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When the Standby Gas Treatment System is being used for containment
purge with {lows of about 3500 cfm, the ventilation flow from the
storage building will be reduced to about 500 cfm, The split of dilution
flow to the stack fans will be adjusted as neccsasary by repositioning

the control damper in the storage building ventilation system,

Question #2 - The NSP answer to DRI Question #2 of June 3, 1971,

stated in part:
"Caleculations indicate that the overpressure associated

with any shock wave propogating from the recombiner
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,"

Provide the calculational method utilized for compu.ing the shock attenuation
and the design basis for the filtar, Also, a detonation occurring in the
inlet end of the 30 minute delay pipe should be considered,

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




- Sl S

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

that insure conservative results:

(1) The calculations of shock wave attenuation in the various off-
gas pipes are based on data developed in either steel or glass
shock tubes, The internal surfaces of the cfi-gas pipes would
not be as smooth as the experimental apparatus, and rough

surfaces result in increased attenuation,

In addition, ~lbows or other direction changes in piping systems
l would tend to reflect a significant fraction of the energy of

an ircidert shock wave and thus result in significant sttenuation
of the on- going shock wave, However, the calculaticnal model
treats elhows & cquivalent pipe in accordarnce with sub-sonic
pressur: droj .heory and, 8s a recul*, underestimate: the
attentuation in the pipint system,

(2)  The calculaticnal model handles the problem of predicting the
shock wave generated in the 6 inch diameter tranch line off the
42 inch diameter, 30 minute delay pipe in accordance with q
conventional shock tube theory., In such a conventior:l shock
tube, a gas reservoir is pressurizec, and the high pressure
gas is suddenly admitted to the low pressure portion of the
shock tube through 8 quick opening diaphragm, The calcule~
tional model assumes that the high pressure short duration

(< 0,5 millisecond) shock wave reflected from the discharge
end of the 30 minut.: delay pipe acts the same as the high

‘3.
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TABLE 55

Attenuation of Shocks in Tubes
Shock Tube '
Cross Material Driver Gas Heated p:mm M, Au,fu, Distance from |  Reference
Section Gas per meter Daphragm
om m
3-S diam. brass air air 760 104-14 0001 45 Emrich and
Curus
064 x 76 | duraluminum sir air 760 104-14 0004003 45 Emnch and
Curtis
15 diam. -— air air - 1-12 00002 — Lrwch and
Harrson
064 x 76 glass e air 760 114113 0os0m oS Hoover
15 diam. - iy air 38 L] 0009 33 Spence and
Waonsds
95 diam. stainicss steel 11, He air 5-100 5-10 0005 001 e Jones
76 %76 sterl air air 0229 3124 om 23 Bower
25 diam. - double dizphragm air 0-5-5 10-20 00" s Schownayder
He or comtustion
driven
15 diam. aluminum He hezted by 011 17-30 003 S Camm and
and glass | arc dicharme Rose
61 diam. stainless steel | combustion of ir 002 14-24 00007 10 Lin and Fyfe
H.-Op Ny
maxture
51 x18 steel iy Ny ?5-38 25-32 0% 37 Hollycr
51 x 18 steel H, N, 37-1% 25-3)3 0-06-008 37 * Clyer
51 x 51 steel i, N, s 9 0026 55 w ldron
51 x 51 steel i, O, lic con- N, 25 10 V042 55 Waklron
stant volume
burning
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LR steel H.. 0,. He scif N, 25 - oox2 | $5 | Wildna
enitien : i j
$1 x 51 steet H. O MHe N, 25 ‘ 3] 011 1 55 | Waldron
detonation !
51 dram class i, PN 0635 | 49 01402 2 | Tocnmies
5-2 diam Moncl e ' Ar 10 ’ 7 003s . Wiy
S 1 diam glass ', ! Ar 06100 | 4.9 0100t 2 1o vmes .
10 im Bracs e Xe:O; | 1930 | 6y 001 Rk, howsht
: and Pl
25 dian gl " B, | 2350 I s | oe 1 Pobrcr and
Florme
© 76 diam glees M, c, 260 : 38 0+ 002 13 Awn

Aten, C. F., unpublished

Hoyer, . W Univ. of Toronto, Inst. of Aerophysics Tech. No. B (19%6), Effcets of Kinematic Viscosity and Weoe Speed on Shock
Ware Atteraation.

Camm, § Cand Rose, P. B, FPhys. Flaicls, 6, 663 (1961).

Levich, R ) and Cuntis, C. W 1. Appl. Pirys., 24, 360 (195Y),

Faoh, ROE ond Harmson, F. B, Phys. Rer., T3, 1225 (1948).

Hollyor, B, N 2., Univ, of Michigan, Engincening Rescarch Institute (1953), A Study of Attenuation in the Shock Tube.

Foower 11 Lehish University Institute of Reseanch, Measurement by Timed Spark Shadow Graphs of Stock Velocities in the Shock Tube.
Jones, 13, Nut. Adeicory Comm. Avvonant. Teck. Note 4072 (1957,

P, S Coand Fafe, W. L, Phys. Fleids, 3, 235 (1961).

Paber, 1L B and Homie, D, 8. S Chem. Phye, 26, 98 (1957).

Rink. 5. P, Koight, 1.1 and Dofl, R. L., J. € semr. Phis., 34, 1942 (1961).

Schevnayder, C. 1 Jr 1. AcroSpace Sci, 25, 527 (1958).

Speoc, DL AL st Woods, B A in Hiyporsanic Hlow, Collar, A. R. and Tinkler, J., ed. Butterworths, London {1960y,
Toenmes! 3. Py vapublished,

Wodds o, VLY, Univ. of Torento, fast. of Acraphvs. Report No. 50 (1958), J. Acrenaut. Sei, 25, 719 (195%),
Wray, K. L, Disertation, Brown University (1955).
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where v is the distance from the diapliagm, D the i dravie diameter (4
times the ratio of area (o perimeter of the cross sect - nd T the aucava-
tion coellicient which has values between 00 x 10 7 Ln€ L9 10 “un thew
examples. Although T may be expected 1o depoid or 7 0wl D,
significant catsgations.are burd to estahlish from 0

In addition to velocity attenuation ather evidense < . i | abe the
walls conies from measurements of shosk ewrvatur, 1 7 prevssng and
density chiangzes behind th fromt. For shocks of A/, = 2 (a/py = 50) in
pitrogen (35 em diamater shock tube, measuring stion Am fian dias
phragm) at p; = 1/10 atm mcasurements showed i ancroose of density,
pa, Of about 375 per msce in the hot gus hohind the shock.! The increase
was less rapid at greate distances from the diaphragm. Proco e metsicnent
in the same tube were not precise, and although some fucrease miy have
occurred with time in (he hot gas, the change vuw snaier Ui the
experiments] error.® In another investigation® in # tuie ol THom syuare
cross section a decrease in pressure of approximalely 1, per millcsond
was noted (p, = "atm air, poipy o= 15). A small noiow iR ' . asure
behind the shock wis observed by Trimpi and Cohen Iranm rr2asurenients of
the displacement of a thin Jiaphragm. (A(py = P} sppios oately Sy, per
msec for Af, = 2 in air).}
ferometer observing throngh the boundary layers o the andowWﬁ?c of
the rise may have been due to an increased thickness of the ¢ dd layers. This
is consictent with other experiments on shocks in Bry whieh si wed a constant
densitywithin 19 for 100 jscc behind the shock folowed by o small inciease
attributed 10 boundary layer thickening® This effect also must contribute
1o the subsiantial rise in density obsesxe@ by Dufi® 1o Fis ¢ periments m a
2:86 em diarcter tube with low pressure shocks in argon using an electron
beam densitometer. ll;’ptv‘sencd [Lp/(py = p)] = 05" at appec simarely
100 mm betind a sheck of M, = 1'6 witih py == 0-8 mn. Density ard pres-
sure measurcpsenits have been made by Rose and Nelion v thie Mach number
range/&m’for shocks inn air with initial pressures ioin 040 em.? The

™3

§, Mack, J. £, Deusity Measnrenent in Shoek Tuhe Flow with the Clronointesferonicier,
Inst, of Rescnrch, Lehigh University (1934},

. Emricti. R, J, ond Peterson, R, L. Pressuse Variation with 7ine in the Shoek 7, he, Inst,

of Research, Letngh University (1956).

. Huber, I', W, Fitton, C. L. Jr. and Delpino, T, Nat. Adiisory Comm. Aeroncut. Tech.

Naote 1901 (1249),

. Trimpi, R. L. and Cohen, N. 1., Nt ddvisery Conmn, Aeroraet. Ter™. Note ANT8 (1955),

. Palmer, M. B, J. dAnpl Pave, 27, 1108 (1256).

Dufl, R. E. Plys. Flads, 2, 2067 (1050,

Rose, I'. 1. and Nelson, W, Ou tlie E¥fect of Autenuation on Gt Dynantie AMeasurements

Made in Shock Tubes, AVCO Laeictt Research Report 24 (1958).
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4. Relation of diaphragm pressure ratio (p/p,) to shock pressure ratio (1./p,)

In order to have continuity of p and 1, — w, acress the contact surface,
the shack moving into the low pressure gas must aceelerate and compress
this gas to the same conditions of p and 1, — u, produced by the expansion
of the pa. originally «n the high pressure section. This additional relation
mons thet for & given shoek (fived py, 4y = 1) and a specified driver gas
Uived 3) there is only one possible value of the pressure. py, in the high
pressare seavion ol the Lacck tube. Several authors! have desived the relatien
beiween pyip, and 4 p, for the case of ideal gases and constant specific

heats. This is done by eliminating &, — w, from Equation £.2 and Equations
2.28 and 30. The result is

;e
&N ' =221/ 04~1)
aly, = H(L' - l)
E‘ = b l - T u-’."_ TR . ‘. .5.3
S L ,)J_Ei}.&(h:_!m-&)
n=1nvi=1 p
Theve gry ool tnpartant conelusions to be drawn from this result,

cora giver oy aod py the higher the ratio of sound velogities, @, /a,, and the
b gor the 3y the stronge is the shock which is formed. The solid lines in
Figs. 5.8, 5.9, and 5,10 show the Popytequired by Equetions 5.3 and 2.28
to producc a given M, ior shocks in argon. nitregen and acetylene (constant
%) respectively when 3 iTerent pases M., Mc and Ar are used in the high
pressure section. Itis = . that Hy and He produce much stronger shocks
for a given pory. T' - 15 mostly because of their low molecular weight and
consequently hizh sound velocity. H, is more efMective than He but is
sometimes 10 be poiced it may . act with the gas in the low pressure
section.  There is a himitag value of p,'p, as popy inereases. This limit
correspands to the vanishi-e 7 e expression in the bracketin Equation 5.3.
When Equaion 5.3 doe: tiot apply because the specific heats of the pases
vary. the caliuluncn o p oy is somew liat more tedious but still quite feasible,
lu the high pressure <cction the expansion for strong shocks, an almost free
expatsion, cools the {us s much that condensation ean oceur; if the gas is
hydrogen the heds cupacity decreases because the rotational degrees of
freedoin are no Jonger fully excited as is the case at room temperature where
¢, is R, In this cose Equation §.1 may be integrated either numerically or
with an analytical epression for ¢(7) to give the flow velogsity achicved
when H, is expanded from p, to p:* Since only the ratio p,/p, is needed
the results may be wied for M, driver gus in combination with any gas in the
low pressurc section to predict shock strensths as a function of p,/p,. It is

only'nocessaiy 10 calewl ¢ polpy and i, - uy for the desired shock wave in

LoKebes K., Zotsdioen, fir v Sechitokt, Bles. 2, £3511910).
Schumdin, M., Piocic. 2., 30, 61 €193,

Taub, AvH., (in biorker . Vo sunes and Vicicher, Rov. Sei, Inste, 30, R14 (1949,
Poyuian, Woand Shepiend. W C. F,, Proe Kury. Soc. A186, 293 (1946).

. DUt ROE, Thé 1700 of Roal Gaved in @ Shacs Tuke, Univ. of Mach‘;nn, Engin
Rew vih fust. K G50y
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F1o. 5.8. log p.Jp, vs. Mach number for shock waves in
argon. Various gascs in the kigh pressure section (driver
scction). T, = 300"K. Experimental ponts described
in Table 5.3, Curves calculated from Eq. 5.3 constant
y (solid) and (T) (dotted).
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F16. 5.9. log p/p, vs. Mach rumber for shock waves in
nitrogen. Various driver gases. T, = 300°N. [aperi-
mental peints described in Table 5.3, Curves calculated
from Eq. 5.3 constant y (solud) and ¥ T) (dotted)
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Production of Shock Waves

TABLE 52

MDD ELUID ACIENCES

113

Flow Specds and Teriperatures Produced by [xpansions of 11, and He Driver Gas
Initial Conditions are Stat.ovary Gas at 00K

Hyc, = IR Hye, = () Her, = iR
Wy = iy Uy =y o= u
TK | pde mm Pips om Pulps mm
psec JC Jsec
300 1 0 1 0 1 0
275 1-3%6 0280 1-338 027 1-24 0130
250 1983 | 0573 145 | 0%62 158 0266
225 274 0882 2:65 0858 208 0410
200 413 1-208 39 1164 276 0361
175 660 1:555 604 1:479 385 0722
150 13 1927 7 1804 566 0895
125 214 233 1680 214 892 1084
100 468 278 s 248 1559 1292
75 128:0 329 612 284 120 1829
50 529 389 1896 324 882 1-809
40 1155 418 KR} 343 15411 1941
30 3160 450 685 364 e 209
25 5990- 468 1008 376 499 218
20 | 1307 488 1897 389 871 22

In general for a given shock velocity tie agreement of experimental p, 'p,
with that calculated is within a few percent for shocks with Af; < 1.5 but
falls off so that at M, = 5-10 the calculated values are only approximately
one half the experimentally required oncs. In spite of this discrepancy the
calculated curve is very useful for interpolating between experimental poiats.

—ErAdethodsof frerensine-the sirenath-of chook-warves

produced in shock tubes

Resler, Lin, and Kantrowitz! have considered various meth obtain-
ing stronger shocks than those calculuted frum Equatign-#73 with the driver
gas at room temperature. These metheds falLise® two groups, the first of
which involves increasing the sound spe the driver gas, a,. This may be
done by heating the gas in several watS. Effective cxtcrml heating of the high
pressure section is usuall ward, but internal heating by solid heating
elements can be uscfub~Better still is heating by an elccmcal discharge? or by
on. A common procedure is to use a H, driver gas which
small amount of O, and then to ignite the mixture just before the
efphragm is broken. For 127, O, the sound speed in the heated gas is about

1. Rester, E. L, Lin, 8. C.and Kantrowitz, A., J. Appl. Phys. 23, 1390 (1952).
2. Camm, J. C. and Rose, P. M., Phys. Fluids, 6, 663 (1963).
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TABLE 5.3
Data for Experimental Points on Bursting Pressure vs. M, Figures 5.8, 9, 10
: Distance from Range of :
Symbol | Driver Gas Heated Gas Diaphrazm | ¥~ Shock Tube Reference
o H, Ar 3im | 50.9%mm 1 x 18emsicel - | Hollyer, Univ. of Michigan,
‘ Fagincering Rescarcty Busti-
tute Report, 19353
O He Ar I2m 60-90 mm 51 x 18 em steel Heoillyer, Umiv. of Michs
En;meuing Rescareh insti-
tute Reporg, 1952
. H, Ar - 10-150 mm 3-8 em diam. steet Resicr, Lan, oantrowitr, 1.
or brass Appl_ Phys., 32, 1199 (1952)
& H, Ar 2m 0 6-180 mm 5 em diam. glass 1 P. Tocnaws urpublished
s B He Ar Im 06-6 Scmdiamghs J.P.TMW
Y H, Ar 2m 9 25em diam. giags 1P Tocmnics unpublished
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THE PROPAGATION OF SHOCK WAVES ALONG DUCTS 121

linear one. The interaction of the pulses can then be replaced by.a «imple super-
position and the effect on reflection of the small divergence of the walls
can be ignored, for this will be of the sccond order for a pulse in which the
perturbation is alrcady small.  The diffraction problem for a single corner
was solved by Lighthill {17, and the image system which simulatis repeated
reflection betveen two walls vwas studied by Chester 2 Furthermore,
since the poob era ts hincar, the solution for arbitrary (though small) vana.
tions (0 channel width can be obtaned by surmmation over all the clementary
vatiot onsan slope. Thas if the channel consists of two sections of unitorm
wice! yain 4 ty a tansiiion soction of finite length the asymptotic behaviour
of the flow can be deduced, and consists ess utially of a uniform but modified
tansmitted shock and & plane reflected pulse. The theory of shock propaga-
tion described in Section 111 stems from the solution of this problem,

R
ﬁ“\

I Tre duliaction patiern produced by the interaction of & shock wave with a
diverging channcl.

Freeman [8] has also investigated the iinage system in the problem of
the last paragraph and has deduced therefrom that the perturbations behind
the shock are oscillatory in character and decay asymptotically like 4-37,
where d is the distance travelled Ly the shock wave from the transition
producing the perturbations. Freeman a'so shows that the rate at which the
perturbations decay depends, in addition, on the strength of the shock, being
strongest when the shock Mach v ariber is about 1.15 and deereasing sharply
for oth strong and weak shoc .

Another simple exaniple which serves to introduce the subject matter
of this review 1s the problem of an acoustic pulse travelling along a tube of
varying cross section. This is again a lincar problem because the weak
shock can only produce a small disturbance. The restriction to small varia-
Lione in cross-sectional area is, however, no longer necessary. Here two
interesting cases arise, both of which are discussed by Rayleigh [4]. The
first is that of a sharp frunted pulse proceeding along a duct for which the
€ross section varies continuously. At the front of the pulsc the energy
reflected is negligib'e on a linear theory, so that the transmitted energy is
invariant. Since the latter is proportional to the square of the amplitude
multiphied by the cross section, it follows that the amplitude varies inversely
as the square root of the cross section. The result is not true in the rear part

TS e e e e ———————— -



132 W, CHESTER

of the disturbance because the second order effects’ may accumulate to a
significant modilication over a finite change of cross section.  But thi
integrated offect cannot madify the front of the pulse since disturbances ta
the rear travel no faster than the front itself. Such disturbances therefore
never reach the front,

The othicr case is the problem of reflection and transmission at an abrupt
change in cross secticn.  Here the arguinent of the previous paragraph is
no longer valid, for a significant prapartion of energy will now be reflected
by the discontinuity ‘even at the head of the wave. But a simple argument
gives the ultimate behaviour of the transmitted and reflected pulses. Let
the cross section change discontinuously from A, to 4, and let the Mach
numbers of the incident, reflected, and transmitted pulses be respectively
(1 4 8), (1 =8, and (1 + 4). Then continuity of pressure and mass flux
demands that

(1.1) 4+ 4 =4,
(1.2) Agd, — 8,) = A4,

since the perturbations in flow velocity and pressure are proportional to 4
on a lincar theory. These equations imply that

& _ 24
S A+ 4,

which agrees with the previous result only when (4, — A,| < 4,°.

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 {ront of the pulse have no effcct whatever on the front itself.
In the second they are allowed to exert their utinost 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 beteeen these two extremes. 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 Chisnell [5) and
later by Whitham [6, 7). This theory is the main theme of Section 111, and
evidence is offered wlich suggests that Chisnell's hypothesis is sound and
in certain circumstances predicts the variation in strength of the shock wave,
as it progresses, 10 good accuracy. B

(1.8)

* The subscripts have been chosen to be cunsistent with the numbering of the
various flow regions in Figs. 2 and 3, and hence with later equations whirh refer to
more general models. Note that the subscript 2 refers to the wpstream part of the duoct,
and the subscript 1 to the dowssiream part,
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O the other hand, suppoce the duct consists of two uniform sections
cantected by a transition section of finite length. The sheck is then initially
o wiiform strength in the upstream coction,  Ultimately it tends to become
4 ~hock wave of uniform (though different) strength in the downstream sec-
son When this happens the modi/ving effects of the disturbances produced
b the chiange in cross section will have been completed, and the onlv non.
coadiness will be the continual growth of the uniform repion behind the
k. This is the generalization of the sccond of the acoustic problems. The
peddel has been used by Kahane, Warren, Griffith and Marino (8, Laporte (9]
and Parks [10). 1t is deseribed in Section 11

It is naturally of interest to compare the two theones directly, and this
i» done in Section IV, Such a comparison gives some idea of the extent to
wlinch upstream disturbances are capable of inedifying the shock strength.
However it should be pointed out that, in application, they are meant to
describe different situations, Clusnell intended that his solution should be
used only to describe the progressive modification of a shock as it travelled
along a duct whose cross section vaned ‘not too rapidly’. On the other
hand, the method of Section 11 gives the ultimate strength, when the shock
has again become unmiform, after passing through « transition scction of
finite length.

Scetion V coutains some previously unpublished results obtained by
extending the ideas of the previous sections to deal with the progress of a
shock wave along a duct in which a steady flow is already established.
Thete it is found, for example, that the pressure difference across the shock
has a maximum where the steady flow is subsonic, the precise cross scction
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 ¢! Section V',
Itis shown that if such a disturbance is imtially moving upstream it continues
to do so and decreases in strength. If it is initially moving downstream it
continues in that direction, but its strength may increase or decrease.

11, Tue Steapy-ST1ATE THEORY

1. Discussion of the Model

In the theory described here the channel will always consist of two
swchions, cach of uniform cross-sectional arca, joined by a transition section
of finite length. Only the ultimate flow wiil be considered, when conditions
behind the shock are independent of the time and the shock itself is moving
dlong the downstream section with uniform speed and strength.

To set up a model which describes such a flow it would seem natural to
keneralise the argument used for an acoustic pulse. This would imply a
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transmitted shock wave, and a reflected shock Wave or rarefaction wave
according as the transition is & contracrion or expansion. The flow betweer
the two waves would follow the known behaviour for steady flow in a duct

—\ —y
| -
-
) « 1 T’. ?
W M M e B Ms M
T =
' ' o ’ ' TRk
l -
w Myl M > W My R ey >

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

Such a model, however, is not sufficiently flexible in the general case,
and will not allow the transition relations across the two waves to be satisfied
sin.altancously with thie relations which the flow must satisfy through the
area change. It is in fact necessary to inciude a contact discontinuity in the
downstream 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,

The above argument suggest the models pictured in Figs. 2(a) and 3(a)
for a coniraction and an expansion respectively. But these 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
downstream of the contraction if the upstream flow is subsonic, and calcula-
tions show that for sufficiently strong shock waves the model shown in
Fig. 2(a) 1s not consistent with this fact. Laporte (0" proposes model 2(b)
in such cases. Here a simple wave begins at the end of the contraction,

* where sonic velocity is just reached. Supersonic flow upstream of the
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
this flow to remain supersonic even after the contraction. Then no reflected
disturbance is produced which is strong cnough to move upstream. In
addition to the transmitted shock and the contact discontinuity, this situa-
tion is completed by an cxpansion wave facing upstream, but convected
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downstream as in Fig. 2(d). Fig. 2(c) illustrates an intermedigte case in
which a stationary shock wave appears .n the transition section itself. The
«tuation in the downstream section is qualitatively similar to that in Fig. (2b).

I
[ |
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Fio. 38 Interaction of a shock wave with an cxpansion; steady state theory.

The corresponding possibilities in the flow through an expansion are
shown in Fig. 3. #or incident shock strengths below a certain eritical value,
the model differs from Fig. 2(a) only in that a rarefaction wave is reflected
mstead of a shock. As the strength of the incident shock increases, the Mach
number of the flow downstream of the reflected wave also increases wnti!
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 dovwnstream [Fig. 2(c)). Finally the expansion wave in the up-
stream section can disappear entirely giving Fig. 2(d).

Not all of the flow regimes which hav: been described are necessarily
actainable 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 Mach numbers upstream and downstream of such a
stationary shock be M, and M, respectively. Then, by the shock transition
relations =

(y = DM, 42
2 YO ¥ Sl e (NS
1) M, SyAlT = (y = 1)"

vhere y is the adiabatic index, It follows that M, is a monotonic decreasing
function of M,. Since M, cannot exceed {2/y(y — 1)}, whichi is the limiting
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value of Al, as the strength of the incident shock tends to infinity, (24,
implies that

2y ~ U8
Y3 —y)

Now the area, Mach-number relation for steady flow through the contrac.
tion is '

29 Mo >

23)

" Pﬂ
. ﬂ’- ﬂl{"" (y :_l_).\],'} ty=1)
A N 2+ =TN0F

where M, is the Mach number at the downstream end of the transition
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) with
My = {20y - 1)/y(3 - YII'V® and M, = 1. This gives

1
AJAy = (y = 1)~ (2/y3 — =1,
(2.4) =101  for ymqs v
= ]1.040 for  y=8/3

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 s always
some upstream influe ce.

It is, howsver, interesting that the critical condition for model 2(d) is
slightly less restrictive than (24). For this model the area, Mach-number
relation for steady flow through the transition section is similar to (2.3) but
with M, replaced by M,. Substitution of the limiting value of M, namely
(2/vly ~ 1)), in this relation, together with My =1, gives

——

Ay = (y = )22/ =T,
(2.5) = 1.543 for y=17/5,
= 1.07% for y=p3.

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 from 2(b) to 2(d) unless the
contraction ratio is less than the value given by (2.4).

The various models contained in Figs. 2 and 3 seem to cover all the
possibilitics 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 caleulable from, and consistent with, the imitipl
conditions and the known phusical limitations for such flows.

The procedure for calculating the strength of the transmitted shock is
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 § depends
on that in region 2 and one other parameter — say the strength of the
transmitted shock. The flow in region 4, which is deducible from that in
region & and the relations for steady flow through a duct, is also dependent
on this parameter. By its elimination, a relation can be obtained connecting
thie oressure and velocity in region 4. Since the pressure and velocity are
sontinuous through the contact discontinuity, this relation persists in region 3.
Togcther with the known flow ahead of it, this is just sulficient information
to determine the strength of the transmitted shock. The actual computation
reguires the use of simple numerical techniques. The details are omitted.

2. Discussion o the Resulls

The results of some numerical calculations are shown in Figs. -7,
Fig. 4 was constructed from calculations made by Laporte [9] for contraction
ratios of 2 : 1, 5 :1 and e : 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
tangent to the curve at the weak shock end of the scale. The latter is 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 first three terms are given by

_Al+Al_?8_Pl_l“3-7,‘ o il

My PN &y 1+ 4,4, e
Peip L-agk, 1 8 |
T T AAT [ O+ 24 = T+ 2449 +
(1 —.4,/A,)'( 1 _l)]] = 28
- A5 Ay G+~

* The pressure difference across the shock, rather than the pressure ratio, has been
chosen as a measure of its strength since the ratio is urisuitable for weak shocks  The
Mach number of the incident shock is, however, used as the avscissa, because it gives
more prominence than the pressure difference to that part of the curve which describes
the weaker shocks, This is where most of the vaniation takes place. There is, of course,
8 simple relation, (27), between Mach aumber and pressure dilference.

e e —— - —— o — s —
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where ¢

2y
27 t=1l=plp—1e= y+1 (M* = 1),

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

ie. Ay< Ay In these equations (py — #,) and (py — #,) are respectively
the pressure dilferences across the transmitted and incident shocks, and M

is the Mach number of the latter.

e \ v
ot \-—-—EL_ = o

TN

Fic. 4. The ratio of the pressure diffcrences across the transmitted and incident shocks

as a function of the Mach number of the incident shock . steady state theory. (a)y = 33

and 2 : | contraction ratio; (b) y = 5/3 and 5 : | contraction ratio; (¢) ¥ = 33 and
w : | contraction ratio

The contraction and expansion have different analvtical expressions
for the third term in (2.6) because of the entropy change (which is of the
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third order in the pressure difference) across the shock reflected by a contrac-
tion. Actually the dificrence is zero for y = 5/3 and quite small for y = 7 5.

Reference to Fig. 4 shows that the scries in (2.0) convergesSlowly except
for very weak shock<. FEven for a 2 : ] contraction the tangent (obtained
from the first two terms of (2.6)] very quickly ceases to be a rcliable approx-
imation. The addition of another term improves the approximation as far
a« M = 1.1. Beyond this it overestimates and even gives the wrong trend
= the right hand side of (2.6) has a minimum at roughly this value of A,
For stionger contractions the convergence is still slower, and the scries
solution fails completely for very large contraction ratios,

Fig. 4(c) shows the hmiting behaviour, according to Laporte's calcula-
tions, as the contraction ratio tends to infinity. The transmitted shock is
still of finite strength, and it is not difficalt to see that thus must be so.
Laporte uses model 2(b) with the conditions behind the reflected shock
cquivalent to those for reflection from a solid wall. In particular, if p, and a,
are the prescure and the speed of sound behind the reflected shock, then it
follows that

(28) Po _ 1 By = Dp/p, ~ l)
Hi h ()'—”P:Pn T()‘+l
(2.9) o 18y = Dipy/py + by = D} {(v — Nipyity + 1)
“1 iy + 1) 1yt f'x + iy l”

The fluid velocity gy, and speed of sound a, immediately upstream of the
expansion are connected by

2
210 1 L
10) ) q,+y_!a. y—l"
and since g5 = a, this imphes that
2.11) @t =at= i a,t.
y+1

Also, across the expansion wave,

2 2 y+1[ 2 \'*
212 - SPRESY S D
=12 ¢;.+"_l q,+r % = l( ) aq,

or, equivalently,

-1
. 2 i{ &
2.13) AP ;’:) o &AL (;N_l) a.
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Now the tlocicy alid pressure are continuous across the contact discontinuity
0 that

(2.14) , 2 sk

Y - L lfl
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-\
1 (_2_)"’ (y+ b=y =1 2 (g_, L
55y Deibp+o=0" y=1\nl .

: a \n

2.10) -1 (._'__)

¥y~ | y v 1
When y = 53, (210) gives po/py = 1453, This feature of the solution is
not brought ous in Fig. 4 and accotu2r1y Py P is shown in Fig. S a<a fune-
tion of the Mach number of ihe incident shock.

A comparison of the tjree curves in Fig. 4 shows that the ratio of the
[ressure differences across the transmitted and incident shocks initially
Jecreases with increasing shock strengtl, and reaches a minimum at roughly
Af = B for the 2 ¢ | contraction and M = 4 for the 5 : 1 and o ! | contrac-
tion. After the minimum the ratio rises to its asymptotic value shown by
the horizontal broken hine in the figures. This insrease is quite small. In
fact for M > 8 the ratio changes by only 0 4%, of itself for the oo : ] contrac-
tien, and the change 15 even smaller in the other two cases,

The strength of the transmitted shock is very sensitive to the contraction
rati. for weak shocks. There is, however, a marked decrease in sensitivity
when the shock is strong. This ¢on be seen from Table 1, where the values
of (py = PPy — £)) are shown, for various contraction ratios, n the

himit as M ~ =

Tasre | Tue Limtivg VALUSS, AsS M — o, 6F THE Ratio of THE PRESSURE D.r-
PEKENCES ACROSS THE TRANSMITTED AND INCIDENT SHOCKS., STEALY STaTE TAEORY

By = o M(Pg =2 .

Contraction Rato

y =53 y= 78
B 1.260 1246
| 1492 1374
w "' ) 708 1.311

Laporte's detailed caleulstions also show thut there is a transition from
nadel 2:a) o model 2(b) wiea M is avout 2.4 for the 2 : 1 contraction,
ant 21 for the 5 :1 cuniraction (Laporte's cale alations are a!ll based on
(hete two modeis). -

Finadly 1t appears Jhat the contact discontinuity between regions 3 and 4
is insignificant except for very strong shocks, In the range 2 < M < 7 the
density ratio (p, p,) ACToss uis discontinuity varies between 1.03 and 1.0€




THE PROPAGATION OF SHOCK WAVES ALONG JUCTS 138

of the transmitted shock has a minimum, and there is another turning point
at M = 1.18. The calculations were not sufficiently detailed to make reliable
ictions, but it is possible that the turning point at M = 1.18 is asso-
ciated with the onset of sonic conditions
in region 5, and that at M = 1.5 with the &
entry of the stationary shock into the .
downstream section. There is, however,
no conclusive evidence that they are in
fact connected with the transition between
the models of Fig. 3. .
The results agree well with Pll‘k-l'! H{,’
experiments using a 1 :4 expansion

L3

and incident shock  strengths  within lrv
the range 3 <M < 5 [19]. Note that Il /
(pg = £))/(pg — #1) approaches its asymp- y

totic value for large M much more slowly
then fcr a contraction,

Fig. 7 shows the limiting value of
(py — POAY(By = P1)Ay a5 AyjAg ~ .
It was assumed in the calculations that

|, the stationary shock in the transition sec- ) 3
tion never moved into the downstream
section, so that the downstream flow was

L] -~
, everywhere sdbsanie. hc‘, 7. The limiting value, as
N h F 6 d 1 show 4,04y < =, of (pg = p)A,/(Py
ote that Figs. an show the ~ p )4y steady state theory
same quahtative behaviour for weak y = 15 and 1: = expansion
shocks. ratio.
{
' HH—Ernreverr-e-—Furony
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' Aol Tl Ty .
theory described in Section 11. Although the results of the !
: are in fact verified when the area change is small (see
its generality Chisnell's theory deals more a
. novsly changing shock strength as a
uf the duct occupied by the shy U any particular instant
¥ The problem is hir Sidered for a small change in cross-sectional
' area. Chisnell’ gnsion to arbitrary areq «harges iv then explaimed wnd

o estimates of the accuracy of the result, by Chisnell 5" and
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