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Generating Strong Shock Waves with a Supersonic Peristaltic Pump
R. Menikoff and K. S. Lackner”
Theoretical Division, Los Alamos National Laboratory, Los Alamos. NM 87545

Au axially phased implosion of a evlindrical tube with a phase veloeity exceeling the sonnd speed of the fill
usterial ety as a peristaltic pump which drives a shock wave along the axis. The region hebind the anset of 1he
pliased implosion Torws a converging-diverging nozzle. When appropriately designed the low approaches a steady
state ju Whicl the shoek is plimar aud propagates near the nozele entrance. The steady-state low and 1he ap-
jroich toward it liwve beew derived in aone-dimensiond model. The steady-state nozzle How is well characierized:
wiform aeross the <Gannel, simple and predictable i the nxind direction. The How i the converging section is
very stable imd not affeered by the fow in the diverging section. These properties form the basis of an alternative
shieek tube design which is pot limited in pressure by waterial strength of the tube wall,  Experimems with a
situple design have corroborated the theoretical predictions, A super-shock tube, in which the phased implosion
is driven Ly high explos ces, ean reacie extremely high pressures and energy densities. With a well characterized
drive system, measnrements of the sieady-state shape of the nozzle can be used to determine the equation ol stare

lomg an isentrope behind the axial shock.

1. Iutroduction

A supersonic peristaltic pmap is o means of gener-
aing very strong, plnnar shiock waves in dewse gases or
liguids. This pump works by rdially impioding a shock
tabee in an axially pliased mnnner. The phased implo-
st viegses st constriction 1o teavel sdoug the lengih of
tee talies Sinee the pinee veloeity excesds the sound
speed of the Huid within the tube, n shock wnve forms
am progmgates in fron of the o of maximmm con-
TERIBIR

A\ povsal i e frawe of referenee tricveling ut the
pluese velovity, the Huid low reduces 1o the How through
a vcanverging-diverpiug nozzle, In contmst to the stane
Ll nagele theary, for e supersonic peristnliie puup
the shape el the nozzle is odynnmical degreee of freedon.
Lo i slewder nozzle, e flow is well npeocoxinmied by
the 1D equntions for duet How with the cross cectiod
area varv i in hoth spoee noed time, In 1] it wns shown
Hea the flow appronches nowiahle stewly state, The
shagee of e mugzle, thes position af the shock relative wa
e weezle cntmuee nuld flaid protile Lehitel 1he shoack
vate he acournrely calealated from an ordinary dilleren
tal epation (ODED

Lo sapevsanie peristaltie pumpe extewds the range

al ~lue b tales v shos b wieves ol Tigher densities ael

pressures exceeding the materad sirength of the tnbe
wall. The radial implosion not ouly provides the energy
to drive the shock but also contines the How in the con-
verging section of the nozzle. The How is not seusitive
to details of the driviug conditions. The relative posi-
tion of tle shock is detersuined mainly by the energy
balnnee betwreen the work done wn the shock e by
the radial implosion und the euerpy regaired 1ooadvive
the shock, Farthermore, the converging section ol the
nozzle deconples lrom the How beliind the uozzle throat
nua downstremn Hnetuntions do ot affect the canvery,
ing section of the nozzle. With iy well charaenerized
how and ivhecent stability, the supersonie peristalii
punmp is nan exeellent genernor of strong plnnnr shocks,
Recent work on developing au expdosively driven <hoek
tabe generntor bised on the prineipde of n plaeed im
plsion is veported elsvewhere in 1lase procecdiogs. !
We lirielly outline the 1) model fure the low i the
supersonic pevistaltie pump in section 20 ae sealy
atnte eqaations ure deseribal in section 3. The viar ston
af the stendy sinre solution witl 1o equation of siane
and indtinl working Huid density is nualy 2ol e section
1.\ quasi sivady ndinbatic nppovasimediae desevibagy,
the approach 1o the steady state flow s jaeseuded i
section 5. We conclnde in seetivacte with s disenssina ol

e suqu rsanic peevastaltie panip.

*lhe wanh was suppotted by the S Departinent ol nergy.,



2. Theory

For a siender nozzle with a sonnd =peatl large com-
pared to the implosion welocity of the wall, the low
behind the shock has little radial dependence and is
therefore approximately one-dunensionnl. A 5 shown in
(1] 1he How can be modeled by the duet ow equations

QipAr+Jd.(par) =1, (2.1
Mpdr) + 0:pdAr? + PA) = PO:A, (22
pASY +DapA e+ Plr)==-P04d. (23)

The eross sectional area. A, of the shock tmbe conples
the equations for the Hnid How inside the tube to the
rauiations deseribing the dynamies of the shock tnbe
wall.

In onr model the constriction of a exlindrical tube
is cansed by a traveling pressure pulse ou the ontside of
the shoek 1abe wall

Py:ty= Pilz = rah). (2.4)

wliere », a8 the phase veloeity,  We assume that the
shiock tube wall is thin a1 approximate it by a mass
layer.

The motioa of the shock tnbe wall follows Newion's
law:

N Y
ot He.n=2Rn{l=.n- 20:500]0 (270

Here o s the minss per unit length of the wall,

3. Steady-State Solution

I the fraoe of neference moving with the phnse ve.
lneity, the steady-state salution consists of n stationnry
wnial shoek near the nozzde entranee fullowed by o tran-
saniv ezde ow, Phe stely-siate nozzde llow deter
miaes Hhe Bail pressure as i function of the rndins ratio,
- ol o owith It e ciedins ot te shock from.
Viwae a eritienl rdins ratio. Py s two bengiches, a
sapuwesunic el o subsonie brauch.  The eritienl point
v the sonie peat below whicln there are un stationnry
‘ulllliull-..l

Wee etupliasize thnt 'y el vhe crizieal rdias mitio,
kR, e indepen e al the shape of the nozzle amld
only depend an the equetion of stare of the labl inside
te: bk tule, Copsequeatds. tee slegee of te nogzde
te deterpaned by siphs ordiar dillerential equntion

a4

T | DR [} n!l': I'v 1. (30
Jd - 1

where

D, for -, < &:
PEY(R(:)/R)).  for o€ :< 5 324
PY"(R(:)/R,). for =< :..

The bonudary conditions require 1l B as the initiad
A I

Pi:) =

tube rndins and dR/d: vanishes nt the nozzle entrancee,
Furthermore, at the mininmm ridins which is reached
at 2 = z.. the ow mmst be sonic. Ri:.) = R.. Asia
an cigenxulue problem, the positionn of the shovk from
provides the addirional degree of Treedom necessary 10
satisfy these three bonndary vonditjions simnltanvonsly.

4. Dependence of the Stcady State on
Working Fluid Parameters

For applications it iy desirable to have the axial
shock propagate at the nozzle emrance. This can Le
achieved by nn appropriate choier of the working fluid
density, We have used the sieady state Egs. (3.0 and
(3.2) for a parametric study of the varintion of the shock
pusition with density and the variation of the vprimal
density with the stiffuess of the equation of the state,

For the miodel it is assnmed thian the applied pressare
ouly depends on the distance from the noszle cutrancee,
In realistic npplications, where the tenveliug prossure
pulse is gruvented by a detonntion wnve sweeping along
the shoek tube, the pressure is slightly alfectald Ly the
trmpectory of the tnbe wall,  Here, the lixed pressure
pulse which would be obtained on e rigid -vall provides
oue limiting cnse. The other correspomds tethe epeegy
limit. where the driver supplies o lixed simonut of ciergy
to the shock tnbe. We hinve chiosen tie phiase velaiy
v, = 0L, the initnd wal! rdius By = 10050 the wall e
a = 1 mnl the npplied pressure as ~half™ n Giaassan,
Py =0 for: 5 0aml Pyl - Theapl V')
for : . O with zq = L3 nud Iy =050, Wil unins for
leugth time, mass nnd pressuee of cun ps, g sod M the
madel parcaeters approsimmte the explosively linven
pdinsed inplosion experiment descrild ju {1] Far sim
plivity, we use an idenl gas eqaanon of state e the
wurking fluid.,

In flyure 1. the nozsde shape, the applied poessac:
amd Muid pressure, nnd the aszinl veleny gin the oo
moving, finme ) nnad somand speed age deswag lar a (A}

pas with iuitinl density g - 1005 in tos aptimal cee when
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Flg. 1: Steady-Shark Solution. 5 = 3/3

the axial shock is at the nozzle entrance. This illustrates
two important pointa. First, n suall constriction is snf-
tivient 1o propagate the axial shock; AR/R = 15% for
« = 3/3 Secomd, the tlnid pressnre inside the nozzle
i ek the applied pressure very closely. The devi-
ation hetween the npplied and fAnid pressitres increases
with increasing wall mass.

The relntive shoek position as a function of density
for -+ = 3/3 is shown in ligure 2. With a higher density,
the axial shock fallr Bnek heennse more cuergy is needed
todrive the low. In ligure 3 we viried the density in
otder for the shoek to he at the nogzele entennee for dif-
ferent salues of =0 A stiller equatton of stnte (larger
*1redquires less energy tadrive the low, With a hxed
pressare palse the externn] energy trnusferred to the
warking, fluid varivs with the fAuid purnmeiees heeanse
the shape of the nozzle nud heace [ P9V clinnges,

. Approach to Steady State

The 1 D wodel, Egs. 021 (2310 and (2.5). deseribes
Lienh the steady stite and the appronch to stendy state
aftir the axind shock s formed, The approneh 10
dealy side is characterized by o time constant, For
the 2 D) ondenlntions of the experimem in {1, we hnve
plotted mfigare 1 e pasitionn of the shock front el
tive Tathe onset of the pressire palse after liminatioe,
luel begquency goise i roadneed by the diseretiznion.
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Flg. 3: Relaiive shock positivn s fanecwn of initinl
density for 7 = 5/3 working dnid.

can be seen that the distance from the equilibrinm vosi-
tion decays approximately exponetitially. The time con-
stant decreases as the equilibrimn ix approached from
r = 3.5ps for the range shown in the fignre to r 2 1218
at equilibrinm.

This bhehavior can be explained by a model in which
the low proceeds through a series of quasi-steady states,
The qunsi-steady states are solutions to the ODE,
Eqys. (3.1) (3.2) for which the shock velociy and e
phinse velocity nre different. The sudation of the “cigen-
viine” problan relates the shock velocity to the shock
position. As n resnlt of the stabitite of the axial shovk.
the shock velocity exceeds the plinse velocity when the
shock is hehind its equilibrinm position and falls helow
the phase veloeity for a shock nhead of its vquilibrinm
position.

[ the ndinbntie npproximntion 1he rare of cliange of
the shock position relative 10 the ouset of the pressure
pulse is give by

ol: _

i =r(:z1-r... 15.11
Nenr the equilibrimu position, zq. the right ad side of
ref. (0.1) can be expneded in n Tavlor series and gives
ta irat ogrder (2 = bl /dz(ig). Therefore, the time
constunt is r = =dr,/d:(za). For the experiment in {1].
the 2 D calealation and the guasi-stendy approximation
vivhl the snme time constant within the acewey ol the
valeulrtions.

6. Discussion

The 1 D model nmkes it pussilide 10 vasily surves
the parmmeter spuee fre the ove e a supersonie poei
staltiec pump. For simplicity we have used o nlead
Inw gas for the working huid. Havevsr, our methsal s
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Fig. 3: Deusity as fanetion of = for rhock 10 propu-
gare :d the nozele entranee. Heavy line carrespomls
1u 1 tixedd pressare palse. Light lines correspond to
pressare pulses limited 10 constan euergy.

not restricted 1o am ideal gas. Indeed, in {1} n renlis.
tir equition of state was nsed for a comparison with
experimental data.

Currently, nn explosively driven fast shock tube
based on the principle of a snpersonic peristaltic
is being developal.?3 The inherent stability of the fow
in the converging section of the nozzle resalts in a reli-
alde amd reproducille generator of strong, planar shocks.
In panicalar. the bonndary layer between the working
Huid aned the shock tabe iv swept on the nozzle hefore it
van grow 1o n signiflennt frnetion of the cross-yectional
area of the tale, Henee, the Haid behind the axial shock
is well suited for applications such as the accelerniion of
w projectile 1o ligh velocity for equation of state men-
saremnents or other Bl experinnents.

With a well chiarneterized drive system, the vgaation
al state of the workiug fluid along nn isentrope throngh
the shoched sinte enn be determined by mensnring, the
et 2l sleagee, fon exXamde, witle o lush Xeray. o partice.
alar, tleseerage andinbntic exponeut is determined from
o snte al viedias miio. 1t is noteworthy that sueh a
shuek generatar oprrates in the pressure rauge of imer-
est log the detanation products of o high expdosive.

Findly. there is a siviking similnrity: hetween the
stealy state solution of the model equations for the su
persome penstidtic pronp and the Zeldovich vou Nen
maren Doering ipeade] vquanions fin n one dingensional

Clisgunan Janguet detomsdion wave.® e How in 1he
vapvereange nozde amd the renction zone of w detona

tuae wanve Lotle exhiibin a shock followed Ty a0 smootl
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Fig. 4: Relative shock positiin as fanetion of 1aoe
fur nawmerienl simation of experiment in [1]. The
hesevy line represents an exponential it 10 the calea-
lation.

region of decreasing pressure ending in n state wlhich
is sonic relative to the shock front. The prapagating,
wave in both cases deconples from the uw heliimd the
sonic point. The energy supplied by the applial pres-
sure corresponds to the energy released by the chemienl
reaction,

The theory of the snpersoniv peristaltic pump and
its exprrimental vegiflention have Inid the foundation
for i« super-shock 1ube. This extends the experimen:
tally aceessible range for the study of high pressure and
high tempernture hydrodyunmieal phenomenia. We he
lieve the applications for this new toal will he s varied
s those for gns driven shock tubes,
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