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ABSTRACT

This concerns the observed random changes to shock transitional velocity, density, and temperature 

induced when shocks interact with turbulence. This interaction may be useful as a diagnostic for ascer­

taining the distribution of interaction energy between competitive acoustic, entropy and vortical modes. 

Numerical procedures are used here to supplement physical experiments. The results are obtained from 

use of an "ALE" finite-difference code method with visco-elasticity (SHALE), a hybrid Euler/Lagrange 

pseudospectral method, and a Monte-Carlo random-choice procedure. The latter magnifies the shock front 

transition region generating PDF-transition profiles.

I. INTRODUCTION

In this work, numerical simulations and analyses are used 

to expand shockwave dimensions that are too small or time 

intervals too brief to permit adequate experimental access and 

resolution. The numerical results trace the evolution of structure 

(velocity, temperature, density profiles) within a spatially and 

temporally distorted shock front. Shock distortions develop as 

the shock front advances through and interacts with upstream 

turbulence. Experiments are used to help verify that the 

simulations provide, at least, reasonable representations of 

ensemble averages of a collection of individual shock turbulence 

interaction realizations.

This work continues previous analyses on the interaction of 
shock waves with turbulence.^) Much of the present discussion 

is based on a recent publication which outlines the numerical 
procedures developed for this analysis.^) Conceptually, shock- 

wave interactions couple directed shockwave translational energy 

into turbulence kinetic energy during shock transition. The 

intensity of the turbulence is amplified and its spectra altered.

The changes to the turbulence characteristics are most apparent 

when relatively low Mach Number shockwaves encounter strong 

turbulence. However, some evidence and considerable theoreti­

cal speculation suggests that significant shock enhancement of 

turbulence may be evident at higher Mach Numbers.

were developed at the cost of additional analytical and computer 

effort, using dynamic near shock-front mesh refinement and 

shock fitting. Linear theory (solid line) results are plotted for 

comparison.(3) A cross-hatched envelope bounding experi­

mental shockwave boundary layer and reflected shockwave 

interaction (shock tube) results also are shown to provide 

perspective.
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II. SHOCK WAVE TURBULENCE AMPLIFICATION 

Figure 1 illustrates pseudospectral transform method 

results, using two forms of imbedded shock numerical methods. 

The figure illustrates the amplification of the initial rms turbulence 
velocity, (uj), when a plane shock intersects a turbulent field at an 

incident angle, 8 = 30°. The amplified turbulent velocity, after­
shock interaction is (uj). It is seen to increase with shock Mach 

Number, Moo. The more accurate of the numerical results shown

Fig. 1. Amplification of turbulence intensity by interactive 

passage of shock-wave; numerical and experimental results.

III. SHOCK STRUCTURE
Almost 80 years ago, Taylor (4) illustrated that, to leading 

order, the shock-front thickness depends directly on the statisti­

cally averaged molecular transport properties and inversely on the

shock strength and gas density. The present calculations indicate 
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that we might expect analogous influence on shock thickness, if 

we examine the turbulent eddy exchange processes in place of 

Taylor's molecular-scale transport distributions.

However, more accurate estimates of the energy partition 

that develops between advancing shock and turbulent field 

require consideration of higher-than-leading-order interactions. 

Strong coupling must be properly accounted for between all three 
competing modes (entropy, vorticity, acoustic). Kovasznay's (5) 

seminal analysis of almost 35 years ago implies that strong inter­

active coupling first emerges at the third-order terms in an asymp­

totic expansion. To examine this, asymptotic analysis is applied 

in combination with numerical results to help resolve the details 

of the interaction.

The asymptotic matching results in a compressible series 

expansion of functions depending on acoustic (a), entropy (s), 
and vorticity (®) modes. To third order, the shock thickness, gj 

is given by an asymptotic series of the form

5S= A1eJyc((u),X.M) ^

+ A2e^ve((u>, XM, A3 a + A41 + A5 m + ...)

+ A^ve|(U), ?iMi, A7F(a, S,W,...)).

Here, E1= p_/p+ , is the reciprocal of the shock transition 

density jump and serves as the small parameter in the expansion. 

Interactive coupling of modes occurs at the third order in the 
functions, F. The principal length scale, ^m> is effectively a 

"mixing length” which is developed from the numerical shock 

structure simulations in the absence of adequate experimental 

results.

Examination of the developed attributes and implications of 

the asymptotic analysis is extensively discussed in a separate 
paper currently in preparation.^)

IV. RANDOM CHOICE SHOCK-FRONT DESCRIPTION

A random selection Monte-Carlo procedure is used to 

develop the perturbation distribution functions normal to the 

advancing shock surface in association with a spectral collocation 

procedure, applied spanwise, to represent the tangential flow 

influence of the distortions along the shock. The simulated dis­

tortions are created by interactions with modeled upstream 
random disturbances. Inspired by Taylor's W molecular shock- 

structure concept and the later extensions by Mott-Smith (7) 

approximating the shock-front velocity exchanges by linearized 

combination of upstream, and downstream velocity distributions; 

we develop the requisite turbulent eddy influences on the shock- 

structure distribution functions parallel to shock-propagation

direction. The procedure is based on Bird's W Monte-Carlo 

kinetic theory shock-wave computations.

Linearized integral combination of random valued fluxes of 

mass, momentum and energy, evaluated about preshock (sub­

script, 0) and postshock (subscript, 1) turbulent field produce a 
streamwise (f;), integral finite shock thickness. Velocity and 

exchange scalar flux distributions are computed at a series of 
vertical locations On) along the distorted shock-fiont surface.

At this approximation level, we define the mean shockwave 
velocity, UNj with zero variance. Random flux exchange inte­

grand contributions, <|>(o) ~ ‘t’O) are defined for the streamwise 

shock transition realization computations, based on assumed 

(turbulent) randomness of both preshock and postshock material 

velocity components:

q(i)= <<q(i)(Mean) + q(i)(Perturbational), (2)

where

2
q(i)=u(o+v(d' o)

and

<^,(i)=(u,(i)-"N)-
(4)

To represent the collective random flux exchanges, the 

transition realization (£, wise) contributions to the integrals of 

mass, momentum and energy are formed. These are identified 

by the symbol, J . In addition to the random velocities, we also 

identify transported passive scalars: density (p), internal energy 

density (e), and through an appropriate equation of state, the 

pressure (p), viz.

P(5) = P(p,e). (5)

In the test calculations, an ideal gas equation of state was 

used, with the polytropic exponents, 7/5 (conventional) or 5/3 

(turbulent "model" gas) assigned. J contributions are evaluated 

on integration over a finite shock width, S3 (to be determined). 

Conditionally, conservation requires that, over the integral range, 
[^-8/2,^ 8/2],



(Mass)dM(y =p0<|>o-Pi<t>’i 

dMu(y = (pou'0)ii)'o-(p,u'1)(t>,1+p'o-p/i (Momentum)
J s 2 2

dMEiy = PoPo^ o - PiQ i (t’ l + 2 (poeoijj'o - Pi 61 ^’i)

+ 2(p0u'0-Pi u',) (Energy)
(6)

The discontinuous, mean shock jump conditions are met as an 

integral constraint.

5<u)

To complete the system for integration, a global constraint 

on the tangential material velocity, that is exact in a stationary 

system, is applied in accord with central limit considerations for 

the random velocity field.

Fig. 2. Velocity standard deviation for several realizations taken 

at various positions along the turbulence distorted shockfront 
shown as a silhouette (Ms=3.0).

vo = vi, viz., one invokes
5i = <qi>,i = 0,l. (8)

Equilibrium molecular thermodynamic consistency is assumed, 

permitting Eqn. (5) to represent the state globally.

Each of the distortions along the shock front contributes 

both streamwise and tangential (parallel to the vertical axis) 

perturbational components. The contributions of the ensemble of 

realizations over the entire surface is effectively combined by 

computing momentum, mass, and energy integrals over the two 

dimensions of a finite-thickness shock surface. The normal 

integrations include derivatives of both tangential and streamwise 

fluxes evaluated in phase space then transformed back to 

configuration space using an EFT collocation procedure.

The stationary values of the tangential derivatives are 

obtained by applying the influence of distorted shock geometric 

surface functions. The surface functions. A, must be continuous 

and analytic, at least through second derivatives.

■J — J I A, A.-fy P> e.
(9)

Fig. 3. Velocity standard deviation for several realizations taken 

at various positions along the turbulence distorted shockfront 
shown as a silhouette (Ms=6.0).

right. Figures 3 and 4 are developed from results at shock Mach 

Numbers of 3 and 6, respectively. The distorted shock fronts are 

obtained separately from pseudospectral collocation calculations 
(9) or discrete Lagrange/Euler SHALE calculations.^)

to satisfy consistency and realizability of vorticity evolution at the 

continuously distorted shock surface.

Each random exchange distribution is considered a single, 
instantaneous realization for the streamwise E, distribution 

profiles and consequent integral-length scales. Figures 2 and 3 

show a superposition of realizations taken at randomly selected 
shock surface (q) levels. The separately computed, distorted 

shock-front surface is shown as a shock-front silhouette on the

V. VISCO-ELASTIC RESPONSE

Emphasis also is placed on the modeling of the turbulent- 

field response to shock transition with a kinematic model. The 

model form should permit efficient implementation and appli­

cation in existing computer codes for prediction of the shock- 

turbulent amplification process, and its temporal persistence after 

the shock front moves away.



Current attention has been placed on a linear visco-elastic 

response model for the shock-amplified turbulent process. Its 

relationship to the dynamic response and relaxation of the turbu­

lent field, as well as its relationship to artificial "viscous" 

damping term(s) used with shock-capturing schemes on discrete 

mesh simulations, are currently under study.

Figure 4 illustrates the apparent redistribution of turbulence 

kinetic energy based on the random choice procedure averages in 

comparison to a visco-elastic response model applied at the shock 

wave. In addition, we show results of a kappa-epsilon conven­

tional turbulence single-point closure model and a more or less 

conventional shock oscillation damping artificial viscosity model, 

"Q". All results are remapped to a common shock thickness, As, 

to assist comparison.

K-e Closure 
model.

Viscoelastic 
response model

Initiated by 
MC shock
Interaction averages

M_ =2

(XuNominal = 10-3 m)

Shock thickness units, a, x to3

Fig. 4. Comparison of turbulent kinetic energy profiles through 

shock transition as predicted by Monte Carlo results, visco-elastic 

response model results, and simple application of an artificial vis­

cosity, Q, model. Mach No. = 2.0. 

response model results, and simple application of an artificial 

viscosity, Q, model. Mach No. = 3.5.

Figure 5 repeats the numerical simulation (experiment) 
initiated in Fig. 4, but for a stronger M«. = 3.5 shock strength. 

Results currently have been obtained for analysis up to a Mach 

Number of 8.

VI. CONCLUSIONS

The effects of Mach Number appear to favor a coalescence 

of interaction times and length scales between entropy, vorticity, 

and acoustic modes with increasing Mach Number for energy 

transfer in shock-turbulence interaction. This convergence of 

scale sizes, however, probably does not persist indefinitely and.

Q ■ to
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Initiated by 
MC Shock 
Interaction 
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Fig. 5. Comparison of turbulent kinetic energy profiles through shock transition as 

predicted by Monte Carlo results, visco-elastic response model results, and simple 
application of an artificial viscosity, Q, model. Mach No. = 3.5.

in fact, our analysis indicates a divergence of scale sizes in the 
hypersonic (m > ti) range.

The corresponding amplification rates increase less and less 

with increasing Mach Number and, perhaps, diminish at high 

Mach Numbers to distinct limiting values.

The persistence or duration of the shockwave-to-turbulence 

amplification influence seems to drop off with increasing Mach 

Number and increasing Reynolds Number.

A turbulent subgrid closure model may overcompensate for 

Q in shock-damping, but may be a closer representation of nature 

if both dilatational and deformational components in viscosity are 

included in the shock-front explicit damping model. Linear 

visco-elasticity appears to be appropriate for modeling the inter­

active response between shock and turbulence.
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