

~
'

s, .

* The subscripts have been chosen to be cunatent with the numberi .g of the
various flow regions in Fi;;s. 2 and 3. and hence uth later equations which refer toi

i more' general models. . Note that the subscript 2 refers to the upstream part of the duct.
' L and the subscript 1 to the darntriam part.

1*
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' on the other hand, suppose the duct consists of two uniform sections
; r,innraed by a transition section of finite length. The sh,eck is then initially

.,f umfierm strength in the upstream action. L'Itimately it tends to become
,

a h.ick wave of uniform (though different) strenCth in the downstream sec.,

wn. When this happens the modifying effects of the disturbances produced<

] 14 thi. change in cross section will have been completed, and the only non.
,

.t.a.hne.s udt be the continual growth of the uniform region behind the
,

.h.,s k. Thisis the generalization of the second of the acoustic problems. The-
; ..

'

na dct has been used by Kahane, Warren, Griffith and .\larino T, Laporte (9)i

and parks [10). It is dese,ribed in Section !!.
It is naturally of interest to compare the two theories directly, and this

] i. . hine in Section IV. Such a comparison C ses some idea of the extent toi

which upstream disturhances are capable of inodifying the shock strength,?

lhmever it should be pointed out that, in application, they are meant to
.ir cribe different situations. Chisnell intended that his solution should be
u.ed only to describe the progressive modification of a shock as it travelled
along a duct whose cross section vaticd 'not too rapidly'. On the other
hand, the method of Section 11 gives tl.e ultimate strength, when the shoch

; has again become uniform, after passing throngh a transition section of
hmte length.

Section V contains some previously unpublished results obtained by
extending the ideas of the previous sections to deal with the progress of a,

> hock wave along a duet in which a steady flow is already establie.hed.,

There it is found, for example, that the pressure difference across the shock
"

,

i
has a maximum where the steady flow is subsonic, the precise cross section,

depending en the shock strength.
The behaviour of a weak disturbance facing upstream, in the neigh..

hourhood of a sonic throat, is also deducible from the theory c: Section V.
It is shown that if such a disturbance is initially moving upstream it continues
to do so and decreases in strength. If it is initially moving downstream it
enutinues in that direction, but its strength may increas,e or decrease..

II. Tatt Sirrov.51 Art Tutony

1. Discussion of the Models

in the theory described here the channel will always consist of two,

'

*retions, each of uniform cross-sectional area, joined by a transition section
of finite length. Only the ultimate flow will be considered. when conditions'

l.chind the shock are independent of the time and thc shock itself is moving.
,,

ahmg the downstream section with uniform speed and strength.
To set up a model which describes such a' flow it would seem natural to.

generalise the argument used for an acoustic pulse. This would imply a
s

s-,
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transmitted shock wave, and a reflected shock st' ave or rarefaction wari
according as the transition is a contraction or expansion. The flow betwee:
the two waves uvuld follow the known behaviour for steady flow in a duct.

\
I I++ . +

a s . |3 e 8 8 . |s
I f.

3

, . . . . . .., . . , . .
.

N
8

|. +

e .Is i , . .is ,

I e
'

/ /
. . . . . . . . . . . . ,,,,,.s...

Fio. 2. Interaction of a shock wave with a contraction; steady state theory.

Such a model, however, is not sufficiently (!exible in the general case,
and will not allow the transition relations across the two waves to be satisfied
sin.ultaneously with the relations which the flow must satisfy through the
area change. It is in fact necessary to include a contact discontinuity in the
downtream section. The necessary matching of the different parts of the
flow is then possible. The existence of such a discontinuity is well supported
by experimental evidence.r

The above argument suggest the models pictured in Figs. 2(a) and 3(a)'

for a contraction and an expansion respectively. But thse two models are
still not sufficient to cover the whole range of possibilities. Thus for a
contraction it is not possible to exceed unit Mach number immediately

<

downtream of the contraction if the upstream flow is subsonic, and calcula-i-

tions show that for sufficiently strong shock waves the model shown in
Fig. 2(a) is not consistent with this fact. Laporte {0' propows model 2(b)
in such cases. IIcre a simI'le wave begins at the end of the contraction,
where sonic velocity is just reached. Supersonic flow t.pstream of the-

q transmitted shock is then achieved through this expansion wave. Of course.
; it is possible for supersonic flow to exist behind the incident shock, and for

'd

this flow to remain supersonic even after the contraction. Then no reflected
disturbance is produced which is strong enough to move upstream. In,

addition to the transmitted shock and the contact discontinuity, this situa-
tion is completed by an expansion wave facing upstream, but convected,

3
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downstream as in Fig. 2(d). Fig. 2(c) illustrates an intermediate case in-

which a stationary shock wave appears ;n the transition section itself. The
ntuation in the downstream section is quahtatively similar to that in Fig. (2b),

.

f I j# '' '
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Faw 3 Interaction of a shock wase with an espannont steady state theory.

The corresponding possibilities in the flow through an expansion are
,

shown in Fig. 3. for incident shock strengths below a certain critical value,
,

the model differs from Fig. 2(a) only in that a rarefaction wave is reflected
instead of a shock. As the strength of the incident shock increases, the >!ach
number of the flow downstream of the reflected wave also increases smtil
finally it becomes sonic at the beginning of the expansion, and supersonic
by further expansion until it reaches a stationary shock wave. Beyond
this shock the flow remains subsonic [ Fig. 2(b)). For stronger incident
shocks the stationary shock moves out of the transition section and is
convected do'vnstream (Fig. 2(c)). Finally the expansion wave in th'e up--

stream section can disappear entirely giving Fig. 2(d).
Not all of the flow regimes which hau been described are necessarily

utainab!c for any given transition. For example, that shown in Fig. 2(c)
will first appear when the incident shock is just strong enough to produce a
reflected shock which remains stationary.at the upstream end of the transi--

.

tion section. Let the >!ach numbers upstream and downstream of such a
stationary shock be 31, and 31, respectively. Then, by the shock transition
relations _

(y - 1)31,8 + 2
g., g ) 3f,3 ,

2y31,8 '(y - 1)'"
,

there y is the adiabatic index. It follows that 31, is a monotonic decreasingv

.

function of .11,. Since 31, cannot e.sceed (2/y(y- 1))U2, which is the limiting

$ .
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implies thatvales of M, as the strength of the incident shock tends to infinity, (2.1)
.

j

i -
4 .i
,

(2.2) M. * > b ~ I' .
- -

y(3 - y)--

Now the area, $lach number relation for steady flow through the contrac.
,

'
1

tion is
*

.

(y + tl.

A = .Md2 + (y - 1)M f* -1
#; ,2.3) J*, '

| [
M. [ 2 + (y - 1)M 8j

,, ,

3

! where M is the $!ach number at the downstream end of the transitionj section and must satisfy the inequality M (:; 1. It follows that the maximum.

contraction which allows the possibility of model 2(c) is given by (2.3) with3

M. - (2(y - 1)/y(3 - y))U8 and M = 1. This gives3

: i

!.
As/A - (y - 1)- 88 (2/y(3 - y))F8,

(2.4) = 1.101 for y = 7/5, * ! 9
,

, = 1.040 ' for y = 5/3.>
.

.For contraction ratios which exceed this value, models 2(a) and 2(b) appear
to cover the whole range of incident shock strengths, and there is always!

'

some upstream influc. cc.,

It is, however, interesting that the critical condition for model 2(d) is;

slightly less restrictive than (2.4). For this model the area, Slach-number
! relation for steady flow through the transition section is similar to (2.3) butwith M. replaced by M,.

Substitution of the limiting value of M , namelyi
'

(2/y(y - 1))'#, in this relation, togethe' with M. = 1, givesi * t

.

: 1

A !A = (y - 1)'#(2/y) A ,s

; .

(2.5) = 1.543 for y = 7/5,!
, ,

= 1.073 for y=5/3.

The implication is that under certain conditions there are two possibilities,;

2(b) or 2(d). In practice it is probable that 2(b) will prevail; if it does not!
there is certainly no continuous transition Jrom 2(b) to 2(d) unless the

'

'

q contraction ratio is less than the value given by (2.4).
'

'

The various models contained in Figs. 2 and 3 seem to cover all thes

possibilities for a monotonic area change apart from minor modifications
#

(for example, in the expansion it
-

is possible for the reflected wave to
disappear before' the stationary shock has passed into the downstream

, , ,
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section). They are also calculable from, and consistent with, the initial,

conditions and the known physical tirnitations for such, flows.'

The procedure for calculating the strength of'the transmitted shock is1

.

Illustrated by taking model 2(a) as a typical example. The flow in region 2
is that produced behind the incident shock, and is therefore calculable in'

.

terms of the strength of that shock, the transition relations which hold.
'

across it, and conditions in region 1. Similarly the flow in region 5 depends
on that in region 2 and one other parameter - say the strength of thee

! transmitted shock. The flow in region 4, which is deducible froni that in
i region 5 and the relations for steady flow through a duct,is also dependent

on this parameter. Ily its elimination, a relation can be obtained connecting
the pressure and velocity in region 4. Since the pressure and velocity are

; j continuous through the contact discontinuity, this relation persists in region 3.4

! Together with the known flow ahead of it, this is just sufficient information
: to determine the strength of the transmitted shock. The actual computation
3 requires the use of simple numerical techniques. The details are omitted.

2. Discussion of the Results;

4

The results of some numerical calculations are shown in Figs. 4-7.
Fig. 4 was constructed from calculations made by Laporte [9] for contraction

,

ratios of 2 : 1,5 :I and eo : 1, and a value of 5/3 for the adiabatic index.
,

'
,

It shows the variation of the ratio of the pressure differences across the
transmitted and incident shocks with the Mach number of the incident.,

shock.* Fig. 4 also shows the asymptotic values for strong shocks, and the
i tangent to the curve at the weak shock end of the scale. Thelatteris obtained

from model 2(a), or 3(a), by expanding all the flow variables as power series
in the strength of the incident shock. The finat three terms are given by

.

A + As .fs - fa , 3 _ 3 - y ,1 - A lA,, _ ,i i
2A, p, - pg 4y 1 + A /A,e' *

' l#
! (y + 1)8 1 - A /A, 2 1i

I Y ^2 8 I bY llA *I YSy* (1 + A /A,)8 y+1,

(1 - A /A ,)8 I I 1 I( i
(2'0) . (1 + A /A ) 1(3(y + 1) 8n

(a - 1)81
' --

'

si

; ..

'

. . * The pressure difference across the shock, rather than the pressure ratio. has been
chosen as a measure of its strength since the ratio is tinsuitable for weak shocks. The-

,

Stach number of the incident shock is. however, used as the aoscissa because it gives
h more prominence than the pressure difference to that part of the curve which desenbes

,
i. the weaker shocks. This is where most of the vanatson takes place. There is, of course,

t a simpte relation. (*.7), between Mach number and pressure difference,
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whece
'

.

#
(2.7) s - 1 = p:/pa - 1 = W' - 1),

y+3 ,

and the term in square brackets is to be included only for an expansion,''

l.e. A,< A . In these equations (p, - pi) and (p, - pi) are respectively'

3

the pressure differences across the transmitted and incident shocks, and M ;
is the Mach numbertf the latter., *

j
.
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k. [so. 4. The ratio of the pressure differences across the transmitted and incident shocks
as a function of the Slach number of the incident shock,; steady state theory. (a) y = 5'3
and 3 : 1 contrac+ ion ratio; (b) y = S/3 and.5 : 1 contraction ratio; (c) y = 3|3 and-

,

! on : I contraction ratio.
,s

The contraction and expansion have different analytical expressions
i -> ,

for the third term in (2.0) because of the entropy change (which is of the ]
!
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'
third order in the preuure difference) across the shxk reficcted by a contrae.
tion. Actually the difference is zero for y = 5/3 and quite small for y = 7 S.

Reference to Fig. 4 shows that the series in (2.0) convergenlowly except,

! for very weak shxk<. F.ven for a 2 : I contraction the tangent (obtained
3

from the first two terms of (2.0)) very quickly ceases to be a reliable approx.
imation. The addition of another term imprmes the approximation as far
as .11 = 1.1. Beyond this it overestimates and even gives the wrong trend

'

- the right hand side of (2.G) has a minimum at roughly this value of .11.
For 5ttonger contractions the convergence is still slower, and the . cries

i solution fail; completely for very large contraction ratios.
Fig.1(c) shows the limiting behaviour, according to 1.aporte's calcula.

tion >, as the contraction natio tends to infinity. The transmitted shock is
' still of finite strength, and it is not difficult to see that this must be so,

j Laporte uses model 2(b) with the conditions behind the reflected shock
equivalent to those for reflection from a solid wall. In particular,ilp, and a,
are the prennte and the speed of sound behind the reflected shock, then it

'

follous that

(7g) fe , ft. (3P - I)f It - (F - 1)t

fi ft (y - 1)f // + (y + 1) ,'

i

(g,9) d _' , _{{3y - 1)p,It, + (y - 1)} {(y - 1)p:/pi + l}
d' 7((y + 1)/ /f + (y - 1))a

The fluid selocity 93. and speed of sound a immediately upstream of the
'

3

expansion are connected by

2 2
(2.10) 931+ ty-1 ai=y-1 a 8,-

and since 93 = a, this imphes that

n .
*

(2.11) g38=a8= a,83f. y+1
1,

Also, acrow the expansion wave,

2 2 I ''*

14 + 7 _ g 4 " is + 7 _ g 3 = y + 1
2

(2 12) d a a.,,
_

or, equivalently,i

* y=1

2 I I

g, + y - 1 ,1 p4. )T = y + 1,f 2 M ''
(2.13)

(f./ y - I y + lj)
a a.I,

i tbt

,
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Now the velocliy al.d pr$ssure are continuous across,the contact discontinuity
w tht * '.

.

(2.14) A+ ' #' I+' I #
1.- . '

'

as y-Isa Les feJ Y - 1 (F + li 8:

? .

* .
,

,
,

*
9

.

J

,,7 ----

.#

,/, .s
.

' J

.

ft

it a 3 4 5 Iy
Fac. S. The ratio of the pressures behind the transmitted .*nd incident shocks as a j
function of the atach number of the mcident shoc.k; steady statn theory, y =. 5/3

i

and no : I contraction ratio. ...

!.

.. *

In (2.14), e,la, can be obtained in terms of p3 tg from the shock 'ransitionf
relations. It is in fact given by. ,

1

II + II#8 #1 ~ IP ~ II#
(2.15) A=

1- 7 + 1 (P4- {(F + 1)fs/# + (y - 1))''''8

Also p /p, and a*/a are expressible in terms of pgyg by (0.8) and (2.0) !

, respectively, it follows that (2.14) can be used to determine p:/p3 as a
function.of p !pi. Fig. 4(c) shows the result of such a calculation.

fl A further interesting property of this, limiting solution for infinite contrac-
tion ratio is that a shock of substantial strength is transmitted, according tod
this rnodel, even when the incident shock is weak. For in the limit of a weak
incident shock a. - a , p. - p3 and so equation (2.14) gives3

' } '
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r-s
I 1T

I 2* (y + 1)teh- (y - 1) 2 f3
yTT [& WE|) pit, + (y - l)}" + y - 1 & ..

'

'

f g t it8
; = y .:. 3 I j
,

,

(2.10) y - I ty - 1 1
,

|
When y = 5|3. (2.10) gives p3Iti, = 1.453. This feature of the sc>lution is
not brought oui in Fig. 4 and accoru;.ylv p3|p, is shown in Fig. 5 a< a fune-,

tion of the .\lach number of the incident shock.
A comparison of the three curves in Fig. 4 shows that the ratio of the

pressure differences across the transmitted and incident shocks initially
decreases with increasing shock strength, and reaches a minimum at roughly

.11 = 5 for the 2 : I contraction and M = 4 for the 5 : I and m : I contrac.
After the minimum the ratio rises to its asymptotic value shown bylion.

the horizontal broken hne in the figmes. This in:rease is quite small. In
i fact for M > 3 the ratio changes by only 0.4*/, of itr.cif for the w : 1 contrac-

tion, and the change is even smaller in the other two cases.
The strength of the transmitted shock is very sensitive to the contraction,

rati for ucak shocks. There is, however, a marked decrease in sensitivity
j

wher, the shoch is strong. This c*.n be seen from Table 1, where the values
of (f3 - pg)/(f 2 - fi) are shown, for various contraction ratios, in the
limit as .tf --. m.

.

THE Lant:sa W . css. As M ~ eu or tut R Atto rir tut Patssens D.r.TAritz 1

f
ptkENCES ACROSS THE TRANE\lltTf D AND INCIDENT SHocht. brE 4DY ST ATE T.(Kokv

-

(P - ; i !(f's - 3 .,l
-

Contraction flatio
. | y = SI3 y ijs

*

.

2:I 1.::60 1.046!

j 5:1 L492 1.374
'

<= t ' l.*02 1.511

4

Laporte's deailed calculations also show th:,t there is a transition from
1.Me! 2;a) to ra.4i. 2(b) s.l.en M is abm.:t '.'.4 for the 2 : I contraction,;

j ana ::.1 los the 5 I contraction (Laporte's calculations are all based onj
these two modcly. .

Iinally it appears shat the contact discontinuity between regions 3 and 4
,

is insignificant except for ury strong shocks. In the range 2 < M < 7 the
density ratio (p/p3) across tias discontinuity varies between 1.03 and 1.00

|
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i
f-

of the transmitted shock has a minimum, and there is another turning point 6.0
; * '

at M = 1.18. The calculations were not sufficiently detailed to make reliable

, l predictions, but it is possible that the turning point at M = 1.18 is asso- ,

ciated with the onset of sonic conditions
4 s 5in region 6, and that at M -1.5 with thej

entry of the stationary shock into the
i a

,

downstream section. There is, however,
no conclusive evidence that they are in

4
,

fact connected with the transition between#

the models of Fig. 3.
The results agree well with Parks's ($,$)

.

i

experiments using a 1:4 expansion
y and incident shock strengths within 3 j

I /. the range 3 < M < 5 [l')). Note that'
#

1 (f - ti)/(t - ti) approaches its asymp- ,
totic value for large M much more slowly 4.

then fer a contraction, a
'

g Fig. 7 shows the limiting value of
(f - ti)A l(to - ft)As as A /A - oo.i i4

3 [' It was assumed in the calculations that ,

[j the stationary shock in the transition sec. , , 3 3y
M.

tion never moved into the downstream
,

section, so that the downstream flow was Fio. 7. The hmiting value, as
everywhere subsonic. l A l(p.A l A, - m. of (p - pi ii

Note that Figs. 6 and 7 show the _ p,33,: iteady state theory,
expansionsame qualitative behaviour for weak y - 7/s and t: ao

ratio.*'
shocks.
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j its generality Chisnell's theory deals more ap e 4tely with the contin.
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