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ABSTRACT

This discussion concerns analyses of physical shock-tube and shock-boundary layer
interaction experimsnts, supplemented by computations. The basic issue iz thet of
evaluating the infiuence of reflected shock waves on enhancing the balance of turbulent
kinetic energy and resultant turbulent materisl mixing during imploslon and shock
reflection intervals. Increases in random velocity smplitudes of a Factor of 5 or
greater implying turbulent kinetic energy incresses of a factor of 12 or more have been
observed in some low Mach lhmber shock-tube snd boundscy-layer shock wave interactioen

experiments. These results are snalyged to estimate their influence on incressed

turbulent material mixing subsequent to shock interaction. The anslyses are developed

with the assistance of two-dimensional, pseudospectral free turbulent fleld shock )

interaction numerical simulations as well as compressible turbulent boundary-iayer

shock interaction calculations. Of particular interest is the influence of Mach Humber
and pre-existing turbulent intenaity on the enhancement ratios. '

I. INTRODUCTION

This paper updates previcus experimental
analyses and results from numerical experimsnts
based on pseudospectral simulations of the two-
dimensional compressible Bavier-Stokes equll'.‘lc:m:.l'2
In sddition to dsta from the most recent numerical
izes the
snalysis of two recent shock-wave turbulent
boundery-layer interaction exparhnnt-.". The
purpose is to develop and verify the data on shock

experiments, the pr t ai ion

enhancesent of turbulence.
At sppropriate Reynolds Wumber, shock waves may
create turbulence. Shocks may also enhance pre-
existing turbulence. The existence of the phenomena
is well recognized (although imperfectly understood)
from observations in shock tubes, supersonic wind
tunnels and high speed flight. This shock enhance-
ment of pre-existing turbulence is a centrsl issue
in attempts to understend shock-enhanced materisl
mixing and t enh d t

T | 4

reaction

rates, accelersted combustion as well as detri-
mentslly accelersted ignition, detonation, and
deflagration pr . The pr work adds
computstional simuistions for situations in which

# fork performed under the auspices of the U.S.
Department of Energy (DOB) by Lawrence Livermore
National Laborstory under Contract Se.
W-7405-EWG-48.
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experinsntel evidence is lacking snd theory sither
suspact or contradictory ralative to availabdle
avidence. The particular focus here is study of:
shock-wave umplification of turbulence at Mach
Wunbers greater than four or five; reflected shock
waves interacting with reslistically vigorous
turbulence relative intensities of ten peccent or
more; and of the quantitative effects on both the
persistence and the dissipation of the amplified
turbulence in the presence of real viscosity.

The presence of shock waves and their gubstan-
tisl influence on turbulence probably has frustrated
experimentslists for over furty years. However,
systematic snalysis appears to have awaited the
study of shock-induced noise. llmu--5 snd
Mbner‘. almost simultaneously, theoreticslly
described the intersction of a shock wave with an
inviscid flow field. Ribner subsequently expanded
his snslysis to exsmine spectrsl interaction chasrac-
teristics and, more recently, to refine spectral
descriptions of imposed and ewplified turbulence.’
It was determined that imposition of sny single one
of three possible flow disturbances: entropy
{random density fluctustions), vorticity {random
velocity fluctuations), or sound-acoustics (random
pressure fluctuations), promotes all three distur-
bances eftsr shock passage. The pre-existing
disturbance is amplified, the wave phase is sltered,
and mode conversion takes place.
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Subsequent theoretical study included the
linearized theory of McKenzie and Westphal who
treated shock intersction in the limit of a
linearized small disturbance theory. They applied
a small disturbance expansion to the shock-jump
c:ondit.ions.B These informative results are
strictly valid at low levels of pre-existing turbu-
lence amplified at a plane, undeformed shock front.

Experimentally, it is evident that shock fronts
deform after crossing a randomly disturbed media,
The resulting pressure-wave breakup on interaction
may lead to substantially enhanced disturbance
amplitudes, perhaps aven greater than those pre-
dicted by the linear theory.g'm Many lmportant
observations have been made in studies of shock-

3,1 Pertinent

boundary layer interaction.
theoretical/anslytical work includes application of
rapid (strain) distortion theory to shock-wave

Unfortu-

nately, unraveling the specific interaction influ-

turbulent boundary layer intauctionn.n

ences from the complicated structure of a distorted,
unstable or incipientally separated boundary leyer
is not inherently satisfactory. It requires many,
perhaps unwarranted, assumptions. Some recent
interpretations are presented here.

Shock-tube resuits, while promising, are, at
present, limited to qualitative flow visualization
information or limited quantitative information.
Unfortunately, the results display substantial
13,14 4150, all of the
presently available shock-tube studies appear to be
limited to modest Msch Numbers (¢ 3.) and low
relative turbulence intensities (< 2%).

statistical variance.

Previous efforts on development of pseudo-
spectral collocation procedures for simulating
15,16 have

provided incentive for the present study of fully

inviscid compressible instability grawth

viscous flows. Viscous flows are examined bacause
of interest in the influence of vorticity diffusion
and viscous dissipation. At present, both
diffusive shock-caepturing and shock-fitting
procedures are baing applied to study shock-wave
turbulence enhmc-mt."'z

The use of shock-fitting with pseudospectral
methods is stimulated by the published results of

studies on inviscid nonlinear shock turbulence
interaction by ICASE and NASA-Langley

scientiata.l7"19

Their pioneering efforts with

the fully nonlinear Euler's equations compare quite
well with linear t.het'n.-y.B at least up to critical
incident shock-wave (vortical) disturbance wave
intersection angles, and with modest levels of pre-

existing turbulence,

II. ANALYSIS OF EXPERIMENTAL BOUNDARY LAYER RESULTS
While three-dimensional vortical influences and
the dominance exhibited by unsteady large scale,
almost periodic, near-surface structures inhibit
straightforward interpretation of shock-wave
turbulent boundary-layer interaction experiments;
continuing serodynamic interest has established a
generous experimental dats buse for comparison. To
make use of these experiments, one needs to provide
8 consistently effective approximation for inter-
preting the turbulent enhancement. The basic
analysis procedure requires systematic application
of compressible, nonsimilar Reynolds-averaged
turbulent boundary layer m:blut:ioma.2 Solutions
must be obtained for the boundary-iayer t

integrals, Bq. (1) at various streamwise stations,
X, upstream and downgstream of the position at which
the shock-wave interacts. Third-order boundary-
layer theory is used to "impress"” the effects of a
shock wave. Impressment consicts of imposing the
influence of shock-genersted vorticity through a
functional variation in the externsl entropy spplied
as an outer boundary condition. The compressible
boundary-layer momentum integral is defined at a

]
streamwise position, x , by:

4
K=X*

In Bq. (1) p is the density and u is the velo-
city component parallel to the wall. The subscript,
=, refers to values at the outer edge of the
boundary layer. The upper limit, &, is the
boundary layer thickness. The distance messured
paraliel to the wall is x while that measured per-
pendicular to the wall iz y. The "wall" is at y=0.

Figure 1 illustrates computed and experimentasl
velocity profiles in the turbulent boundsary layer
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Fig. 1. Measured and computed velocity profiles in
the turbulemt boundacy layer before and
after shock intermction, Ardonceau's
experiments (Ref. 3),
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Pig. 2. Messured and computed velocity profiles in
the turbulent boundary layer before and
after shock interaction, Gol'dfel'd's
experiments (Ref. 4).

bazed on Ardoncuu‘sj experiments at Mach Wo. 2.25
for a wedge angle of 18°. Pigure 2 illustrates
similar results from the Col*dfel‘d experlmentn.

at Mach No. 3 for s Cone Angle of 12° ip axially
symmetric flow. The parallel component of velocity,
o is ratioed to the outer edge velocity, uy,, at

the sppropriste, x station. The spatisl coordinates
x and y are ratioed to the boundary layer displace-
ment. thickness, &,, well shead of the shock
interaction region. Values of x<0 refer to
positions ahead of th shock-wave intersection with
the boundary layer, while values, x>0, refer to
those behind shock-wave intearsection.

Figure 3 summarizes s representative collection
of shock-tube and shock-wave boundacry-layer tucbu-
lence ephancement results. The significant amplifi-
cation of the velocity perturbation level (infinity
designatas ahead of and two designates behind the
ahock front) as well as the wodast Mech Wumber
renge ip typical of tha available experimental datas.

III. WMMERICAL PROCEMIRE
Beglecting bady faorce, flow relations expressing
consarvation of mass, momentus snd energy for a

?

@ Shock tube, Trolier snd Dutly
{\985), Hartung and Dutty (1908)

¢ Boundary tayer-shock
interaction, Matasr snd Viepss (1978)

A Boundery laysr-shack
inwraction, Ardoncesu (1988}
and Mateer, Brosh and Viegs (1978)
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Pig. 3. Experimental observations of pre-existing
turbulence velocity enhancement by shock
waves.
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viscous, heat conducting, calorically perfect gas
are written in two-dimensional Cartesian
coordinates, xi. i = 1,2, for unsteady, nonuniform
density, p(!‘.t) and flow velocity, u‘(x‘.t):

prg + (lelhy, -0, (2)
i £33 43 4§
(pu ),t+(puu +pdd - ).juo 1)

(pe),, + (peueld + pistd _ qja"),‘ -8 =0, (&

whare 6“ - {l' bed .
0, otherwise
Partisl derivatives with respect to time snd
space are denoted by Jubscripts (,t,j), respec-
tively. The pressutre is denoted by p, the specific
internsi ensrgy by o, and the heat flux vector,
qj. is defined by,

3
q” = kee,’ . (5)

where ko is an associsted thermal conductivity
coefficient, and @ is the scalar temperature. The
stress tensor, vu. and visccus dissipation,

&, are obtsined using Stokes®' hypothesis (negli-
gible bulk viscosity),

ij i j ij i
¥ a pl(u ' + U .1) - 2/3 & u 'j! N (6)
L] h*"\r’a"j).1 . (7

For the present computations, all significant
scales of motion sre to be directly simulated. To
do this, the Reynolds Bumber is set at s valus of
3000 by rescaling the viscomity,

u = (pu L)/3000 . (8)

Here the cheracteristic dimension, )\, is the span
width of the computationsl domain. For consistency,
the heat flux vector, eqn. (5) is sppropriately
Jcsled by setting the value of thermsl conductivity
in sccordsnce with s unit Prandtl Mumber,

9)

W~

kg = w(g). Y = polytropic exponent =

For computationsl convenience, dimemsionless
forms of the varisbles are introducsd:

p = p"’/;r2 pu= u°/uz; e a e°/(u2)2 B

Y = (p9.10 2y. a g? 3.
Pt = (9,79 /(pyu,4) s 9 = 9%/ (pu, ) 1o
o= xy = Py - 2o

Here the superscript zeroes denote dimensional vari-
ables, while subscript (2) and the overhead bar
denote average-state values behind the advancing
shock front.

In both shock-fitting and shock-capturing proce-
dures the dependent variables and their derivatives
are given by their spectral representations. A
truncated Chebyshev series cepresents the streamwise
range, X = lo,x*) and a truncated Pourier series
the spanwise range, y = (o.y.l. Symbolicaily the
nth-time epoch state for the function ¢ is given

by:

n P H n .4

e Oy,t) = [ I o (p.mt)T (y) exp {20im™},(11)
p=0 me=0 P z*

where the Chebyshev function, TP(") = col(pco.‘ly).

For the Reynolds Number = 3000 limit imposed,
the modal truncation, P,H = 32, appears adequate to
resolve all of the explicit scales down to the
dissipation range.

In the shock-fitting method, x. represents the
maving shock-wave fromt and is a resl boundary
dividing two computational domains, one behind and
one shead of the sdvancing shock. One determines
the instantanecus position end profile of the
advencing shock front x.(y.t)-x*. in accordance
with the Rankine-Hugoniot conditions and method-of-
12,20 opordinate and
contrsvariant velocity component transformations
sre required for the time developing domain. Other

information is available in separate publica-
1,2

charsctaristice matching.

tions Fast Fourier transforms to phase space
yield the spatisl distribution of variablez and
their derivatives. Inverse tranasforms to configura-
tion space preface evalustion of the nonlinesr
udvection terms. Both procedures are incrementslly
updated in time using & third-order explicit Runge-
Rutts method.

IV, EXAMPLRS OF WUMERICAL EXFERINENTS

The vorticity mwplificetion from an initial
single-wave vorticity pecturbation disturbance
imposed at a 30° sngle to an sdvancing Mach 6 shock



is shown in Fig. 4. This illustrates the spanwise
distribution of vorticity at three specified
locations behind the advancing shock wave. Here
the calculation had continued sufficiently long to
pecmit the shock wave entrainment of the entire
The spatially

integrated vorticity behind the shock wave adjusted

initial vortical disturbance,

for the shock jump conditions, is ratioed to the
total initial vorticity disturbance ahead of the
shock wave to evaulate the shock transmission
amplification.

Figures 5 and 6 illustrate the time-dependence
of this process of shock entrainment of the imposed
downstream disturblhr;e. The figures show the evolu-
tion of spanwise distributions of spanwise perturba-
tion velocity induced velocities st three positions
behind the advancing shaock wave, but at two
succeeding intervals of time. The evolutionary
character of the turbulence enhancement requires
continuation of the calculation for a sufficient
period to insure shock wave transit and entrainment
of the entirety of the initial disturbance.

The noteworthy, shock-fitted inviscid computa-
17-19 404 the

linear t:hmn-ya are compared with the current

tions of the WASA-Langley group
viscous ghock-capturing results in Fig. 7. Computed
results have been obtained up to Mach 10. The
significance of the errors produced when an insuffi-
cient computational time prevents entrainment of the
entire disturbance are illustrated. Compare the
viscous results (open circles) reported previouslyl
to the present results where complete disturbance
entrainment occurs (filled circles).
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Pig. 4 Vorticity amplification st specified
positions behind an advancing plane shock

wave moving st Mach 6.
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Pig. 8. vorticity amplificetion induted velocity
component at various Masch numbers,
comparing viscous with inviscid results.

The differences between these viscous results and

the inviscid rosults, as well as the linear theory,

are also shown. These differences are attributed
to viscous diffusion and dissipation, -lthodgh the

shock-fitting viscous flow procedure requires a

regularization of the shock profile prior to the

remapping in physical (orthogonsl) space. This may
be a troublesome source of numscical error and is
being re-examined.

Figure 8 shows the computed viscous vo;ocity
perturbation enhancement sssocisted with the
vortical amplification of the previous figure.
Again we plot, for compsrison, the linear theory
results at two different, subcritical incidence
angles. The viscous simulations were rum only st a
vortical-wave, shock-wave lncidence angle of 30°.
Also plotted, for convenience in referance, is the
cross-hatched envelope bounding the experimental
shock-tube and boundsry-layer results shown
previously in Pig. 3.

V. CONCLUDING REMARKS

A nunerical procedure for aimulating comwpres-
sible, unateady Mavier-Stokes flow has been.upplied
to s particular turbulence situation for which there
is a puucity of experimental data, The flow simula-
tiong depict the enhancesent of o pre-existing
turbulence field by p of shock w

Results on enhancement currently include both
single- and multiple-wave perturbations. This, is
clearly a very early stage in simulation develop-
ment. The simulations will subsequently approach
reality more closely by initiating with a random
wave packet. A larger Reynolds Number will then be
imposed (with a correspondingly increased-modal
truncation limit, perhaps 1282, to reproduce,
with reasonable integrity, some of the spectral
characteristics an initial turbulence field.

Increasing the intensity level, nonlinear inter-
action, added degrees of freedom, inhomogeneity, and
anigotropy, all preface a significant later step:
the extension of future simulations to three spatial
dimensionsa.

Current results indicate that enhsncement of
initial turbulence enargy by factors of about 20
may occur st Mach Wumbera as low a8 10. It remasins
to be seen whether or not this level of enhancement
alaso is predicted with higher modal resolution,
shock front (fitting) resolution, and a more real-
istic set of initial conditions for pre-existing
turbulenca.

VI. REFERRNCES

1. A.C. Buckingham, “3hock Wave Interaction with
Turbulence. Paeusospectral Simslations” (U),
in Proc. Nuclear Explosives Code Daveloyment
Conf., Albuquerque KM {Novembar 17-20, 1986)
and Lawrence Llvormore Nstional Laboratory
Research Report UCRL-95886 (December 3G, 1986).

2. A.C, Buckingham, “Pseudospecttal Computations
Illustrating Shockwave Turbulence Amplification
in Viscoun Flow", 1ln Bumerical Methods in
Leminar and Turbulent Flow, Vol. 2,

C.B. Taylor, ed. (Pineridge Press, Swansea, UK,
1986), 2.963.

3. P.L. ARDONCRAU, - "The Structure of Turbulence
in s Supersonic Shock-Wave/Boundary Layer
Interaction.” AIAA Journ. 22 (9) 1254-1262,
1984.

4. H.A. Col’dfel'd, "The Structuce of the Super-
aonic Turbulent Boundacy Layer in Its Inter-
action with s Shock Wave", translated from

Izvestiya Aksdemii Mauk SSSR, Mekhanika
Zhidkostil Gaza (5), 75-82, 1985.

5. F.K. BOORE, - "Unsteadv Oblique Interaction of
a Shack Wave with a Plane Disturbance.™




10,

11.

1z2.

13,

14,

15.

16.

National Advisory Committee For Aeronautics
Rept. MACA-TR-1165, 1954.

H.S. RIBNER, - "Shock Turbulence Interaction
and the Generation of Woise." National
Advisory Committee €or Aeronautics Rept, WACA-
TR-1233, 1955.

H.S. RIBNER, - "Spectra of Noise and Amplified
Turbulence Bmanating from Shock-Turbulence
Interaction.” AIAA J. Vol. 25, No. 3, 436-442,
1987,

J.F. McKEWZIE and K.0, WESTPHAL, - "Interaction
of Linear Waves with Oblique Shock Waves."
Phys. of Fluide 11, (11) 2350-2362, 1968,

B. STURTEVANT, - "Shock Waves in Monuniform
Media: Shock Tube
and Shock Wave Research, Ahlborn, Hertzbers,
Russell, eds., 12-23, 1977,

L. HESSELINK, - "An Experimental Investigation
of the Propagation of Weak Shock Waves Through
a Random Medium.” Shock Tubs and Shock Wave
Research, Ahlbom, Hertzberg, Russell, eds.
82-90, 1977,

G.G. MATEER and J.R. VIEGAS, - "Effect of Mach
and Reynolds Sumbers on Normal Shock-Wave/
Turbulent Boundary-Layer Interaction.” AIAA
Paper 79-1502, AIA 17th Flui¢ and Plasma
Dynamics Conf., Willismsburg VA, 1979,

M. JAYARAM, J.-P. DUSSAUGE, wi? A.J. SWITS -
“Anaiysis of & Rapidly Distorted, Supersonic,
Turbulent Boundary Layer.” Pifth Symposium on
Turbulent Shear Plows, Cormell Uniw., Ithaca
¥y, 1-8, 1985.

J.W. TROLIER and R.E. IX'FFY - "Turbulence
Measurements in Shock-Induced Flaws." AIAA
Journ. 23 (8) 1172-1178, 1985,

L.C. HARTUNG and R.B. DUFFY - "Bffects of
Pressure on Turbulence in Shock Induced
Flows.” AIAA Paper No. 86-0127, AIAA 24th
Aerospace Sciences Meoting, Reno WV, 1986.

A.C. BUCKINGHAM - "Numerical Simulstions of
Liquid Propellant Combustion Instability:

Onwset snd Growth." Third Intsrmationsl
Sygvosium on Oun Propellar::. ed. J.P. Picard,
U.8. Army ARDC, Dover BJ, 1984,

A.C. BUCKINGHAX - “Cospressible Two Phase Flow
Instabilities Simulated with a Hybrid Lagrange-
EBuler Pseudospectral Method."
Inte ona. ference

Real-Lifa Gasdynamics.”

Proc. of Fourth
rical Ms ')

in_Laminar and Turbulent Flow, Part 2, eds,

€. Taylor, M.D. Olsen, P.M. Gresho, and
W.G. Habashi, Pineridge Press, Swanszea, UK,
1985,

17. <T.A. ZANG, D.A. ROPRIVA, and M.Y. HUSSAINI -
“Pseudospectral Calculation of Shock Turbulence

Interactions."” Third International Conference

on Mumérical Methods in Laminar and Turbulent
Flow, ed. C. Taylor, Pineridge Press, Swansea,
UK, 1983.

18. M,Y, HUSSAINI, D.A, XOPRIVA, M.A. SALAS, and
T.A, ZANG - "Spectral Methods for the Buler
Rquations: Chebyshev Methods and Shock
Fitting." ICASE, MABA Contractor Rept 172295,
Januacy 1984.

19. T.A. ZANG, N.Y, HUSSAINI, and D.W. BUSHWBLL -
“Numarical Computations of Turbulence Awplifi-
cation in Shock-Wave Interactions." AIAA
Journ. 22 (1), 13-21, 1984,

20, A.C. BUCKIMGHAM - “"A Real Gas Mathod of Charac-
teristics Program.” Douglas Airecraft Co.
Re-entry Gas Dynamics Research Rept SH-38078,

Santa Monica CA, 1960.

ACYROWLEDGHENTS

The writer gratefully acknowledges the timely
comnents and criticisms offered by the "Thursday
Worning Turbulence Working Croup” in A-Division,
Defenge Sciences Depsctment, at the Lawrence
Livermore National Laboratory. The writer also

imowledges with pi e and thaaks te Jay Naecker

for the prompt and careful sssistance in preparing
this manuscript.




