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Analytical scalings of the linear Richtmyer-Meshkov instability when a rarefaction is reflected
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The Richtmyer-Meshkov instability for the case of a reflected rarefaction is studied in detail following the
growth of the contact surface in the linear regime and providing explicit analytical expressions for the asymptotic
velocities in different physical limits. This work is a continuation of the similar problem when a shock is reflected
[Phys. Rev. E93,053111 (2016)]. Explicit analytical expressions for the asymptotic normal velocity of the rippled
surface (6v7°) are shown. The known analytical solution of the perturbations growing inside the rarefaction fan
is coupled to the pressure perturbations between the transmitted shock front and the rarefaction trailing edge.
The surface ripple growth (;) is followed from ¢ = 0+ up to the asymptotic stage inside the linear regime.
As in the shock reflected case, an asymptotic behavior of the form v;(¢) = Yo + 6v°t is observed, where ¥
is an asymptotic ordinate to the origin. Approximate expressions for the asymptotic velocities are given for
arbitrary values of the shock Mach number. The asymptotic velocity field is calculated at both sides of the contact
surface. The kinetic energy content of the velocity field is explicitly calculated. It is seen that a significant part
of the motion occurs inside a fluid layer very near the material surface in good qualitative agreement with recent
simulations. The important physical limits of weak and strong shocks and high and low preshock density ratio are
also discussed and exact Taylor expansions are given. The results of the linear theory are compared to simulations
and experimental work [R. L. Holmes et al., J. Fluid Mech. 389, 55 (1999); C. Mariani et al., Phys. Rev. Lett.
100, 254503 (2008)]. The theoretical predictions of §v° and Yo, show good agreement with the experimental

and numerical reported values.
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I. INTRODUCTION

The Richtmyer-Mehskov instability develops after the
refraction of a planar incident shock across a rippled contact
surface [1,2] and has been continuously studied during the
last 50 years, due to its importance in several fields like
inertial confinement fusion (ICF), high energy density physics
(HEDP), shock tube research, and astrophysics [3-32]. In
Fig. 1, we indicate the flow quantities immediately after the
incident shock refraction at the material interface, for the
situation in which a rarefaction has been reflected back to
the right. For r < 0, an incident shock comes from the right
(fluid b) with velocity —D; X and arrives to the contact surface
(located at x = 0) at t = 0. It has compressed fluid b from
050 t0 pp1. Pressures behind and in front of the incident shock
are p; and pg, respectively. We assume inviscid fluids with
an ideal gas equation of state (EOS). The specific heat ratio
is ¥, to the right of the material surface, and y, to the left.
The fluid velocity behind the incident shock is U;. We define
an incident shock strength parameter z; = (p; — po)/po as in

[33]. The initial sound speed of fluid b is cyo = /¥ Po/ Ppo-
Therefore, the incident shock Mach number is [33]

D, 1
M; = =L = 1+MZ

Cpo 2y

i (D

On the other side of the contact surface, the preshock density

is pa0 and the preshock sound speed is c,0 = /YaPo/Pa0-
The preshock density ratio at the material surface is defined

as Ry = pao/ppo. We will only consider cases in which a
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rarefaction is reflected to the right at + = 0+. As discussed
in [15], for given values of the isentropic exponents y,, ¥,
and the incident shock Mach number M;, this will happen for
small enough values of the preshock density ratio: Ry < R,
where the expression for R is given by

Yo(ys + DM?
Ya — Vo + Vo(Ya + DM}

For the case Ry = R|/ there is no reflected shock and only a
transmitted shock is driven into the fluid to the left, a case called
total transmission. For equal values of the isentropic exponent,
Ya = Vb,itis R = 1.Fory, # y,, R{/ could be above or below
unity and a rarefaction is always reflected if Ry < R{/. We
assume that the contact surface is initially rippled in the form
W;(y,t < 0) = ycosky, where k = 27 /A is the perturbation
wave number, and A is the perturbation wavelength. In linear
theory, we assume ¥y < . After the time t = 24/ D;, which
we assume vanishingly small, the incident shock disappears
and a transmitted shock is driven inside fluid a while a
rarefaction fan is traveling back inside fluid b. We describe
the different wavefronts in Fig. 1 where we have indicated the
zero order background velocities. The contact surface moves
to the left with speed —UX and the transmitted front travels
to the left with velocity —D, %. The rarefaction region is
composed of a heading front, traveling at the local sound of
speed cp; — U in the laboratory frame, and a trailing edge,
moving with velocity ¢;s — U, also in the laboratory frame.
The final density of fluid b, between the contact surface and the
rarefaction tail, is oy and that of fluid a is p,r. The pressure
between the transmitted shock and the rarefaction tail is p .
The Richtmyer-Meshkov instability (RMI) for the case of a
rarefaction reflected has been less studied theoretically than
the shock reflected case, probably due to the mathematical

R = )
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FIG. 1. Rippled wavefronts at t+ = 0+ when a rarefaction is
reflected from the contact surface. The front and fluid velocities are
indicated.

difficulties associated with perturbation growth inside the
rarefaction fan. The original experiments of Meshkov [2]
contemplated both scenarios which were discussed some years
later by Meyer and Blewett [4] using numerical simulations.
It was observed that the growth of the ripple surface changed
phase in the rarefaction reflected situation and the asymptotic
velocity had an opposite sign with respect to the shock reflected
scenario. They observed that in order to obtain agreement
between the numerical solution and the linear theory at low
compression, an averaged initial post-shock ripple amplitude
had to be used in the impulsive formula proposed by Richtmyer
[1,4]. After that, the problem of a rarefaction wave traveling
alone was analyzed theoretically by Kivity and Hanin in
[17], who found an analytical expression for the tangential
velocity perturbations inside the rarefaction wave. They used
that solution to numerically solve the RMI for the reflected
rarefaction case in [18]. Some time later, Yang et al. [5] have
numerically solved the linear RMI in both cases and discovered
that, in the rarefaction scenario, the rarefaction tail ripple also
showed a linear asymptotic growth, similar to the contact
surface ripple. This problem was considered later in [19] who
studied the behavior of the rarefaction profiles and obtained
analytical expressions for rarefaction tail ripple growth in
different physical limits (weak and strong rarefactions). In
[20], the perturbations growing inside a rippled rarefaction
were also studied based on the solution obtained before by [17],
and explicit analytical expressions for the trailing edge ripple
growth were obtained, valid for any incident shock intensity, as
well as explicit Taylor expansions of the asymptotic velocity
in the regimes of strong and weak expansions. The results of
[20] confirmed the expressions found in [19] in the different
physical limits. Besides, it was shown that the growth of the
rarefaction tail ripple is not of the same type as that occurring
at the contact surface. In [6], the RMI for the rarefaction case
was studied using Taylor series expansions in time, and the
solutions compared very well with existing numerical results.
Further analytical studies of the RMI in the rarefaction scenario
were also done in [7,8,11] with different analytical techniques
and focusing in different time intervals of the linear growth. In
particular, in [11] the asymptotic linear velocity was calculated
with an exact analytical expression. It is known that the normal
asymptotic linear velocity can be written as the sum of two
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terms [10,11]

0 0
Sv>®° = ,Obf(Sbe - paf(svya + _pbf]:b + ;Oaf]:a ’ 3)
' Pbf + Pay Pbf + Pay

where 81)20 and ngb are the initial tangential velocities at both
sides of the contact surface and F,; are spatial averages of
the vorticity profiles generated by the rippled fronts in each
fluid. For a rarefaction reflected inside fluid b, no vorticity
is generated and, hence, F;, = 0. For a rederivation of the
above expression in this work, the reader is referred to
the calculations shown later in Sec. II [Egs. (107)—-(115)].
The F,, averages become relevant for strong incident shocks,
highly compressible fluids, and/or large density contrast at
the material surface. In order to have bounded velocity
perturbation fields far from the interface, we must require

|8vf’°| — |8v§f§ = F,,
[5v7°| = [sv53 =0 @)

because F;, = 0.

Unfortunately, the second term in the right hand side of
Eq. (3) can not be expressed yet in a closed form, as it has to
be obtained after solving a functional equation in the complex
plane, that couples the dynamics of the rarefaction fan, the
contact surface ripple, and the corrugated transmitted front.
This technical complication makes it cumbersome to calculate
the asymptotic velocity for arbitrary values of the preshock
parameters. The validity of Eq. (3) has been previously shown
in [11] inside limited regions of the space of the preshock
parameters. On the other hand, its counterpart with F;, # 0,
in the shock reflected case, has been recently studied in a
wide region of the space of the preshock parameters [10,15].
Nevertheless, for the rarefaction reflected situation, no further
attempt has been made since the first results of [11] to
obtain explicit analytical expressions of the linear asymptotic
velocity, even approximate, in the range of moderate to strong
shock compression, or to present Taylor expansions valid in
the important physical limits of weak and strong shocks, weak
and strong rarefactions, as recently done for the shock reflected
casein[15] orin [21] for a single rippled shock traveling inside
an ideal, homogeneous fluid.

One of the aims of this work is to present an explicit analytic
formula that works reasonably well for weak to strong shocks
and to give accurate Taylor expansions as powers of a small
parameter in different physical limits: weak and strong shocks
and low and high values of the density ratio at the contact
surface. We stress the importance of the vorticity generation
behind the transmitted front, showing the spatial structure of
the asymptotic velocity fields at both sides of the contact
surface, after the fronts have separated away from the material
surface. An analysis of the contact surface ripple growth as a
function of time is also shown and compared to experiments,
where the asymptotic scaling ¥; () = o 4 6v7°¢ is obtained,
in agreement with the findings of [4] or recently of [15].
Bessel series and Taylor series in powers of time are presented
to describe the transient temporal evolution of perturbed
velocities and ripple either at the transmitted shock and at the
contact surface. Besides, the kinetic energy of the asymptotic
velocity field is calculated at both sides of the contact surface
and the importance of the bulk vorticity field is discussed.
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These studies are done for a series of experiments reported in
[12,13,22].

This work is structured as follows: the mathematical details
are given in Sec. II. The background equations are carefully
discussed showing the exact analytical solutions and several
approximations corresponding to different physical limits.
The perturbed fluid equations are described in the different
regions: the fluid between the transmitted shock and the
contact surface, the rarefaction wave, and the fluid between
the contact surface and the rarefaction trailing edge. The
differential equations are briefly reviewed and emphasis is
put to obtain accurate descriptions of the temporal evolution
of pressure and front corrugations. With this scope in mind,
we have made use of analytical results published in earlier
works, when necessary, in order to make a self-contained
mathematical description. There are some features in the
development of these calculations, not published before, i.e.,
the closed analytical expression for the pressure amplitude
function at the rarefaction tail, the Taylor series in powers of
time for the normal and tangential velocities, either at the shock
front corrugation and at the contact surface ripple. As for the
contact surface ripple growth, the asymptotic linear behavior
Yoo + 8v°t is obtained, where the value of v/, is not equal
to the initial post-shock ripple amplitude, as first observed by
Meyer and Blewett [4]. An analytical formula to calculate ¥/,
is provided in the general case. The asymptotic linear velocities
(normal and tangential) at the rippled contact surface are
shown and the iterative procedure for their calculation is briefly
reviewed. The asymptotic velocity profiles in both fluids have
been carefully calculated as a function of the space coordinates
in conditions of strong compression. The kinetic energy stored
inside each fluid has been also calculated, showing the error
incurred in its calculation if we had neglected the vorticity
field inside the fluid compressed by the transmitted shock.
In Sec. III, we compare the exact value of the asymptotic
normal velocity with an irrotational approximation in different
regions of the space of the preshock parameters. Besides, we
discuss the goodness of a lowest order approximate formula
that consistently includes the effect of the bulk vorticity stored
inside fluid a. In Sec. IV, we show Taylor expansions in powers
of a small parameter in different physical limits. In Sec. V,
our predictions are compared with previously reported experi-
ments and simulations. We have found a very good agreement
during the interval of time in which linear theory is acceptable.
A brief summary is presented in Sec. V. Finally, in the
Appendix section, we describe the mathematical procedure to
calculate the asymptotic ordinate 1., and the detailed numer-
ical calculations for a particular experiment. The readers who
do not want to delve at first into the mathematical details might
skip Sec. I and go directly to Secs. III, IV, and V. Of course,
some necessary notation might be required, which is explained
at the beginning of the different subsections inside Sec. II.

II. MATHEMATICAL MODEL

A. Background profiles

As explained in the Introduction and taking into account
Fig. 1, we consider an incident shock that comes from the left
inside fluid b. The incident shock Mach number is given by

PHYSICAL REVIEW E 96, 013102 (2017)

Eq. (1). The ratios of the density and sound speed (downstream
and upstream values) are given by

oot 2vp + (v + Dz (v + M?
— = = (5a)

oo 2w+ — Dz (— DMZ +2°

J@nM? =y, + D)[n-DMP+2]
(7o + DM; '

C
N (AL
Pb1

Cho
(5b)
The velocity U is given by
U iv2 2 1
—L - w2 = (M,»——). ©)
o NVRve + e+ Dzl v+ 1 M;
The downstream Mach number g;, in terms of M;, is

D; — U, (vo — DM? +2 ™
Cpl 2M? —yp + 17
After shock refraction, at + = 0+, a rarefaction fan is formed
that expands fluid b and a shock is transmitted inside fluid a.
The density at the rarefaction head is p,; and it is p,s at its
trailing edge. The sound speed at the rarefaction head is cp;
and ¢y at its tail. We define the parameter M| = cr/cp1, as
proposed in [19], in order to characterize the strength of the
expansion. Due to the self-similar character of the centered
rarefaction fan, all the thermodynamic quantities inside the
expanding fluid are functions of the combination x/¢. As in
[20], we define the dimensionless variable ¢ = x/(cpit) and
the variable A = c/cp;, which is the sound speed normalized
with the sound speed at the rarefaction head, as defined in [19].
It can be seen that the following relationships hold:

Bi

g =v o, (82)
2M —1

et I ¢, (8b)
cct v+l wm+1

where v, is the velocity at a given position inside the rarefac-
tion. The origin of coordinates is located at the unperturbed
contact surface after compression. The ¢ coordinates of the
rarefaction head and tail are

vo+1—2M,
&rn = Vo — 1 H (9a)

& = M. (9b)

Density and pressure can be written as functions of the
variable A:

p% = A1), (10a)
1
pL — A@W/ 1) (10b)
bl

The transmitted shock strength is defined by z; = (py —
Po)/po, where py is the fluid pressure across the contact
surface. The upstream transmitted shock Mach number is
therefore

D w1
M1=—t= 1+MZ“

11
Ca0 Zya ( )
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and its downstream Mach number S, is

D, —U Yo — DM? +2
p=——-= = (12)
Caf 2y Mf — v, + 1

The ratios of the density and sound speed across the transmitted
shock are given by

Pof _ WatGat Dz _GutDME
pa0 27+ W=Dz (ra— DMZ +2
Ca a
A e
Ca0 Paf
J@vad? — vt 1) [ — HMP42] o
B (Va + DM, '
The contact surface speed U is
U 2 2 1
= = uv2 = <M, —>. (14)
a0 V2t Wat Dz Vatl M,
We define the post-shock density ratio
R = Ropﬂ@@’ (15)
La0 Pb1 Pbf
and the ratio of post-shock sound speeds
No ¢4
N = 20 Car o (16)
M cq0 cp

where

c
No= S0 _ [ Yo (17)
Cpo ¥»Ro
Given the four preshock parameters z; (or M;), Vi, Vb,
and Ry = pa0/ppo, We have to calculate both the transmitted
shock strength z; and the rarefaction strength M. Asking for

continuity of the normal velocity and pressure at the contact
surface, we get the following system of nonlinear equations:

22 _ [7Ro 22
2Y + (Vo + Dz Ya | V276 + i+ Dz

201l — M
La=M (1+zi>@}, (18a)
vy — 1 Pb1

My — (1 +Zt>(7h1)/(2}/b).
1+z

Unfortunately, there is no known analytical solution to the
above system for arbitrary values of the preshock parameters
and its solution must be obtained numerically. Nevertheless,
we can try approximate solutions in the limits of very weak
incident shocks (z; < 1) and very strong rarefactions M| < 1.

(18b)
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For very weak shocks (z; < 1), we obtain

27 Rs
L= YN 4 0(D), (19a)
VY +VaRo
— 1\ ST - V7Ro
M1;1—<”’ ) B NYa 0+ 0(2).  (19b)
2yy ) V6 +VaRo

From the above results, we deduce that in order to have a
rarefaction reflected in the weak incident shock limit, the
inequality ¥, 0,0 < ¥»Ppo has to be fulfilled, which is the weak
shock version of the condition Ry < R(’)’ . Besides, we see that
it is always z; < z; because the final pressure p; driving the
transmitted shock is lesser than the pressure p; > py.

If we consider an incident shock of infinite strength (z; >
1), the ratio of sound velocities at the rarefaction trailing front
and heading front (M) will reach its minimum value, which
we call M{“i“ [20]. The system of equations [Eq. (18)] also
allows us to find M i“i" numerically for a given set of preshock
parameters. We can obtain an analytic estimate of the minimum
rarefaction strength in the limit of vanishingly small preshock
density ratio (Ry < 1) and very strong incident shocks. After
some algebra, we obtain the following results, at the lowest
order in Ry, under the assumption MM" « 1:

MP™ = (GoR) PV (20a)
2t ~
—) = o Ro, (20b)
Zi / zi>1, Ry
where
2
Va+ 1 2
lo=—"-—(14+y : @
° Vb(Vb+1)< Vw1

For small preshock density ratio but finite strength incident
shocks, we obtain the following expansions in powers of Ry:

w1 —1
My = (1 +z2) {1 + %\/Ro + 0(R0>], (22a)
b
2t = &1/ Ro + O(Ry), (22b)
where
Al —(+z)% ey U
& =Yl [ Jon + 2L (23)

vy — 1 Lo Cho

The expansions given by Eqs. (20) and (22) are valid in
different ranges. Equation (20) is valid in the interval 0 <
Ry <« Rg‘i“(;i) and Eq. (22) is only valid in the complementary
interval R{"™(z;) < Ry < R}/, where Rj™ is obtained by
imposing equality of both expansions at R{"". The value of
RMM can be written as

e _ 5120020+ 0y + 4zl 420
C 2[¢0(1 4 z)T?

which depends on the incident shock strength z;. It is easy to
see that RI" — 0 for z; — oo.

At intermediate values of Ry, inside the interval Rg‘i“ <
Ro < R}j, we can make the rarefaction tail stationary in
the laboratory frame. Let us call Rgm the value of Rj for

. (24
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which U = ¢r. For greater values of the preshock density,
the rarefaction tail moves following the contact surface
and the rarefaction head in the Ilaboratory frame.
For Ry < R{", the rarefaction trailing edge moves to

J

crit __
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the left, following the transmitted shock, in the laboratory
frame. The case Ry = R is analogous to the case in which the
reflected shock wave remains steady in the laboratory frame,
as studied in [16]. The analytical expression of R{™ is

2y + (o + Dz 1 [1 4+ v — (v — DA + 2081

= , (25)
{(vo — Dzi + V20 (T + 2Ry + (Vo — Dz — v + (v + DU + 21)82]
{
h 3 D; [ dii
won(iEe) o
ey ” Cy X
2 V2(vE = 1)z o /
{ = + . (26) Pa  Car 3Pa
vwt+1l Vv +z2)Ry + (v — Dzl =4 (32d)
0T, D, o1,

B. Fluid perturbations behind the transmitted shock

Between the contact surface and the transmitted shock, fluid
a has been compressed and set in motion. To simplify the
algebra, we work in a system of reference comoving with
the compressed fluid a. The coordinate origin is located at the
contact surface. Because of the front corrugation, pressure and
vorticity (entropy) perturbations are generated. Inside fluid
a we normalize the perturbations of pressure, density, and
velocity according to

3pa(x,y,t) = pa(x,t)cos(ky) parcay Dikipro, (27a)

8pa(x,y,t) = pa(x,t) cos(ky) pas ko, (27b)
SVxa(x,y,t) = i, (x,1) cos(ky)D; ki, 27¢)
Svya(x,y,1) = D4(x,) sin(ky)D; k. (27d)

The dimensional transmitted front ripple is assumed to be
of the form
W (y,1) = (1) cos(ky) Y. (28)
The dimensionless initial shock ripple amplitude is given by
(0¥
7 Y, (t = 0+) D,
=—=1-— 29
Vio 7 D, (29)
and, because tangential velocity must be conserved across the
corrugated front, an initial tangential velocity perturbation is
generated behind it, which is given by

8v), = —Ukno. (30)
We define the dimensionless velocity
sv°
P =2 (31)
Y ko D;

After r = 0+, pressure perturbations are created inside the
compressed fluid. In linear theory, the usual approach is to
solve the wave equation for the pressure perturbations. The
dimensionless linearized fluid equations (x and y momentum
equations, mass conservation, and entropy conservation) are,
respectively,

di, 0 Pa

=—-——, (32a)
0T, dokx
09, -

= Pas (32b)
0T,

Note that the conservation of entropy for the compressed fluid
particles does not strictly imply g, o« p,. Actually, Eq. (32d)
only states that their partial time derivatives are proportional.
A first integral of this equation gives a relationship of the form

Pa(x,1) = %ﬁa(x,t) + /() (33)
a

where the function f(x) stands for the generation of entropic
perturbations of density, which only depend on space, in the
reference frame used [7,25,31]. The above result tells us that
density perturbations are composed of an acoustic part (related
to the fluctuations in pressure) and an entropic part (due to
the conservation of the entropy generated at the shock front)
as discussed in [7,25,26]. The strict proportionality between
p and p is only true for the particles that travel inside the
rarefaction fan, inside fluid b, because no entropy is generated
in this other situation [20].

From now on, we use the coordinate transformation [34]
kx =rgsinh x4, kcgpt =71, cosh x,. (34)

Combining Eqgs. (32), we get the linear wave equation for the
pressure perturbations can be written as [7]

9pa | 9pa dhq
a a ~a = ) 35
! ar? + org, trap 0 Xa (352)
_13p,
hy = —Pa (35b)
Ta 0Xa

The solution to the above equations can be found in the form
of an infinite series of Bessel functions [7] or in terms of the
Laplace transform of the pressure perturbations [11]. As for
the first method, it can be seen that

(o]

Da(Xa>Ta) = Z {751 cosh[(2n + 1) x,]
n=0

+wgn+1 smh[(2n + l)Xa]}JZnJrl(ra)v (36)

where J,,; is the ordinary Bessel function of order 2n + 1
[35], and the coefficients 75, , ; and «j, , have to be obtained
through the boundary conditions at the shock and at the contact
surface when matching with the perturbation field inside fluid
b [7,8]. We later show an efficient method to calculate 7,
and wf, | in order to follow the initial transient evolution of
the different perturbed quantities.
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Before attacking the problem of the temporal evolution,
it is very convenient to work with the Laplace transform of
the pressure perturbations. Laplace transforms in this work
have two goals: on one hand, they will enable us to obtain
the coefficients 73, 1 w5, 1 and, besides, to obtain exact
analytical formulas for the asymptotic normal and tangential
velocities at the rippled contact surface. To this scope, we
define the Laplace transforms

o0
Poassa) = f Betara)e ™ dray (372)
0

I:Ia(Xa ) = / Ea(Xaara)e_raS" drg. (37b)
0

We take the Laplace transform of both Egs. (35) and make

s, = sinhq,. After some algebra, the solution to the wave

equation can be written, in terms of Laplace transforms, as

[11]

Etl(qa - Xa) + F'aZ(CIa + Xa)
cosh g,

Pi(Xarqa) = . (38a)

I:Ia(XavCIu) = Fal(Qa - Xa) - FaZ(Qa + Xa)9 (38b)

for some functions F,; ». For the sake of simplicity, we use
the same notation for the Laplace transform of P,, written
indistinctly as a function of s, in Eq. (37a), or of ¢, in Eq. (38a).
The same applies to the function H,,.

The pressure amplitudes F,;, are functions to be deter-
mined from the boundary and initial conditions. It can be seen
that F,| represents pressure perturbations that escape from the
contact surface towards the shock, and F,, represent the waves
that reach the transmitted shock from downstream [23]. If we
take the Laplace transform of Eq. (36) in the domain of the
variable r,, we find

l & _
Fur(@a) = 5 D (W + @8, 1 )e” @0,
n=0

(39a)

[e.¢]

—@2n+1)q,
Far(qa) = E Z (ﬂan - wng-l)e G+ D,
n=0

—

(39b)

The functions F,; ; have to be related through the linearized
boundary conditions at the shock front, that is, the linearized
Rankine-Hugoniot equations [11]. They are written, at first,
in the domain of the time variable r; = kc,rt+/1 — B?. The
relationship between the transmitted shock ripple and the
shock pressure perturbations is [see Eq. (18) of [7] or
Eq. (13) of [31]]

dlﬁt _ Ya + 1 Di ~

= — P;. 40
dz, 48, Cafpt (40)

The factor D;/c,s appearing in the right hand side of the
former equation is due to the different scaling factor used to
define the dimensionless pressure, which is p,rcqr Diko here,
in contrast to ,Oufcgfkl//o in [24,31]. The equation that relates
the pressure and pressure gradient with the shock ripple just
behind the transmitted shock is

M+1dp, B (pf )
h(r) = - T 24P Pr (Paf_y g 41
= omg an T ig\ee JP@Y
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If we make a Laplace transformation in the domain of the
variable r,, we obtain (after making s, = sinhg,)

I:It(Qa) = aal(Qa)Pt(qa) + Olaz(CIa), (42)
where
ta1(ga) = Garo sinh g, + — 3a)
sinh g,
tar(qe) = —20_, (43b)
sinh g,
and
2
daro = 9P (44a)
2K, By
1 — B2 p,
tony = 2P P Par (44b)
2 Ky 1 - ,Bt a0
= —ﬁga sinh ;. (44c¢)

The parameter «; is the dimensionless slope of the R-H curve
of fluid a, evaluated in its final state, and normalized with
respect to the adiabatic sound speed of the shocked fluid

1 (d
— (d—p> : (45)
Caf NP/ p,s

Its analytical expression for an ideal gas with isentropic
exponent y, is

11 w0 (Ve + 1\ 7T
—=—(7/a—1)2(1+zi)[1— p0<y )} . (46)
Kt 4 Paf \ Va -1

Finally, after some algebra, we find a relationship between
both pressure amplitudes:

~0
Fua(ga) = L
a2\Ya) —
sinh(¢a — XN (qa — X1)
N (qa — X1)
e T X (g —2x),  (4T)
17 (qa — Xt)
where tanh x;, = —B; and the functions nf are defined below:
®a1(qa)
N (ga) = ——= £ 1. (48)
coshg,

We see that Eq. (47) is a functional equation. The argument
of the unknown function Fj; is shifted by —2yx;. The shift
turns out to be an important quantity that can not be neglected
for moderate to strong shocks. Physically, it is related to the
sound wave reverberation between the contact surface and the
ripped transmitted shock front. For very weak shocks (z; < 1),
it is x; o< Inz;. Hence, the shifted argument of F,; in the
previous equation becomes infinitely large. As the pressure
functions F,; , behave like decaying exponentials for large
absolute values of their arguments, the functional equation
becomes a simpler algebraic equation relating F,, and F,;. In
the very weak shock limit, the sonic perturbations radiated
by the contact surface ripple barely catch the transmitted
shock, which behaves almost as an isolated shock wave. In
the opposite limit (z; >> 1), it is x, ~ O(1) and, hence, x;
can not be neglected inside the argument of F,;. In this
limit, the velocity of the shock relative to the contact surface
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decreases, thus enhancing the sonic interaction. We have not
enough information inside fluid a in order to solve for the
two unknown functions F,; and F,, in the general case
because Eq. (47) is a single equation for two unknowns.
In order to solve the problem inside fluid a, we must also
solve the perturbation problem inside fluid b and connect both
perturbation fields across the contact surface, by requiring the
continuity of pressure and normal velocity perturbations. To
perform this task, we must formally solve for the perturbed
pressure function inside fluid b, and we use the same formalism
as in fluid a. However, the perturbations growing to the right of
the contact surface are also influenced by the perturbations that
are generated inside the rarefaction fan, as shown in [6,19,20].
In the next subsection, we review at first the perturbation fields
inside the rippled rarefaction wave. After that, the pressure
perturbations inside fluid b are solved and the matching of the
solutions across the rippled material surface can then be done.

C. Rarefaction region

For the analysis of the perturbations growing inside the
rarefaction fan, we refer to [20]. The results derived there
will be later useful in order to describe the perturbations at
the rarefaction tail as a function of time and, hence, to later
calculate the temporal evolution of the contact surface ripple.
We will only briefly review here the main results and refer
to [20] for the derivations of the formulas. We work in the
Eulerian system of reference that moves with the unperturbed
contact surface. We use the definitions

(49a)
(49b)

Bvx(xayat) = Cpl1 ﬁraref(x’t)kwo Cos ky,
vy (x,¥,1) = Cp1 Vrares (X, 1)k g sSin ky

for the longitudinal and tangential velocities. Notice that the
velocity scale used to measure velocities inside the rarefaction
wave is ¢p; and not D;. The pressure and density perturbations
are written as

(50a)
(50b)

5P(X,yat) = ﬁraref(x»t) COSkypb1€1%1kW0,
3,0()6,)’,1) = ﬁraref(xvt) COSkypblkaa

We assume adiabatic flow inside the rarefaction and, hence,
Praret = Praref [s€€ the discussion concerning Eq. (33)] and/or
[19,20]. Note that the proportionality factor between the
dimensionless pressure and density is unity here because of
the different normalization used compared to the relationship
between the same quantities in fluid a [see Eq. (32d)]. Att =
0+, after the incident shock has been refracted, the rarefaction
leading and trailing edges become rippled. The initial dimen-
sionless amplitudes of their ripples are, respectively [6,11],

0

i —U
Uy = I/f”’ =1- —C“D L (51a)
0 i
0
) —U
70 = % — 14+ c”fT (51b)

As explained in [19], or in [5], immediately after shock
refraction, an initial profile of the tangential velocity perturba-
tion is formed inside the centered expansion fan. In terms of the
self-similar variable ¢, the distribution of tangential velocity
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inside the expansion fan at t = 0+ is given by
1 30— g0

Draref (¢ ,1 = 0+ =——_‘rt ‘rh r2_ :
’ f(g- ) Vb+1 Ern — Crt (é-h ¢ )

2 (N?,—l/?
vy + 1

0

rh 4 “’O) = .

;rh — é_” I/fr; (; h C)
(52)

The perturbations growing inside the expansion fan evolve in
time, and for ¢ > 0, the tangential velocity fluctuations inside
the rarefaction region can be written in the form [17,18,20]

§ d
5mmd&n)==v@l[ ﬁﬂv%KHn@-—znjﬁ?, (53)

where the new variables & and 7 are defined by

£=A" n=(kepit)*A®, (54)
with

|

P (y (55a)
v — 1
—3

=22 (55b)
v — 1
1

S (i (55¢)
3—-w

The function Jy is the ordinary Bessel function of order
0 [35,36]. The function wy is related to the initial tangential
velocity profile, in the new variables [17,18,20]. It can be
written as

2
wo(z) = Yz, (56)
=0

where the coefficients o;; and the exponents €; are given by
& Amy [&2 - 3%]
o) = —
wHl (v =) —D L& — M

28en 4M, ) (@ = Pp)M -
- + 90 [, 57
(J/b-l—l vi—1 [ &rn — M,y vr o7

1 JO — g0 )M .
o = ( ) ( rt rh) 1 _'_ng
vo— 1 S — My
4M 70 — 0
4 A 2[1/’” ‘””’] (58)
o — DL & — My
1 T30 — g0
052 — _ Vb+ 2[ rt rhi|’ (59)
v — D*[ & — M,y
1 1 3y, — 1
€©=—=, €= v+ , ezzyb—. (60)
2 2y, — 6 2y, — 6

D. Fluid perturbations inside the expanded fluid

In the space between the contact surface and the rarefaction
trailing edge the background mass density is constant and
equal to the fluid density at the rarefaction trailing edge: opf.
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We scale here pressure, density, and velocity perturbations in
the form

Spp(x,y,t) = pp(x,t)cosky pyreps Di kvro,  (61a)
8pp(x,y.1) = Bp(x.1) cosky pyy kipo, (61b)
Svyp(x,y,t) = dp(x,t)cosky D; ki, (61c)
Svyp(x,y,t) = Up(x,t)cos ky D; kirg. (61d)

We define the variables x; and rp:
kx =rpsinh x,, kcprt = rpcosh xp. (62)

The wave equation can be treated in the same way as in
fluid a and its solutions written in a similar form [11]. We
show the solution as a function of time and space, in the form

o0

Po(XpsTp) = Z {73, cosh[(2n + 1)x,]
n=0

+ 3,1 sinh[2n + D]} g1 (7). (63)
Working with the Laplace transform of the wave equation for

the pressure fluctuations inside fluid b, we arrive to a similar
decomposition, as in fluid a:

Fy1(gp — xv) + F2(qp + x»)
cosh gp

Py(Xpoqp) = . (64a)

Hy(xp-95) = Fo1(gp — X») — Foa(qs + x).  (64D)

Analogously as with fluid a, the pressure amplitudes Fp;
can be expressed in terms of the coefficients ”;n 1 a)lz’n 1

l & _
Fpi(gp) = 7 Z (7021 + @by y)e” @t
n=0

(65a)

3

1 -
Fialgn) = 5 Y (it — @)@,
n=0

(65b)

As discussed in [11], the function Fj; is explicitly given
by the perturbations growing at the rarefaction trailing edge,
inside the rarefaction wave. The explicit formula for the
function Fy(gp) is

18v),

Fyi(qp) = 3D e? + ¢ sinh gy,
1

o0
x/ U (Tp)exp(—1pe?) dtp, (66)
0
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where ngb is the (dimensional) initial rarefaction tail tangen-
tial velocity, and can be calculated using Eq. (52):

1 - -
Buyy = m[(wf’, — V) on + &)

2 < by — ~roh ~o>
- + Yy )(Grn — &) | €1 (67)
vwAINGn—t¢ )T

It is convenient to define here a normalized velocity with
respect to the incident shock speed (D;), as this is necessary
when matching with the velocity perturbations at the contact
surface. We define, for later use,

0
-0 vy, Gl

" = D, = E(“ +b L)), (68)

where

Crzh ~r0t - ~}E)/’l _ 2§rh [(1/}}?[ - &Ph)é‘rt +1pgj|’

- Vb + 1 {rh - grt Vb + 1 grh - {rt
(69a)
2 | (B =) | -
b= r ! + 90, (69b)
Vb+1|: Crn — &Gt Vi
1 70 _ .70
c= Lt Trh (69c)

_Vb+1 ;rh_grf '

as defined in [11].

The function @,, inside the integral in Eq. (66) is the
dimensionless rarefaction tail tangential velocity as a function
of dimensionless time 1, = kcy,rt. We use Eq. (53) to write the
function ¥,,, after noting that the time inside the rarefaction is
scaled with ¢p;:

071 (T) = Braret (6 = M{ 0 = mMP2), (70)

where B = (v, —3)/(vp — Dand o = (yp + 1)/(yp — 1). Af-
ter some algebra, we obtain

~0
v, C, .
Fpi(gp) = ——;b e + £l —Dbl e’ sinh g,

S dw -
x / LMy — Dldz (1)
1

The integral in the above equation can be obtained analytically
in terms of known transcendent functions. An exact analytical
expression for Fpj, not reported before, is given by the
following lengthy expression:

~0
v
Fn(gy) = == e + L& e sinh(g) A@). (72)

where
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bt e Y2 [ o2 1 1 3 1
+ 2( +1> — = —+ 1LF| -, =Yyl - —
ngy nKgy ngg 2 2 (1+ )6

ek [ ™ 2 1 3 1
-2 —(—-I-l) il 5 W5l — ——-
nKkH \NKH 2 2 14+ &2

nNKH
bt e Y3 [ g2 1 1 3 1
+ = 2( +1> — ——+LFA| 5, -l -
nkH ngy nkg  &n 2 2 (1+ neK—H)gn
Y (S WY RN I (73)
P 2Fil 5 355 1+% ,
in which , F1(z1,22; 23; z4) is the Gauss hypergeometric series [35,36], and
Vo + 1 oM v+ 1
=20 = ———1 gy =1——, b =e(a+bus+ecud),
Vo — 1 vo—1 3=
3 T—v vy +5
by = e (buy +2 , by = LW =2, U=—"" Y= , 74
2 = €1(bur + 2cupt2), bz = excu 1 > 2= 5,76 Y= 2,6 (74)

where € and o were defined in Egs. (57)—(60).

In order to later calculate 3, ; and wj, ,, it is convenient to have an expansion of Fj; in powers of e~%. This can be done
by using Eq. (72) written above. However, a much simpler way is to make an expansion in powers of e~ directly inside the
integrand in Eq. (71). We obtain

Fpi(qp) = Z fl}2{1+le—(2n+1)% = Z O[Em + 1) — E(n)]e_(2"+])qb, (75)
n=0 n=0
where
. —1
@ Yooy s vl

2 D Vo —3

_1 n n

S — (=" (gn)

27T+ DI (n+ 8+ 1T (n +25 + 1)&,

2 1 1 1Y, 2541
x yc(48 — Dl 25—5 r n—i—z F'(n+ DI n+8+5 SaE

1 1 1 S+1
+T n+25+§ Qcpa + b)(26 — Dy T 8—5 r n+§ I'(n+ 1), *

1
—or (n +6+ 5)/&7(—&[(% +b)a +aDl(n + 1)

1 1 11
+F(n + 5)@([(6#2 + by + alp Fy (—5, —-n; = —)

27 &,
+ F 26 ]28+] : + Qcpar +b) )2 F ) 18+1 : (76)
c —n,28 — 5326+ 55— ¢ —n8— 538+ 55— .
Ml curaty ) 2 E, M2 21 ) 2 E,
(
E. Functional equation for F,; which can be rewritten in terms of the functions F,,; > using
We can match the perturbation fields at both sides of Eq. (38) as
the contact surface requiring the continuity of pressure and coshg,
normal velocity at both sides of x = 0. We write this set of R coshg [Fa1(ga) + Far(qa)] = Fpi(gp) + Fro(gp), (78a)

conditions in terms of the Laplace transforms in the way Fo1(qa) — Faa(qa) = Foi(qp) — Fialgp). (78b)
al\qa) — 'a2\qa) = 'p1\gp) — 'p2(qb)-

RB,(a = 0,q0) = By(xp = 0,q1), (77a) When matchmg the perturl?atlon fields at the contact
B N surface, the following relationship between s, and s;, has been
Hy(Xa = 0,94) = Hp(x» = 0,p), (77b)  used: N sinhgq, = sinhg,. In the above system of equations

013102-9



F. COBOS-CAMPOS AND J. G. WOUCHUK

[Eq. (78)], we remind that Fj(g;) is already given by Eq. (72),
which is information given at the rarefaction tail. Besides, the
linearized Rankine-Hugoniot conditions give us a relationship
between F,; and F,, in Eq. (47). Therefore, we have a
linear system of four equations to solve for the four pressure
amplitudes F,,1 » (m = a, b). After some algebra, we arrive to
a single functional equation for F,;:

Fal(‘]a) = ¢al(Qa) + ¢a2(Qa)Fal(Qa —2x1), (79)
where [11]
$ur(d.) Fntg — 271 St
S AT T A 0 (e — o sinhge — 10
(80a)
= 1n,(qa — Xx:)
ba2(qa) = L (80b)
Adl'ln:ﬁ(Qa_Xt)
and
h
A = Rcos_q;,. 81
cosh g,

We can solve it by iterations, as shown in [11]. We need a
starting function to initiate the iteration sequence. It can be
easily obtained by solving Eq. (79) for g, > —2x,. We get

(pal(Qa)
Fil(qa) = ————. (82)
1— ¢L¢2(CIa)
The nth step in the iteration sequence is then
n -1
Fiqa) = | ¢a1(da — 200 [ | ba(da — 2 x0)
1=0 j=0
+ []‘[ Par(ga — 21;0)] Fiqa = 2nx0),
1=0
n>1. (83)

The above functional equation has been discussed for the first
time in [11] and in [14] to calculate the asymptotic velocity
at the contact surface ripple. We use it here with the same
purpose, but also to calculate the Bessel series coefficients
75,41 and @5, in Eq. (36) in order to follow the initial
transient of the pressure perturbations. It is noted that Fj;(gp)
inside the expression for ¢,1(g,) [Eq. (80a)] is understood as
a function of g, through the relationship N sinh g, = sinh g,,.

F. Time evolution of the pressure perturbations
1. Bessel series for arbitrary values of position and time

According to Eq. (36), we can follow the transient growth
of the perturbations at any position if we have the coefficients

J

al 1

DTN + el

+ (B, + DOIE(1) — E(O)] (0]
+ (B + 1)*O[EQ) —

f; VE)
+ vy’ @aro + v3° “alo)

E(1)](683
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75,41 and @5, ;. This denumerable set of numbers can be
obtained with the aid of the Laplace transforms developed in
the previous subsections. Our task in this section is to build
the equations that enable us to calculate 75, +1 and wy,41. If
we write the pressure perturbations P and H at the contact
surface (at x = 0 or, equivalently, x, = 0), we have

Fal(Qa) + FaZ(Qa)

Biqy) =
Ul(ql)) Coshqa
R (Ve 84
=) 7 — , (84a)
n=0 Sll +
Hai(‘]a) = Fal(qa) - FaZ(CIa)
oo
a 2n+1
=Y (2 +1-5)"" . (84b)
n=0

where the subindex i indicates the location of the con-
tact surface. Besides, the Laplace transforms of the Bessel
functions have also been used [35,36]. From the linearized
Rankine-Hugoniot relationship at the transmitted shock front
[Eq. (47)] we know that F, is related to F,;. Therefore, the
left hand sides of Eq. (84) are known in terms of F,; which
is the solution to the functional equation (79). Therefore, the
desired coefficients 775, ., and w9, , | could be obtained through
aconvenient series expansion of F,; and F,; in powers of 1/s,,.
We make

f2n+l
2n+1"
n=0 "4

Fai(qa) = (85a)

f 2n+1

2n+1"
n=0 "4
The idea is to substitute Eq. (85a) inside Eq. (79), expand
both members in powers of 1/s,, and obtain an infinite
system of equations, from which the coefficients on 41 can
be retrieved. Then, substituting both expansions given by
Egs. (85) inside Eq. (47), another system of equations can
be constructed to obtain the coefficients f2” +1 , as functions of
fail. 1. A recurrence equation to calculate fj!, | can be easily
implemented inside a Mathematica notebook or a similar
mathematical software. All we need is to expand the functions
@1, Pao and the shifted function F,;(g, — 2x;) and equate
equal powers in 1/s,. The general term would be too large to
be written here and be of practical use. We only show the first
two coefficients. We have

at _ 1 BNINR=T) + (B +D(eao+DO[E)—E(0)]

Fax(qa) = (85b)

I 7N B:+NR+(B;N R+ 1,10
(86)
and
[—Z,B,Nz(olf3 + 02f3 a0 + 03f3 aa“)
£
+ 05 aalO + Gf, O5310 + oy O‘all)
+ 0 a0 + 07 o) ] (87)
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where
o = 2R*NB2 + R[N*(2] + B2 + 4B, + 1) — (B + 1] = N, (82 + 1),
o) = 2R°N*B} — R[N*B,(B7 — 68 — 3) + (B, + 1)'] — N(387 — 1),
o) = 2[R*N*B, (B2 — 1) + RN* (=B} + B2+ p — 1) — N(8? — 1)].
ol = RZN33B, + 1) = 3N(B, + 1]+ 2N2B,(B, — 1) — Bu(Br + 1,
03" = RISN3B,(B + 1) = 3N, + 1)1+ 2N2(B7 — B2 — B, +1) — (B + 1),
0l = RNBIZN?Bi(B +3) = 3B, + D1 — 2N2By(B — 1) — (B + 1P,
o = AN(B] — B7 — B + I)IRN — 11,
agf‘?' = RN + B,
0" = (B, + DIRN + 11,
alfg‘ = RNB, + 1,
v/t = REN2(3B2 + 1) + 4RNB, (B2 + 1) + B2(B7 +3),
b= ARPN2B, (B2 +1) + 2RN (B + 682 + 1) + 46, (82 + 1),
v = REN2B2(B2 +3) + 4RNB, (B2 + 1) + 382 + 1. (88)
Once we have the coefficients fz‘jll +1» we substitute the series for F; inside Eq. (84). Expanding both members in powers of 1/s,

we obtain the quantities 775, | and w5, ;. The equations can be easily implemented inside a Mathematica notebook or any similar
software, and solve them for arbitrary values of n. Writing the general term would be of little practical value, as the analytical
expressions soon become cumbersome [32]. We only show here the first two coefficients in each fluid, ={, 7§ and w{, @5:

a _ E —B:N + (Broaro + DOLE() — E(0)]

=N Bi + NR+ (B NR + Daaio )
and
M= V500, (0 + 0 a0 + 0T )
N3 (v 4 v37 daro + 137 02y)
+®[E(1) — E(O)](Gﬁ + C’sﬂg%lo + Uggailo + 0771;%11) + O[E(Q2) - E(l)](agg + ‘79]1300‘&10 + Ulﬂogo‘glo)]’ (90)
where
o' = RIN* (=547 = 3) + 68 + 2] + NA (A} — 1),
07" = RB[N*(87 —9) + 267 + 6] + 3N (8 ~ 1),
0;%’ = —4N(B} — 1)[RNB, + 1],
GZ; = (387 + 1)(N* = D[3RN + 8,1,
07" = 12RN, (B} + 1)V’ = 1)+ N2(3; + 287 +3) — B} — 687 — 1.
ol =B, (B? +3)(N* — DI3RNB, + 1],
0777? = —4N2(,312 - 1)2’
og' = (32 + 1)[RN + B,
gt =4RNB,(B2+ 1) + B+ 687 + 1,
ol = Bi(B +3)[RNB, + 11,
o _ 2 BN?R+ (a0 + B)OIE() — E(O)] (92)

w
"N B +NR+(BNR+ Do
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and
o = : [RN?B510, (07" + 07" o + 7 e
TN+ e+ e,) o 3
+O[E() — EO)](0)” + 0  aaro + 0 a2y + 07 tarn)
+OIEQ) — E(D(03" + 03 a0 + o @20)], 93)
where
o = —RN3(B2 — 1) — N*B,(38 +5) +28,(B2 + 3),
0yt = —3RN3B, (B2 — 1) — N*(98> — 1) + 682 + 2,
oyt = 4N*(B2 — 1)[RNB, + 11,
oyt = B.(B2 +3)(N* = DI3RN + 8.1,
of" = RN[N?(B} +2287 +1) = 3(8 + 68 + 1)] + 4, (87 + 1) (N> — 1),
o' = (362 +1)(N? = DIBRNB, + 11,
o = 4RN3 (B> — 1),
og" = Bi(B2 +3)[RN + B1.
oyt = RN (B! + 687 + 1) + 48, (82 + 1),
o0 = (362 + 1)[RN, + 11,
T B B o)

2. Taylor series in time for the shock pressure perturbations

An alternative way of studying the temporal evolution of the
shock pressure perturbations consists in using an expansion in
powers of time, as done in [6,19]. We write the Taylor series
for the pressure perturbation at the transmitted shock:

00 (2n+1)

- p
pi(ry) = Z—to V,2n+],

—2n+1) ©3)

where r; = 1,/ cosh x; = 7,4/1 — B? and pi(z)""q) isthe2n + 1
derivative of the shock pressure perturbation (with respect to
the variable r,) at t = 0+. Our task in this subsection is to
build the equations that allow us to find the quantities p%"‘m.

If we make a Laplace transform of the above equation, we get

oo p(2n+1)
Psa) =y  “9—-. (96)
n=0 Sa

According to Egs. (38), (39), (47), and (85), the derivatives

2n+1 o . .
Gn+D are combinations of the quantities f2L . However, it

Pio
is simpler to relate the derivatives p§3"+1) with the Bessel series

coefficients 75, , and wj, ;. According to Eq. (36), we write
the pressure perturbation at the shock in the form

o0
Pr(r) =Y Dby Jonga (), 97)

n=0

(

where D), ., =mj, . cosh[2n + D)y:] + o5, sinh[(2n +
1)x:]. The Laplace transform of Eq. (97) is

00 2n+1
< (Vs2+1—s,)
P, (sy) = D} 98
t(s ) ; 2n+1 \/Sgﬁ ( )

After expanding the right hand side of Eq. (98) in powers of
1/s, and equating with Eq. (96) we can retrieve the general
term pf(z,"ﬂ). The two first initial derivatives are

D! D: —3D!
(1) 1 3) 3 1
P = _2 » Py = 3 s (99)
@nt1)

and the general term p,; can be easily calculated, for
example, inside a Mathematica notebook.

G. Time evolution of the transmitted shock ripple

The shock ripple evolution is directly calculated by inte-
grating Eq. (40) [7]. If we use the Bessel functions series for
the transmitted shock pressure perturbation, we get

Va+1) D i D
N e 2n+1
28/ 1= B¢

X |:Z Jzk(Vt)],
k=1

Tﬁt(rr) = 1}10-’0(’3) -

af n=0

(100)
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where we remind that r, = kc,st4/1 — 7. On the other hand,
with the Taylor series, we get

PHYSICAL REVIEW E 96, 013102 (2017)

H. Time evolution of the rarefaction tail ripple

To calculate the time evolution of the rarefaction tail
corrugation, we follow [20], specifically its Eq. (58). We take

- - Yo+ D Dign ppr 1 i i i i
Ui(ry) = Yo + ————— "L patt L care that in the results presented in [20], the dimensionless
4B,/ 1 — B? Car “=5 (2n +2)! time is scaled with kcp,;. That is, the nondimensional time in
(101) [20] iS Tiaref. Therefore, we have
|
. (v +D/(v—1)
~ ~ 3 — Vb { Di =% /E” dwO(Z) Jl[fraref\/Ml nKN(Ert - Z)] }
0 ~0 ~ vp—1
rtTraref) = Y, + —VUyp — Urt(Traref) — Trare M n d 2
Vit (Traret) = ¥y i | o 1 (Traref) eM" ngu 1 iz N
(102)
[
where the function ¥, (Tyarer) 1S given by where ¥ = kx, and the function g, is given by
~ - W(X) = Qup/t = —x/(D;, — U
51 (59) = Traet 1), (103a) 8a(%) = Lapilt = —x/(D; ) ) .
_ _ = Q. p;[r, = —X/sin . 1
£ = MO, (103b) pilr / sinh x,)] (109)
0y = Trzaref Miyﬁl) /=1). (103¢) In the above equation, p, refers to the pressure perturbation at

Besides, the function j; is given by

J1(x) = xJo(x) — Ji(x) + %x[Jl (x)Ho(x) — Jo(x)H 1(x)].
(104)

H, are ordinary Struve functions. The initial tangential
velocity ﬁgb is writen in Eq. (152), wo(z) in Eq. (56), and
ng g in Eq. (74). In [20], it was demonstrated that the normal
velocity at the trailing edge reaches an asymptotic value in
time. Thanks to this, we write a formula valid in the linear
asymptotic regime in the form

‘Drz(t — 00) = u;? Traref - (105)

There is no asymptotic ordinate to the origin for the trailing
edge ripple growth. The normal velocity u; is taken from
Eq. (61) of [20]:

&t
Co1 Vb — 3
uy = ——Erm/nKH/
1

dwo(Z) 1
Di 4 Z

——dz. (106
d & — 2 ( )

I. Vorticity generated by the transmitted shock and asymptotic
velocities at the contact surface ripple

1. Differential equations

After t+ = 0+, the rippled wavefronts escape from the
contact surface. The transmitted shock front generates vorticity
inside fluid a. On the contrary, no vorticity is created inside
fluid b. At each side of the contact surface, we have a steady
velocity field of the form (m = a or b)

Up(x,5) = (U (x) cos ky, v, (x) sinky). (107)
The vorticity inside fluid a can be expressed in dimensionless
form, as [7,15,25]

Swalx, .
boa ) _ o (®)sinky,

108
KD, (108)

d)a(xsy) =

the transmitted shock. As the shock moves away, the pressure
perturbations show a damped oscillatory behavior in time. In
consequence, according to Eq. (109), this temporal behavior
of the pressure fluctuations translates into a spatial damped
oscillatory pattern for the vorticity spread inside fluid a.
The important information expressed by Eq. (109) is that
the vorticity at position x is proportional to the value of the
pressure perturbation at the transmitted shock at the time the
shock front arrived to that position. In other words, vorticity
stored in the bulk is the memory of the compressible history of
the shock ripple oscillations. The quantity €2, is given by [8]

(Mzz B 1) ZJ/a]Wt2 —Ya+ 1
M2[(va — DM? + 2]

Q= — (110)

For large times, when the rippled wavefronts have separated
off the contact surface, at least a perturbation wavelength,
we can assume that the pressure perturbation field becomes
negligible near the material surface and the velocity perturba-
tions become incompressible [8,10,11]. It can be seen, that for
large times, the dimensionless velocity components satisfy the
ordinary differential equations

iy @) (111a)
— — U, = —gu(%), a
di2 &

dzub

_diz —up =0, (111b)

where g, is given above by Eq. (109) and is necessary in order
to calculate the vorticity generated by the transmitted shock
inside fluid a. Inside fluid b there is no vorticity and the velocity
field simply decays exponentially. The tangential component
of the velocity (v) is easily obtained from the previous
equations because of the asymptotic incompressibility of the
perturbation field, which in our units is simply written as
du

V= ——

= (112)
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The fact that g, # 0 implies that the normal and tangential
velocities at the contact surface ripple inside fluid a are
different. Their difference becomes more important in regimes
where shock compression is important. Let u; indicate the
dimensionless normal velocity at the interface and v;, the
dimensionless tangential velocity. It can be seen that

(113a)
(113b)

up +vig = —82 SinhXtﬁt(Qa = _XI) =Fy,,

Ui = Vip,

where F, is the dimensionless form of F, [see Eq. (4)].
We see that F, « fooo P:(r)exp(—r sinh x;) dr is essentially
a weighted average of the vorticity spread inside fluid a.

To close the equations system above, we need another
relationship between the asymptotic velocities. It comes from
integrating the y component of the linearized momentum
equation at x = 0, and we obtain [8,11]

Par (Via = Dyg) = por (ui — B, (114)
Using R = p,r/ppr [see Eq. (15)], we obtain
~0 ~0
U,, — RUy, RF,
u = 22 y , (1152)
R+1 R+1
~0 ~0
v, — RV, F,
Vg = — 2 : (115b)
R+1 R+1
Vip = Uj. (115c¢)

The first term in the above equations is only dependent on the
initial tangential velocities generated by the rippled wavefronts
at both sides of the material interface and is enough to estimate
the asymptotic velocities for weak shocks. The second term
is proportional to the vorticity integrated inside fluid a, which
is represented by the parameter F,, and is necessary when
one reaches shock compression becomes important. This is
typically the case when the incident shock Mach number
increases beyond 1.5 and/or any of the fluids’ isentropic
exponent approaches unity.

2. Calculation of F,

The quantity F, can be obtained after some careful algebra
[10,11]:

—1
M? 4D, -U) 0
M1 o [v_,,a — 2Fa(=2x0)]-

(116)

F=|1+

The main difficulty in obtaining F, is that we must get
F,1(—2x,) from Eq. (79). It must be solved by iterations as
shown in Egs. (82) and (83). The number of iteration steps will
be dependent on the values of the four preshock parameters
and n might increase if M; increases and/or y,, — 1. For most
of the cases, and especially those found in the experiments
discussed later, it is enough considering n = 0, that is, without
iteration. We call F!% the corresponding value and thus we
can write

M? 4D, —U)

F% = |14+ —-+
“ [ M}P—1 U

-1
| REREHEE

(117)
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FIG. 2. Bulk vorticity parameter F, in units of F° as a function
of M; — 1 for the preshock conditions indicated in the legend.

The function F 01[(1)](—2)(,) has been shown in Eq. (82). The
quantity F!% is the simplest analytical expression that contains
information of the vorticity field created by the transmitted
shock inside fluid @, which is a necessary ingredient to
estimate the asymptotic linear velocities in regimes where
compressibility is important.

In Fig. 2 we show F,, normalized with its value at
high compression. For large Mach numbers, the parameter
F, saturates at F° = 0.25073 for the preshock parameters
chosen in Fig. 2. At low compression, it is seen that F,
(M; — 1)>.

J. Velocity perturbations at the contact surface
ripple as a function of time

Having obtained the variation of the pressure perturbation
field in space and time between the fronts, it is possible to
obtain the velocity fields in space and time too. In this section,
we will concentrate at the contact surface ripple and follow
the growth in time of the normal and tangential velocities.
We can calculate the time evolution either via a Bessel series
representation or with a Taylor series of powers in time. Both
approaches are detailed below.

1. Time evolution with Bessel series

As has been already shown in [15] for the shock reflected
case, the Bessel series representation of the normal velocity
of the ripple is a good mathematical choice, as it depends on
the value of the asymptotic normal velocity §v° = u; D; k v,
thus becoming a convenient tool to evaluate the goodness of
the approximation done in calculating u;. The same feature
is observed here for the rarefaction reflected case. We must
integrate Eq. (32a) at x = 0 in time. We define i,;(t,) =
ii,(x =0,7,), the subindex i indicates the contact surface
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location:
aﬁai

0T,

= _flu(Xu = O’Ta) =

PHYSICAL REVIEW E 96, 013102 (2017)

_I/Nlai(fu)' (118)

The dimensionless function 7, is defined in Eq. (35b). After using known properties of the Bessel functions [35,36], we obtain,

after time integration,
1 dy; _ D
wO d Ta Ca f

—Uu; {Ta JO(Ta

where J, (x) are ordinary Bessel functions of order v and H ,(x)
are Struve functions of order v [35,36].

As for the tangential velocity at the contact surface on side
a, we must integrate Eq. (32b) in time at x = 0. We define
U4i (Ta) = Ua(x = 0,7,):

00,

9 = P(Xa = 0,70) = Pui(Ta)- (120)
Ta
After integrating in time, we have [35,36]
Ui (T4) = ﬁgu + (Uia - Uya)[ — Jo(ta)]
—2> Wb, ijk(za). (121)
n=0 k=1

2. Time evolution with a Taylor series in powers of time

The Taylor series representation is equivalent to the Bessel
series solution discussed above. To obtain it, we work with
the Laplace transforms of the quantities at x = 0. We multiply
both sides of Eqgs. (118) and (120) by e™«™ and integrate
between 0 and oo to obtain

saUui(sa) = _I:Iai(sa)v
SaVai(sa) = Doy + Pai(sa),

(122a)
(122b)

where the initial condition of zero normal velocity at x = 0
has been used. Besides, the initial value of the tangential
velocity behind the transmitted shock front 58;; has also been

used.~The symbol U,, stands for the Laplace transform of i,
and V;, for ¥;,.
Thanks to Eqgs. (84) and (85) we know that

0 2n+1 2n+1
+

Pui = \/f Z e (123
2n+1 2n+1
Z(z +1)—(f“‘ mfc”z ), (123b)

n=0

Where the procedure .to calculate fzan1 41 and f2[i’l2+1 has been
discussed before. Besides, we propose

0 p(2n+1)
> i0
Pi=)" e (124a)
n=0 “4
h(2n+2)
H, = 2T (124b)

a a

4 D
) — Jo(za)H ((7)] — Jl(fa)} +—— Zw2n+' |:Zl-]21(7:u :|, (119)

=1

(

If we expand Egs. (123) and equate equal power terms in 1/s,
with the corresponding expansions defined in Eqgs. (124), we
get the coefficients p( "D and hQ"H) which are essential to
determine the functions U;, and Vm In fact, substituting inside
Egs. (122) we have

. [ee] h(2n+2)

Ui = — 2n+2 s (125a)

. o8] (2n+1)

Vai = Y +Z S (125b)
n=0 Sa

If we make an inverse Laplace transform of the above
equations, we obtain

oo 2n+1

~ hiO 2n+1

4i(Tg) = — nzzg ml’a s (126a)
00 p2n+l

Dai(Ta) = Doy + mﬁ””. (126b)
=0

K. Contact surface ripple growth as a function of time

The results of experiments are usually shown as plots of
the contact surface ripple as a function of time. Our model
equations provide us with the time evolution of the contact
surface normal velocity, which after time integration give the
evolution of ¥;(¢). The mathematical procedure is essentially
the same as followed in [15].

The ripple amplitude ;(¢) is obtained by direct integra-
tion in time of the normal velocity év;(¢) at the material
interface:

Vi) = Y+ / sui(t') dr, (127)
0+

where

U
Vo = <1 - E)l/fo

is the post-shock value of the ripple amplitude at r = 0+.
After using known properties of the Bessel functions and the
recurrence relationships (11.2.6) together with Eq. (11.3.22)

(128)
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of [36], we arrive to the following analytical result:

T,

D;
Vit = g + oy (7 radolz) +
Caf

PHYSICAL REVIEW E 96, 013102 (2017)

L) Ho() = (@) (@) = (@)} = 1+ @)

Di oo n 2 !
+ woc—f > 2, Y [1 - = > @k - 1)12,{1(%)}. (129)
4 n=0 =1

4 k=1

We can also obtain the asymptotic behavior of ¥; (¢). We define
the Laplace transform of v;(¢)/v as

Ei(s0) = L /00 Vi(ta)e M dt,. (130)
Yo Jot

Taking the Laplace transform of Eq. (127), using the above
definition, and substituting inside Eq. (122a), we get

w_g} __Di Hii(sa)
Yo )

We make a Taylor expansion of H,;(s,) in powers of s,, and
after some algebraic work, we arrive to

v D }1

Sa |:Sa§i(sa) - 131)

Caf Sa

P+ 28 o). a3
Yo cor T 1Sa Car 53 '
If we make an inverse Laplace transform, and reminding
that 6v° = u;kyyD;, we arrive to the result, written in
dimensional form

éi(sa) = |:

Vit > 1) = Yoo + 801, (133)
where ¥, is an asymptotic ordinate, given by
D; __,
Voo =¥ — ;[Fal(O) — Fp(0)]yo, (134)

and the prime to the right of the functions F,; , indicates the
derivative with respect to their argument. An accurate method
to calculate ¥ is detailed in the Appendix.

The characteristic time #;, inside the argument of i in the
left hand side of Eq. (133), defines the duration of the transient
phase, within linear theory, before the asymptotic is reached.
As observed in [15], a qualitative interpretation of v, can be
obtained, considering very large times inside Eq. (127). After
rearranging terms, we find

Voo — Ui = /OO [Svi(r) — sv°]dr, (135)

0+

which tells us that ¥, — ¥ is a measure of the area difference
between dv;(¢) and §v;° in a time plot of the normal velocity
evolution. We can see this in Fig. 3(a) for a specific choice
of the preshock parameters. The shaded area represents the
difference [Yoo — Y1/ V0.

If we define the dimensionless time t; = kév°t and
plot the difference [v;(t) — V¥ool/Vo, all the curves would
asymptotically collapse into a single straight line of slope 45°.
The universal scaling can be recognized in Fig. 3(b), where
the complete and asymptotic formulas are shown together for
several choices of the preshock parameters. Each curve joins
the asymptotic straight line at a different dimensionless time
741, which would be a function of the four preshock quantities.

(

We clearly notice the subtle sound wave reverberations for the
more compressible cases.

Meyer and Blewett had also observed a behavior like the
one predicted by Eq. (133) in [4]. They concluded that the
asymptotic ordinate measured from their simulations was
quite different from ;. Our Eqs. (133) and (134) answer
the question posed by them as early as 1974.

The contact surface ripple amplitude can also be obtained
by time integration of Eq. (126a), and get an expansion in
powers of time:

o0 2n+1
htO

D, 5

(T) = ¥y — Yo— 10 242 136
Vi) =5 = Vo~ 2:; PR (136)

0.00

1_dy; (a)
-0.05 kWoD; dt
uj

-0.10 Va =145, yp = 1.8, M=15.3, Ry = 0.0706
-0.15
-0.20
-0.25
-0.30} |
- 5

0.3.,0

-2

—a— ya=715, yp=1.1, M=10, Ry= 0.5
-3 Va=513, yp =715, M=1.123, Ry=0.138
—&— Va=513, yp =715, M=5, Ry=0.01

@ ya=1.45, yp = 1.8, M=15.3, Ry = 0.0706

k 6vit
0 1 2 3 4

FIG. 3. (a) Time evolution of the contact surface normal velocity
in units of kD;t for the preshock parameters shown in the legend.
The physical meaning of the shaded area is explained in the text.
(b) Contact surface ripple amplitude, inferred from Eq. (133), in
units of kév°t. Different initial conditions are considered and the
corresponding preshock parameters are indicated in the legend.
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L. Calculation of the asymptotic velocity field in both fluids

We deal now with the velocity fields that remain in the
compressed and expanded fluids at both sides of the contact
surface when the corrugated fronts are far. Once the pressure
perturbations emitted by the rippled rarefaction and shock
fronts become negligible, the density perturbations tend to
a constant function of space inside fluid a, essentially given
by the amount of entropy generated at the transmitted shock
front. The density perturbations inside fluid b vanish for large
times, as no entropy has been generated by the rarefaction fan.
As a consequence, the velocity fields become incompressible,
but not irrotational, and Eqs. (111) hold. The most general
solution of Eq. (111) is

Ua(F) = u; € + ugp(%), x<0 (137a)

upy)=u; e, x>0 (137b)

where u,,, is a particular solution of Eq. (111) in fluid a. Since
in fluid b there is no vorticity, the complete solution is equal
to the homogeneous part and u,, (%) = 0. In the shocked fluid,
we propose a particular solution in the form of a Taylor series:

(138)

If we substitute Eq. (138) into Eq. (111), we obtain the
following recurrence equation for the coefficients 6,,:

@n—1)
Do

92n+1 = 92n—1 - QaT
sinh X

, n>1 (139)
where use has been made of Egs. (109) and (95) for the pressure
perturbation evaluated at the shock front. To calculate the first
coefficient 61, it is necessary to introduce Eq. (137) in Eq. (112)

evaluated at x = 0, and we obtain

u; + u;p(O) = —vg, (140)

from which we finally get

6, = —F,. (141)

The asymptotic tangential velocity v(x)sinky is easily ob-
tained from the above results, noting that, because of incom-
pressibility, it is v(x) = —u/(x).

We show next the solution of the above differential
equations. This is done in Fig. 4, where the asymptotic velocity
profiles inside both fluids are plotted as a function of the
spatial coordinates. The incident shock has M; = 15.3. The
gases have y, = 1.45 and y, = 1.8. The preshock density
ratio is Ry = 0.0706. The solution to the asymptotic equations
for both components of the velocity field gives rise to
the continuous curves shown in Fig. 4. The values of the
dimensionless normal and tangential velocities at the contact
surface are, for this case,

u; = ugs(x =0) = up(x =0) = —0.284575, (142a)
Via = Va(x = 0) = 0.536 345, (142b)
vip = Up(x = 0) = u; = —0.284575. (142c¢)

If we assume that the velocity field is irrotational on both
sides of the contact surface, we would obtain the dotted lines

PHYSICAL REVIEW E 96, 013102 (2017)

shown. On the side of fluid b, this is correct because the
rarefaction does not generate any vorticity inside the expanded
fluid. However, inside fluid a, the situation is the opposite.
The high Mach number of the incident shock makes such an
approximation an unrealistic assumption. In fact, as we can
see from Fig. 4(a), the normal velocity changes phase at the
position x ~ —A /10, to change phase again atx ~ —X/3, etc.,
due to the vorticity field inside that fluid. Besides, it is noted
that an irrotational assumption inside fluid ¢ would predict a
tangential velocity as indicated with the dotted line in Fig. 4(b)
which is quite different from the correct solution shown as the
continuous green curve. In Fig. 4(c), we show the density map
of the vorticity profile. It is interesting to see that the first
vortex to the left of the material surface has been generated
inside a distance ~A /3. The proportionality factor between the
longitudinal size of the vortex and X is a function of the four
preshock parameters. This factor decreases below unity in the
high compression limit and increases in the limit of very weak
shocks. In [24] the size of the first vortices near the interface
has been analytically studied for the shock reflected case and
analytical estimates have been given in the weak shock limit
for different boundary conditions downstream the shock. For
the rarefaction reflected situation, this will be done in a future
work. The size observed for the vortices generated by the
transmitted front sets another characteristic length, aside from
A, that could be important for more exact nonlinear models of
the RMI.

M. Kinetic energy

Once we have the asymptotic velocity profiles, we are
able to calculate the perturbed kinetic energy stored in
the bulk. The kinetic energy, per unit length in the 2
direction, is

l 4 * / /
Sepi(x,y) = pme/ / [8v3,,(x") cos® ky
o Jo

+ 80}, (x') sin® ky'ldx’ dy’, (143)
where x and y are lengths of the integration domain. Due to
the symmetry in the y axis, it is reasonable to consider the
energy stored inside a vorticity strip inside fluid a of Fig. 3 of
dimensions (0,x) x (0,y). If we take y = A/2, we obtain

A b4 .
Beiin (x,g) = Py Y5 7 Tiin(®)- (144)
For a rotational field like (u,,v,), Ikin(X¥) must be carefully

evaluated using Eqs. (137) and (112):

Lin(X) = / [, (&) + v (&)]d5. (145)
0

However, for an irrotational velocity field, it is simply given

by

L7(%) = ul(1 — e, (146)

It is noted that Mikaelian had also calculated the kinetic energy
content in a RM environment like the one considered here
[29] using the impulsive prescription for the ripple’s normal
velocity, which amounts to using the irrotational estimation.
We plot i, (X) as a function of x /A in Fig. 5. We remind here
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FIG. 4. Asymptotic velocity fields at both sides of the contact surface together with the vorticity generated in the bulk of fluid a by the
transmitted shock. The preshock parameters are shown inside the figure and correspond to one of the experiments described in [13]. (a) Normal
velocity perturbations in both fluids. The solid curves are the exact solution to Egs. (111) and (112). Dotted lines show, instead, a hypothetical
irrotational approximation for the same velocity fields. The differences between the continuous and the dotted curves are discussed in the text.
(b) Tangential velocity perturbations in both fluids. (c) Vorticity density maps and streamlines in both fluids.

that ¥ = kx. This graph shows how the kinetic energy is stored
inside fluid a. At first, we realize that the energy predicted by
Eq. (145) is greater than the irrotational approximation given

0.20

irrotational

0.05
Va =1.45, y, = 1.8, M=15.3, Ry=0.0706
Ix| /A

0.00
00 02 04 06 08 10 1.2 14

FIG. 5. I, as a function of x /A for the preshock parameters
indicated inside the figure. The purple solid line is given by Eq. (145)
and the irrotational approximation represented by the orange dashed
line is the result of Eq. (146).

by Eq. (146). Besides, most of the energy is concentrated
very near the contact surface. Indeed, we see that almost
80% of the total energy is concentrated within a layer of
width ~0.3A. Most of the bulk kinetic energy falls inside
the first vortex strip for this set of preshock parameters. This
fact is in qualitative agreement whit recent simulations [30].
In Fig. 6(a), we show the kinetic energy stored in fluid a
up to a distance x/X = —1.5 as a function of the incident
Mach number. The energy scale has been chosen independent
of M;. We realize that a rotational field stores more energy
than a completely irrotational flow, due to the non-negligible
motion trapped inside the vortices. In the plot we see that the
irrotational prescription is only valid for weak shocks, usually
for incident Mach numbers less than 1.4. This is consistent
with the results shown in the next section. Despite the fact that
irrotational estimations of the normal velocity are reasonable
in some cases, even for strong shocks, the same is not true
for the tangential velocity in the compressed fluid. Because
of vorticity, both velocities will increase their difference with
shock Mach number and, hence, rotational kinetic energy will
be larger. To conclude, it is interesting to compare dey;, with
the background value. After simple algebra, we get the zero
order kinetic energy per unit length inside a rectangular strip of
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FIG. 6. (a) The kinetic energy per unit Z-length storage in any vorticity strip inside fluid a up to x/A = —1.5 as a function of the incident
shock Mach number. The red dashed line is the irrotational approximation. (b) The ratio between perturbed and background kinetic energy
inside a strip of dimension (¥ x A/2) of the fluid a up to x/A = —1.5. The red dashed line is the irrotational approximation. The preshock

parameters are the same in both plots and they are written inside each figure.

dimensions x x A/2:

e x > =p UZAZEﬂ (147)
kin ’ 2 mf 87 .
The ratio between both quantities can be written as
st 21 (Yo' (Di\, .
—t = f<— (—) Lin(%). (148)
ein [X] \ A U

In Fig. 6(b), we plot the above energy ratio inside fluid a up
to x/A = —1.5 as a function of M;. We observe that the ratio
starts at a value equal to %AZT(I — ¢~ 21y and decreases as
the shock becomes stronger, reaching an asymptotic value for
very strong shocks. As before, the irrotational approximation is
only valid in the weak shock limit. The distribution of kinetic
energy might be important for the problem of re-shock at
the material surface as well as an important theoretical tool
useful in the elaboration of more exact nonlinear models. A
careful and detailed study of the dependence of dey (x,y) as
a function of the preshock parameters and the corresponding
scalings laws will be the subject of a future work.

N. Contact surface asymptotic normal velocity in the form
of a Taylor series in powers of a small parameter ¢: ¢ = M; — 1,
e=1/M;,e = R — Ry, e = Ry — R{"", and ¢ = Ry — RI™"

In the previous subsections, we have learned how to solve
the perturbed fluid equations in both fluids when a rarefaction
is reflected. The velocity fields have been studied as a function
of time, and explicit analytical formulas for the asymptotic
velocities have been obtained valid in the whole parameter
space. It is very tempting to study the limiting expressions of
the asymptotic normal velocity in different physical limits.
This can be done by expanding in a Taylor series of the
corresponding small parameter in the limit considered. We
explain below the method we have used to calculate u; as
a Taylor series in powers of ¢ = M; — 1. The calculations
described in this section are intended to help with the

calculations followed in the corresponding Mathematica file
attached in the Supplemental Material [37], as they are very
lengthy. Similar reasonings are straightforward if we want
Taylor expansions in any of the other physical limits. The only
difference is that for the other small parameters, the quantity
F, is taken from the corresponding expansion of the quantity
F cf?](—2x,). The files are ready to use, after we provide the
necessary preshock parameters at the beginning.

All the perturbed quantities explicitly depend on z; and z;.
Therefore, obtaining an expansion of z, in powers of z;, in the
weak shock limit, is essential to get the Taylor polynomial for
u;. In Eq. (18), we propose an expansion of the form

00

n

r = E CtnZ;
n=1

valid for sufficiently small values of z;. The series for M is
obtained after substituting Eq. (149) inside Eq. (18). Every
perturbation quantity 3¢ is a given function of y,, ¥, Ro, Zi,
and z;: 8¢ (Y4, ¥p, Ro,2i,2;). Therefore, we substitute Eq. (149)
inside z; in any quantity composing the analytic expression for
u; and expand in powers of z;. Let us give some insights about
the sequence we have followed. We rewrite Eq. (115) for the
case of a reflected rarefaction:

sv° Uy, — RU),  RF,
— 1 — J _"_ .
ko D; R+1 R+1
We expand each quantity inside the first term of Eq. (150) in

powers of z;. We write the definitions for the lateral velocity
at both sides of the contact surface at t = 0+, in fluid a,

(149)

(150)

u;

sv0 U D
0, =—2=—(1--), (151)
y kyoD; D, D;
and in fluid b,
81}9}, c
W= fgep, = p @ FPGTeg). (s
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where the quantities a, b, and ¢ are defined in Egs. (153):

) &0]

& U=V 28 |:(‘Z9t -

St =G0 w1 Sri — &Gt
(153a)
2 (S =06 |+
- rh)ort 5o | (153b)
yh+1|: grh_é‘rt dfz
1 d0 — 3o
o= rt rh (153¢)

_Vb+1 Crh_é‘rr )

The velocities D;, D,, U, and cp; can be found, respectively,
in Egs. (1), (11), (14), and (5) of Secs. I and II. &fh, &2 Crns
and ¢,, can be found in Eqgs. (51) and (9) of Sec. III A. To
expand R, we realize that

Paf Pbo Pb1 (154)

R =Ry ,
Pa0 Pb1 Pof

therefore we expand each factor ppo/p0p1, etc., following the
exact formulas shown in Egs. (5), (10), and (13) of Sec. II.

When expanding the vorticity parameter F, in powers of
M; — 1, it is convenient to use Eq. (113):

F, = —Q, sinh x, P,(s, = — sinh x,). (155)
According to Eq. (96), we have
P.(s, = —sinh )=iﬂ (156)
Sa X 2 (sinh AR
where pl%"ﬂ) is the (2n 4+ 1)th derivative of the pressure

perturbation at the transmitted shock front at t = 0+4. If we
substitute Eq. (156) in Eq. (155), we obtain

00 (2n+1)
F,=-Q,) —%© 157
g (sinh yx, )"+ as7)

There is a remarkable property for the initial derivatives:
pg(l)) x zi + O(Z[Z), pfg) o' z[z + 0(z?), etc. Besides, €2, x
22 4+ 0(z)). It follows that F, o< z3 + O(z}). This makes that
the Taylor coefficients in the weak shock limit are exact as
they are written. The expansions of the terms that compose
the truncated expression for F, can be expanded in powers
of z;. The final result for u; can then be expanded in powers
of M; — 1 after using the relationship given by Eq. (1). The
explicit and lengthly details of the intermediate calculations
are inside the corresponding Mathematica file attached to the
Supplemental Material [37].

If we want to develop the expansions in powers of the other
small parameters (¢ = 1/M;, ¢ = R{/ — Ry, € = Ry — R§"™,
and ¢ = Ry — Ry""), the only difference with the weak shock
limit is that the bulk parameter F, is now taken from the
expansion of the function F, (1[(1)](—2 X:). More exact expansions
of F, could be obtained by expanding higher iteration orders
of the quantity F,;(—2y,). We have preferred to work with
the starting value F, (1[(1)](—2)(,) because it is clearly simpler
and it gives enough accuracy for the ranges explored. The
comparison between the different expansions and the exact
asymptotic velocity is presented in the next section.

PHYSICAL REVIEW E 96, 013102 (2017)

III. APPROXIMATE FORMULAS
FOR THE ASYMPTOTIC VELOCITIES
A. Irrotational approximation

The asymptotic normal velocity is given by the first
of Eqgs. (115) which we repeat here for convenience (the
normalization with D; is reminded):

_su® Uy, — RO,  RF,
" kyoD;  R+1 R+1

u; (158)
The main difficulty associated with the calculation of u; lies
in the bulk vorticity parameter F,. If we neglected the second
term of the above equation, it would be equivalent to say that
the vorticity generated by the transmitted shock is negligible.
We call “weak shock approximation” to such an assumption,
and indicate it by

=0 =0

s = 20~ K (159)

R+1

We compare here the differences between Egs. (158) and
(159) in different domains of the space of the four preshock
parameters. At the end of this section, we show another
approximate formula for u; that considers the lowest possible
approximation to F,. The accuracy with which u; is calculated
will be dictated by the number of iterations used in the
calculation of F,,. In general, we ensure at least three significant
digits for u;, increasing when necessary the number of the
iteration steps. In Fig. 7(a), we compare u”* with u; as a
function of M; for the other parameters shown in the figure. In
Fig. 7(a), two sets of y values are chosen: y, = 1.45,y, = 1.1
and y, = 1.45,y, = 1.8.In each case, three different values of
the preshock density ratio are considered, as indicated in the
figure. The relative difference |(u}"* — u;)/u;| is plotted against
the incident shock Mach number. The solid blue curve with
the blue circle as a marker corresponds to the parameters used
in the experiments of [12,13]. For low values of the shock
strength (M; < 2), the difference between the irrotational
approximation and the complete formula stays below 20%
for the cases shown, except for specific choices of Ry. In
general, the difference between the weak shock approximation
and the exact result increases when the incident shock becomes
stronger. In Fig. 7(b), we explicitly compare the exact and
approximate curves for two particular cases. In the orange
curves, the weak shock approximation always overestimates
the exact result in an amount given by the value of the vorticity
parameter F, < O in the whole range studied. However, the
blue curve shows that F,, changes sign at M; = 6.5, contrary to
our intuition. At larger Mach numbers, the weak shock formula
underestimates the asymptotic velocity. The intersection of the
solid and dashed blue curves in Fig. 7(b) corresponds with the
zero of the solid green curve in Fig. 7(a).

InFig. 8(a), we show the relative difference |(u}"* — u;)/u;|,
as a function of the preshock density ratio R for the same set
of gases as before, for different choices of M;. For very weak
shocks (M; = 1.1), the blue curves indicate that the relative
difference stays in general below 1% in the whole range. Every
curve starts at the right, at the value R, because a shock will
be reflected for Ry > R{. The solid blue curve shows two
interesting points: one at which F, = 0 for Ry < 0.8 and a
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FIG. 7. (a) Relative difference between u; and u}** as a function of M, for different choices of the other parameters. (b) The quantities u;

ws
i

and u}”* as a function of M; for different pairs of gases.

freeze-out point at Ry < 1. For a stronger shock (M; = 5),
a similar behavior is observed with the difference that the
characteristic values of Ry at which F, =0 and u; = 0 are
shifted to the left. For even stronger shock (M; = 15), the
freeze-out point is observed at very low values of Ry [14,27].
Itis worth to note that compressibility of fluid b is important for
moderate to strong incident shocks, as can be seen in Fig. 8(a),
where a relative difference between the weak shock formula
and the exact result of around 50% is observed. In Fig. 8(b), we
explicitly compare, as in Fig. 7(b), u; with u}** for the two sets
of gases with M; = 5. The point at which F,, = 0 is evidenced
by the intersection of the solid and dashed blue curves. The
freeze-out point is located at the point where the solid blue
curve crosses the zero value.

In Fig. 9(a), a similar analysis is shown as a function of
Ya, the compressibility parameter of the gas compressed by
the transmitted shock. For very weak shocks, the relative
difference is negligible. For stronger shocks and values
of y, — 1, the relative difference increases significantly.
Situations for which F, = 0 are observed for low values of

va. In Fig. 9(b), the explicit comparison between u; and u”* is
shown for the parameters shown. For the case indicated with
the blue line we observe that for low values of y,, F, changes
sign and u}” underestimates the normal velocity. Besides, it
can become positive for highly compressible fluids.

In Fig. 10(a), the analysis is done as function of the
compressibility parameter of the expanding fluid b. A similar
behavior is observed as a function of y,. However, we notice
that for relatively low values of y;, it is F, < 0. For some
ranges it is u”* > 0, contrary to the correct value u; < 0.

For very weak shocks, the difference is negligible, except
for shocks of moderate to high strength. It is easy to see a
characteristic value of y,, for which itis F, = 0. In Fig. 10(b),
we show u; and u”* as a function of y;. It is clear that u}** is
not a good approximation for any value of y, in the interval
1 < y, < 3. This difference is also seen in the logarithmic plot
of Fig. 10(a). At most, u; and u}"* coincide at a single value of
y, for which itis F, = 0.

The difference between |u;| and |v;,| tells us about the rel-
ative importance of the vorticity spread inside fluid a. Hence,

0.1
ol
-0.1
-0.2)
—@— V.=145, y,=18, M;=5
— Vo= 145,y,=138 Ya=145, yp =11, M;=5
—— Va=145,y,=11| -0.3
Ry g RO
0.0 0.2 0.4 0.6 0.8 1.0 127945 0.2 0.3 06 0.3 70

ws

FIG. 8. (a) Relative difference between u; and u;
and u}”* as a function of R, for different pairs of gases.

as a function of Ry for different choices of the other parameters. (b) The quantities u;
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FIG. 9. (a) Relative difference between u; and u;** as a function of y, for different choices of the other parameters. (b) The quantities u;

and u}”* as a function of y, for different pairs of gases.

how much does the ratio |u; /v;,| depart from unity, is inform-
ing us about the goodness of an irrotational approximation for
that specific choice of preshock parameters. As discussed in the
previous section, values of |u; /v;,| very different from unity
might warn us of a possible underestimation of the perturbation
kinetic energy stored inside the bulk of the compressed fluid a.
In Fig. 11, we show the ratio |u; /v;,| as a function of the four
preshock parameters. In Fig. 11(a), we show the velocities
ratio as a function of the incident shock Mach number for
the same pair of gases with different preshock density ratio.
As expected, both velocities have the same absolute value
for very weak shocks, as bulk vorticity is negligible. As the
shock becomes stronger, the tangential velocity on the side
of the compressed fluid increases and we can obtain values
of |u;/vi,| as low as 0.2 or lower, for Ry = 0.01, or other
combinations of the preshock quantities. In Fig. 11(b), we plot
the same ratio as a function of the preshock density ratio. Now
again, for very strong shocks we can get a vary large difference
for very low values of Ry. There is a maximum value of the

100}

—— M;=1.1
—8— M;=5
—h— M;=15

Ya= 145, Ry= 0.5 |
——= Va=11, Ry=05

S

-0.05}

-0.10

preshock density ratio (R(), above which a shock is reflected
and the curve can not be continued with the results of this work.
For Ry > R(’)’ , the model of [15] has to be used. For curve (i)
it is R = 0.884, and for curve (ii) it is R} = 0.899. It is
clear that the curves terminate to the right at the corresponding
value of R(’)’. To the left, the curves start at the minimum value
Rg‘i“ defined in Eq. (24). It is Rg‘i“ = 0.0267 for curve (i)
and R(r)nin = 0.00131 for (ii). In Fig. 11(c), the velocity ratio is
shown as a function of the isentropic exponent of fluid a. As
va — 1, we see markedly different behaviors, depending on
the values of Ry. In any case, |u;/v;,| is always quite different
from unity, except at singular points. For both cases, there is
a maximum possible value of y,: y/' = 3.624 for curve (i)
and /" = 221.53 above which a shock will be reflected. In
Fig. 11(d), we plot the velocity ratio as a function of y;. As
happened in the shock reflected case [15], we recognize here
two characteristic regimes. For the cases shown in Fig. 11(d),
atlower values of y;, we see that v;, reaches a zero value, which
is the reason of the peak to the left in curve (i), centered at

0.15,
@— Va= 145 Rg=0.5 M;=15 (b)
Ya=11, Rg=0.5 M;=15
0.10
— U
ws
...... u;
0.05
0.00

1.0

2.5

0

1.0 2.0 25 3.0

FIG. 10. (a) Relative difference between u; and u}"* as a function of y,, for different choices of the other parameters. (b) The quantities u;

and u}”* as a function of y, for different pairs of gases.
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FIG. 11. Ratio |u;/v;,| as a function of the different preshock parameters: (a) as a function of M;, (b) as a function of Ry, (c) as a function
of y,, and (d) as a function of y,.

yp = 2.218. We also see that there is normal velocity freeze-out will be reflected. Curve (ii) has its boundary at y," < 1, which
also in curve (i) at y, = 3.670, where it is u; = 0. We notice is the reason why the curve starts from y, = 1. Both /" and
that for the curve that corresponds to Ry = 0.8, we can not /! can be obtained from Eq. (18) by imposing the condition
continue the to the left, for y, < /' = 1.171, because a shock Z, = z;, which defines the total transmission situation.
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FIG. 12. (a) Comparison between Eqgs. (158) and (160) for different pairs of gases. (b) Same as in (a) but with more compressible fluids.
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B. Approximate formula valid at any compression level

Given that the weak shock approximation formula may
not give a sufficiently accurate result at high compression,
it is worth to examine the possibility of using an analytic
expression that takes into account the generation of vorticity
inside the compressed fluid a. This is possible by considering
the lowest order approximation to the parameter F,, given by
F!% in Eq. (117). We formally get

0] __ ﬁyb - Rﬁga RFa[O]
u; = RT1 +R+1' (160)

In Figs. 12(a) and 12(b), we compare Eq. (160) with the
exact value, for the preshock parameters shown in the legends.
We see that the approximate Eq. (160) gives an excellent result
in the whole range and does not show the shortcomings of the
weak shock estimate.

IV. APPROXIMATE ANALYTICAL FORMULAS
OF THE ASYMPTOTIC VELOCITY IN DIFFERENT
PHYSICAL LIMITS

A. Taylor expansion in the weak shock limit (M; — 1 K 1)

For very weak shocks, the weak shock formula discussed
previously is a good estimate of the asymptotic velocity.
However, as the shock Mach number increases, the vorticity
generated by the rippled transmitted front becomes important
and Eq. (159) ceases to be strictly valid. Similarly as has been
done in [15], we can make a Taylor expansion in powers of
M; — 1 in the weak shock limit and compare it with the exact
value. To this scope, we expand u}”* and R F,, /(F, + 1) and use
the same strategy as in [15]. According to Eq. (113), the value
of F, is proportional to the Laplace transform of P, evaluated

at s, = — sinh x,. We know that we can always write [15]
00 ~2n+1
5 p
Py(sq) = o (161)
n=0 "4
where ﬁtz(’,l“ is the (2n 4+ 1)th derivative of the pressure

perturbation at the transmitted shock front at # = 0+. A series
expansion like the above one will only be valid within its
circle of convergence. The Taylor expansions of the first few
derivatives can be retrieved in the Supplemental Material [37].
After collecting equal powers of M; — 1 in Eq. (158) we arrive
to an expansion of the form

Su° _Roy—1 &4

—l = + anMi—1n+O Mi—lnm‘“Jr],
ol = R Z}( V' + Ol(M; — 1y™=+1]

(162)
J

4
a) =
" Y + D+ Ro2(vh — vaRo)

[vaR
— [ + (72 + 377 — 472 Ro + valva — 21) R3] | 22 }

4

a; =

31 + D2+ RoY (v — vaR0)?
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FIG. 13. Comparison between the exact normal velocity and
different Taylor polynomials in powers of M; — 1 for the gases and
shock parameters indicated in the legend. Different curves correspond
to different Taylor polynomials. For details, see the text.

where nm,x 1S a given superior limit for the sum indicated
above. In Fig. 11, we have calculated the Taylor polynomials
up to fimax = 9.

It is remarkable to see that the lowest order term is exactly
the preshock Atwood number, confirming the validity of the
impulsive prescription for very low values of the incident
shock Mach number. An expansion like the above includes the
contribution of the weak shock term u}”* and the bulk parameter
RF,/(R + 1). For weak shocks, as it is F, oc (M; — 1)? (see
Fig. 2), bulk vorticity effects are included in Eq. (162) since the
Taylor coefficient a, onwards. In Fig. 13, we compare the exact
solution with the different Taylor polynomials of Eq. (162) up
to (M; — 1)° for a specific choice of the preshock parameters.
We see that adding additional terms is not useful because the
convergence radius of the corresponding series is quite small
(M; — 1 £0.5). Unfortunately, the additional terms beyond
the third order have very lengthy analytical expressions making
their use impractical. We only show here the coefficients a; and
a, as a; is the first Taylor coefficient to have information on the
bulk vorticity profile near the contact surface. The other Taylor
coefficients, from az up to ag, can be found in the Mathematica
files inside Supplemental Material [37]. The first coefficients
are

{Vayb + Ya(Ya — ¥5)Ro + Va(5va — 6V)RG

(163)
Vb

VaRO
Zl()/m]/b,Ro)+Zz(7/a,)/b1RO) Y )
b

(164)
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where

PHYSICAL REVIEW E 96, 013102 (2017)

Z1(Ya: Vo R0) = 4va¥y (Vo + 1) — Ya¥; [vaB¥o +9) + v — 5w ] Ro
—[¥2 Ty + 3D + ¥2v(=315 — 81) + vayF(—=5vs + 16) + 33y 2y R}
+ [y A3y, +19) + y2yp(—61y, — 283) + y2y2(51ys + 549) + vy 1y, — 297) + 36y, ] R
+ [ 28y + 10) + . v5(=52y5 — 115) + v/ 21y, + 138) + vay;) By — 36) + 37, 2R}
+ 7243y — 95) + Yays(—63y, + 183) — 108y2]y2 Ry — (va + D62 V2 RS,
Zo(as Vs Ro) = =577 (v + D) + [v2(10y; + 40) + v, 75(—= 13y, — 109) + 126y + 72)] 2 Ro
+ [72 By +27) + v (62y5 + 110) + yay; (=T7y, — 365) + ;) (65 + 222)] 1 R§
Va (=8y5 — 14) + ¥, v6(=33y5 4 99) + v, 75, (100y;, — 152) + y,; (—81y; +99) — 54y, | R}

+[
+ [v (=16 — 4) + v vu(—21y, + 243) + ¥ 2y, (60y, — 396) + vay; (— 1295 + 180) — 12y,'| R

Y28y — 10) + 2 75(= 15y, +21) + v 2 (— 12y — 18) — 121 vu R},

B. Strong shock limit M; > 1

For very strong incident shocks, the following ex-
pansion is possible, similarly as for the shock reflected
situation [15]:

by by
PR + -
Mm? M}

L

i = boo + + 0 (M;°). (166)

The analytical general expressions of the above coefficients
can be retrieved in the corresponding Mathematica file
attached in the Supplemental Material [37]. As happened with
the shock reflected case [15], the analytical expressions are
rather long to be written. To obtain b, we have used Fa[o],
which makes a good job even for low values of M;, as can be
seen in Fig. 14, where the preshock parameters are indicated
in the legend.

-0.26

u; Ya=1.45, y, = 1.8, Ry =0.0706

-0.28}

-0.30}

-0.32}

-0.34¢

-0.36}

-0.38}

~0.405 5 10 50 100

FIG. 14. Comparison between u; and different Taylor poly-
nomials in 1/M? for the preshock conditions indicated in the
legend.

(165)

(

C. Taylor expansion in powers of (R}’ — Ry),
valid for R™™ « Ry < R!"

Near the boundary of total transmission, the asymptotic
velocity can be expanded in powers of R’ — Ry. As done in
the previous paragraph, the expansion is done on the analytical
formula for u? and we obtain a formula of the type

u; = co + ¢ (R(t)t — Ro) + Cz(R(t)t — R0)2 + C3(R6l — R0)3

+cs(RY — Ro)* + O[(RY — Ry)’]: (167)

We can see in Fig. 15 that the fourth order polynomial agrees
quite well with the exact formula over a wide interval of the
parameter Ry. We notice that for this choice of preshock
quantities, the asymptotic velocity is positive for Ry > 1,
indicating the possibility of freeze-out near Ry = 1.1433.
The coefficients cg,cy, ... can be found in the corresponding
Mathematica file attached in the Supplemental Material [37].

Ya=145, yp=1.8, M;=15.3
uj t
Ry =1.1433
0.00
-0.05
= exact
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—f— Co +C1 (R},' -Ro) +c:2(R:,t —R0)2 +C3(R},' —Ru)3 +04(R§,' —Rn)‘
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FIG. 15. Comparison between u; and different Taylor polynomi-
als in R’ — Ry for the preshock conditions indicated in the legend.
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FIG. 16. Comparison of the Taylor polynomials centered at Ry =
RS’“ with the exact value of u;. For Ry > Rgm, the expansion param-
eter is x = Ro/R{™ — 1. For Ry < RE™, the expansion parameter is
x =1 — Ry/RE™. For details of the expansion, see the text.

It is noted that the expansion discussed in Eq. (167) is not
limited to the weak shock limit, as there is no restriction on the
incident shock Mach number, analogously as has been shown
for the similar expansion in [15].

D. Taylor expansion in powers of (Ry — Rgr“)

At the value Ry = R{™, given by Eq. (25), the rarefaction
tail remains steady in the laboratory frame of reference.
Mikaelian studied a similar configuration for the case of a
shock reflected, in which the reflected shock was at rest.
A similar situation is possible here, and having at our
disposal the model equations, it is worth to expand u; in a
neighborhood of R§™:

u; = d() + d] (R(t)t — Ro) + dz(R(l)t — R0)2 + d3(R6t — R0)3

+dy(RY — Ro)' + O[(RY — Ro)’]. (168)

The comparison is shown in Fig. 16 for the preshock
parameters indicated in the legend. This expansion shows
the largest circle of convergence when compared to the other
Taylor expansions obtained in this work.

E. Normal velocity in the limit Ry — 0
1. R() g 0, Zi =00

When we approach the limit of very low density gases to
the left of the contact surface, we arrive to the limits shown
in Egs. (20) and (22) and we must be careful inside which
interval we want to perform the Taylor expansion. For exactly
Ry = 0, the only possible incident shock strength is z; = 0o
or, equivalently, M; = oo. For small but finite values of Ry
we must distinguish whether we make z; > 1 or work with
a large enough but finite value of the shock strength. This
fact enables us to establish the boundary Ry = Ry(z;), which
is a function of the incident shock Mach number. For not
necessarily negligibly small values of the preshock density
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ratio, the rarefaction tail starts to move to the left, following
the transmitted shock. As Ry decreases still further, the velocity
of the rarefaction tail is nearer to the velocity of the material
boundary. In those conditions, it is clear that the pressure,
density, and sound speed at the contact surface become also
infinitely small. In the strict limit of Ry = 0, both surfaces
coincide and we are not working any longer with an RM
environment in two fluids, as there is only the expanding
fluid against vacuum. In this case, it is known that the normal
ripple velocity is exactly zero [6]. In the limit Ry very near
zero, the bulk vorticity term rapidly tends to zero, but the
weak shock term u,,; tends to (Svgb # 0, even in the expansion
against vacuum situation, as discussed in [28]. We must admit
that our model does not give a continuous limit for u; in
the limit Ry = 0. This discontinuous behavior is related to
the fact that this limit is singular. On one hand, the shock
strength must be taken equal to z; = oo, and on the other
side, only one fluid is present. In fact, even for negligibly
small and nonzero values of Ry, two fluids are present and the
one-dimensional (1D) background velocities of the contact
surface and of the rarefaction tail are different. Therefore, a
region of uniform density and pressure will always be created
between the contact surface and the rarefaction tail, where
pressure perturbations exist and a velocity field is generated.
Inside this strip of fluid, lateral mass flow exists up to the
contact surface itself, giving rise to the velocity contribution
8v(v)b. Our two fluids model does not handle the limiting case
Ry = 0. Such a case must be studied with a traveling alone
rarefaction wave in the strict limit M, = 0, using the results
of Sec. III A, as discussed in [28]. Under such conditions, the
normal velocity at the rarefaction tail can be seen to be exactly
zero at all times since t = 0+.

2. Taylor expansion in powers of (Ry — RI™),
valid for RP™ < Ry < RY

The preshock density ratio defined in Eq. (24) defines two
regimes of the expansion. For Ry > R(‘)ni“, we keep the incident
shock strength at a finite value. In the same way as before,
we can make a Taylor expansion of the normal perturbation
velocity in powers of (Ry — RJ"™) of the form

ui = eg +e1(Ro — RY™) + ea(Ro — R(r)nin)z
+e3(Ro — RI™) + e4(Ro — RY™)'

+O[(Ro — RY™)’]. (169)

We compare the above formula with the exact solution in
Fig. 17. It is seen, as happens with the Taylor expansions
studied in the other physical limits, that the convergence radius
of the whole series is also finite, amounting for this case to
Ry — RM™ < 0.0005, where RM™ = 0.001 168. The analytical
results for the coefficients e, are rather lengthy to be written
and are shown inside the Mathematica files attached in the
Supplemental Material [37].

V. COMPARISON WITH SIMULATIONS
AND EXPERIMENTS

In this section we compare experiments and simulations
with our linear theory. In particular, we follow the linear time
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FIG. 17. Comparison of the Taylor polynomials centered at Ry =
RM with the exact value of u; for the parameters indicated in the
legend.

evolution of the contact surface ripple and how it depends
on the preshock parameters (initial ripple amplitude and
perturbation wavelength and fluids parameters). Besides, it
is worth to compare the growth rate of the experiments and
simulations, with the different analytic approximations, where
adequate, as obtained in the previous sections.

A. Experiments of Refs. [12,13]

In the experiments described in [12,13], strong shocks
have generated to drive the RMI for the rarefaction reflected
situation. The target is formed with a beryllium (Be) ablator
and a tamper formed by a low density foam or plastic.
Two-dimensional (2D) corrugation is imposed at the contact
surface an its evolution is diagnosed with face-on and side-on
radiography. The 1D background flow had been studied with
LASNEX simulations and the details are shown in [12]. Two
incident shock strengths had been used: M; = 15.3 (which
is called high drive) and M; = 10.8 (called low drive). The
isentropic exponents used are y, = 1.8 for the beryllium
ablator, y, = 1.45 for the foam tamper, and y, = 1.8 for
the plastic tamper. An initial density jump Ry = 0.0706
is considered for the Be-foam target and Ry = 0.647 for
Be-plastic. A wide range of initial amplitude and wave-
length ratios have been studied in [12] (0.04 < /1 < 0.28).
In order to distinguish the different experiments, we re-
spect the identification scheme used in [12]: the first letter
means the driving type (L for low pressure and H for high
pressure), the second letter identifies the tamper material
(F foam and P for plastic), the first written number is
the perturbation wavelength and the second number is the
preshock ripple amplitude (both in microns). For example,
LF100/4 represents low drive, foam tamper, a wavelength
equal to 100 um and an initial interface corrugation amplitude
equal to 4 um. However, in the simulations reported in [13],
more cases with other driving pressures have been also studied.
For those cases, we simply indicate the incident shock Mach
number in front of the tamper material letter.
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FIG. 18. Comparison between the temporal evolution of the
interface ripple and its velocity for HF100/10 case of [13] and our
theoretical model. Curves are indicated inside the figure and explained
in the text.

1. Numerical simulations

Simulations based on different codes are compared with
experimental data in the two works cited before. In [12],
they simulated face-on and side-on radiographs with CALE,
a hydrodynamic Langragian-Eulerian code. In [13], they
evaluate three different codes: FRONTIER is a front tracking
code, PROMETHEUSwhich solves Euler’s equations on a uni-
form rectangular grid, and RAGE (Radiation Adaptive Grid
Eulerian) which is a multidimensional Eulerian radiation-
hydrodynamics code. All of them had been validated against
a variety of both analytic test problems and experiments. For
details and extended bibliography, see [12,13].

2. Detailed comparison for a single case: HF100/10

In this section we make an analysis of the experiment
HF100/10, for which the experimental data and simulation
results have been taken from [13]. We show the temporal
evolution of the contact surface ripple in Fig. 18. The incident
shock comes from the beryllium ablator and a shock is
transmitted inside the foam tamper. The preshock parameters
are M; =153, y, =138, y, =145, and Ry = 0.0706.
The preshock initial surface corrugation is 10 um and the
perturbation wavelength is 100 wm. In Fig. 18, we show the
temporal evolution only up to ¢ = 4 ns. Besides, we do only
show the face-on data (black circles) because the side-on mea-
surements cannot resolve small amplitudes (see [12]), which
are relevant for the comparison within the temporal window in
which linear growth is important. The origin of time coincides
with the instant when the incident shock has completely
disappeared, as discussed in [13], which is uncertain by
= 0.25 ns. Using Eq. (129) is a good test for our linear theory
results because it depends explicitly on the value of 5v;°,
which is given by Eq. (115). Choosing a wrong value would
result in disagreement between curve (a) and the experiments,
which is not the case here. Besides, as is evident from Fig. 18,
for these experimental conditions we can not discern between
“1[5 Tand «!”, and the curves predicted using both values are

i
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TABLE I. Growth rate comparison of the cases discussed [12,13]. The experimental and simulation data for HF cases are taken from Fig. 7
of [13] and for LF and plastic tamper (P) cases from Fig. 26 of [12]. The last three columns are linear asymptotic velocity predictions: the
first of them are calculated using five iterations in the functional equation [Eq. (79)], the second is the approximate formula without iteration
[Eq. (160)], and the third are Taylor’s series estimations. The key is (ws) weak shock limit [Eq. (162)], (ss) strong shock limit [Eq. (166)],
and (hdj) high initial density jump [Eq. (167)]. The first two columns are the values of initial post-shock amplitude Eq. (128) and asymptotic

ordinate Eq. (134) for the contact surface ripple. Lengths are given in um and velocities in umns™".

1

Case Vo/A v Voo v (Expt.) v (Simul.) sp>P sp Sv%® (Limits)
HF 100/4 0.04 —0.775 0.731 -3.135 —3.568 —3.562 —3.557 —3.557 (ss)
HF 150/10 0.067 —1.938 1.828 —7.411 —6.033 —5.936 —5.929 —5.928 (ss)
HF 100/10 0.1 —1.938 1.828 —9.174 —8.356 —8.904 —8.893 —8.892 (ss)
HF 100/14 0.14 —2.713 2.559 —-10.721 —10.742 —12.466 —12.450 —12.449 (ss)
HF 50,7 0.14 —1.357 1.279 —13.012 —10.742 —12.466 —12.450 —12.449 (ss)
HF 60,10 0.167 —1.938 1.828 —9.009 —~11.670 —14.841 —14.822 —14.821 (ss)
HF 30,7 0.233 —1.357 1.279 —10.153 —13.308 —20.777 —20.750 —20.749 (ss)
HF 38/10 0.263 —1.936 1.828 —11.906 —13.793 —23.433 —23.403 —23.401 (ss)
HF 50,14 0.28 —2.713 2.559 —14.630 —14.546 —24.932 —24.900 —24.899 (ss)
LF 100/4 0.04 —0.746 0.754 -2 —25 —2.557 —2.554 —2.554 (ss)
LF 150/10 0.067 —1.865 1.884 3.5 —45 —4.261 —4.257 —4.257 (ss)
LF 100/10 0.1 —1.865 1.884 -5 -55 —6.391 —6.386 —6.386 (ss)
LF 100/14 0.14 —2611 2.638 -5 -7 —8.948 —8.940 —8.941 (ss)
LF 50/7 0.14 —1.306 1319 -6 —6 —8.948 —8.940 —8.941 (ss)
LF 30/7 0.233 —1.306 1319 -8 —7 —14913 —14.900 —14.901 (ss)
LF 50/14 0.28 —2611 2.638 -105 -9 —17.896 —17.880 —17.881 (ss)
1.33F 100/4 0.04 1.995 3.190 —0.347 —0.347 —0.382 (ws)
5.6F 100/4 0.04 —0.597 0.929 —1.429 —1.428 —1.429 (ss)
HF 100,25 0.25 —4.845 4569 —22.261 —22.232 —22.231 (ss)
HF 100/50 0.5 9,691 9.138 —44.522 —44.465 —44.462 (ss)
HP 100/14 0.14 2.979 4.459 -2 -35 —2.750 —2.749 —2.749 (ss)
—2.743 (hdj)
LP 100/14 0.14 3.026 4.506 —0.8 —242 —1.954 —1.953 —1.953 (ss)
—1.951 (hdj)

therefore indistinguishable. In Table I, we give §v° using ul[s]

[0]

and u; -, as well as a comparison with different physical limits,
where appropriate. The post-shock amplitude [Eq. (128)] is
Y5 = —1.94 um indicating that during the shock refraction,

0 6p; (GPa) 140

Wi (um)
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the interface changes its phase. This is due to the difference
between the shocked contact surface velocity and the incident
shock speed (U = 59.4 um/ns > D; = 49.8 um/ns), known
as direct phase inversion [5]. The dotted line (b) is the

O Wi(um) ZH() 0
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FIG. 19. (a) Time evolution of the contact surface ripple and the transmitted shock pressure perturbations for the experiment HF100/10.
(b) Time evolution of the contact surface ripple and the contact surface acceleration for the experiment HF100/10.
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FIG. 20. (a) Time evolution of the transmitted shock ripple for the experiment HF100/10. (b) Time evolution of the rarefaction tail ripple

for the experiment HF100/10.

asymptotic evolution predicted by Eq. (133). It intersects the
vertical axis at a value equal to ¥o, = 1.83 um, which can be
calculated with Eq. (134). We notice that ¥/ is quite different
from the post-shock corrugation v;. The orange triangles
have been numerically calculated using the linear simulations
of Ref. [5]. We also show the prediction of some formulations
of the impulsive model: dotted line (c) is calculated using
the Richtmyer’s prescription [1], dotted line (d) is calculated
with the value u,,; given by Eq. (159), and dotted line (e) is
obtained with the impulsive Meyer-Blewett formula [4]. The
2D simulations are given by the solid curves: (f) FRONTIER,
(g) PROMETHEUS, and (h) RAGE. The impulsive formula
used to draw curve (c) is given by the original Richtmyer’s
prescription [1]
Ro—1

8Vimp = koU , (170)
and the Meyer-Blewett formula used to draw curve (e) is

given by [4]

R+1

k _
dum = z(lﬁo + YU . (171)

Several features concerning Fig. 18 merit discussion. First,
as observed before, the approximate formula proposed in
this work, with no iteration [Eq. (160)], shows very good
agreement with the exact solution (115) [11]. Both expressions
exactly agree with the calculations of [5], as shown in [11].
The adequacy of the compressible linear theory developed here
to describe the experimental data and the simulations, before
nonlinearities appear, is very good for this case. In fact, there
is a reasonable description of the initial transient phase and the
later linear asymptotic growth for 0 < ¢ < 2.5 ns. However,
some weak shock approximate formulas give inaccurate
results and scalings. Since impulsive prescriptions ignore the
perturbation dynamics of the shock fronts for ¢ > 0T, they
cannot take into account the compression effects and the bulk
vorticity generation. Consequently, in the situations where
the shock is not weak, they provide imprecise values for
the growth rate [5,6,11]. However, the empirical Meyer and

Blewett formula [4], proposed to fit their numerical data, gives
a reasonable velocity estimation for this case. For these high
values of the incident shock Mach number, compressibility
effects are manifested not only in the growth rate value, but
also in the asymptotic ordinate ¥, and the tangential velocities
8v;’2 and Svﬁ, which are different. In fact, as discussed in [4],
they had to admit the existence of an asymptotic ordinate,
quite different from v, of which they were unable to give
a scaling law, derived either analytically or numerically. In
Fig. 18, we see that the linear asymptotic formula [Eq. (129)]
is valid inside the interval 0.8 < ¢ < 2.5 ns. The temporal
window of linear saturation would be a function of the values
of Y and A, probably through the ratio ¥y/A. In Fig. 19(a),
we show the temporal evolution of 1/; and dp,. We see that
the interface ripple enters its asymptotic stage much earlier
than the transmitted shock pressure perturbations. By the time
t = 2 ns, the interface ripple is growing with approximately
constant velocity and the shock has just generated its first peak
of vorticity inside fluid a. In Fig. 19(b), a similar comparison
is done with the interface acceleration. Finally, in Fig. 20,
we show the temporal evolution of the rippled transmitted

20 HF100/10
15
10 /.\
5 OVy, (uml ns)
—@— |6v;| (uml ns)
— == asymptotic values
t (ns)
o2 6 & 10

FIG. 21. Time evolution of the normal and tangential velocities
(lighter fluid) at the contact surface for the experiment HF100/10.
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FIG. 22. Temporal evolution of the contact surface ripple for HF
cases of [12]. Experimental data: black points are measured from
face-on radiographs. Simulations: (f) FRONTIER, (g) PROMETHEUS,
(h) RAGE, (k) face-on CALE, and (m) side-on CALE. Linear theory:
(a) temporal evolution using uEOJ [Egs. (129) with (160)] and (b)
asymptotic evolution predicted by Eq. (133).

shock and rarefaction tail corrugation. The rarefaction tail
corrugation has been calculated with Eq. (58) of Ref. [20]. The
shock corrugation amplitude is obtained using the calculations
shown in the Appendix. There is a distinguishing characteristic
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FIG. 23. Temporal evolution of the contact surface ripple for LF
cases of [12]. Experimental data: black points are measured from
face-on radiographs. Simulations: (f) FRONTIER, (g) PROMETHEUS,
(h) RAGE, (k) face-on CALE, and (m) side-on CALE. Linear theory:
(a) temporal evolution using ut[ol [Egs. (129) with (160)] and (b)
asymptotic evolution predicted by Eq. (133).

when comparing the shock and interface ripple growths. The
time taken by contact surface and rarefaction trailing edge
corrugation amplitudes to reach their asymptotic is different
from the characteristic time to reach the asymptotic for the
transmitted shock ripple. This fact had also been qualitatively
observed in [4], who had written the following: “The (helium)
shock, in particular, was seen to undergo oscillations that are
independent of the interface behavior.” The characteristic time
to reach the asymptotic for ¥, is on the order of 24 ns and ;
is typically on the order of 1 ns. However, at the shock ripple, as
discussed in [24], the asymptotic stage is usually reached after
the third-fourth zero crossing, which for this case, amounts to
a characteristic time between 4-5 ns. By the time the contact
surface ripple reached its asymptotic, the transmitted shock
has almost entirely generated the first peak of the vorticity
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FIG. 24. Asymptotic normal velocity as a function of /A for the previous experiments: (a) HF, (b) LF.

distribution in the bulk as shown in Fig. 19(a). This seems to
be a general trend behind corrugated shock fronts [15].

As commented along the work, an important consequence
of the high compression with corrugated shocks in RM
environments is the generation of bulk vorticity which is
manifested in different values for the normal and tangential
velocities at the contact surface. In fact, in Fig. 21, we show
the temporal evolution of both quantities within the temporal
window of the experiment. The transverse final velocity v;,
is quite different from u;, a fact that a priori precludes the
use of a potential flow model inside the compressed fluid.
Up to date, there is no rigorous theory with which to study
the weakly nonlinear phase that consistently joins the fully
compressible linear growth phase and the following weakly
nonlinear transition taking into account the vorticity spread in
the compressed fluids.

3. Rest of experiments and simulations of [12,13]

In [12], the authors provided experimental data covering an
extensive range of perturbation amplitudes and wavelengths

(0.04 < ¥o/2 < 0.28), for two different shock strengths. In
Fig. 18, we compare those results with our [Egs. (129) and
(160)] for high drive, and the same is done in Fig. 19 for
the low drive cases. Additionally, they presented a pair of
configurations where the initial density ratio is changed with
a plastic tamper (Fig. 20). In [13], the authors presented an
exhaustive study of three experiments HF100/10, HF100/4,
and LF100/4, adding to each experimental data the error
bars together with 2D simulations. In Fig. 21, we compare
with another four cases, only studied with simulations in
[13]. As already commented before, in the curves drawn
in [13], time is referenced to the instant when the incident
shock has crossed the contact surface. The origin of time
has an uncertainty around 0.25 ns. However, in the figures
shown in [12], time is referenced to the moment when
the experiments start. Therefore, knowing that the beryllium
ablator has a depth of 100 um, we estimate the instant when
the shock has completely crossed the interface ripple as tp+ =
(100 + v)/ D;. We obtain the range 2.09 < #p; < 2.29 ns for
HF and 2.96 < 194 < 3.24 ns for LF cases. Let us concentrate
in Fig. 18. As commented in [12], when the rarefaction wave

15 v, 15 s
7 ° - . LP100/14
[ ]
HP100/14
5 5
e \0 °®
0 0
q
-5 -5
(b)
B t (ns) B t (ns)
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FIG. 25. Temporal evolution of HP (a) and LP (b) cases. The labeling used for the different curves follows the same indications as in Fig. 22.
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FIG. 26. Temporal evolution of the contact surface ripple for simulated cases of [13]. Simulations: (f) FRONTIER, (g) PROMETHEUS, and
(h) RAGE. Linear theory: (a) temporal evolution using ul[o] [Egs. (129) with (160)] and (b) asymptotic evolution predicted by Eq. (133).

travels back to the ablation surface, a weak shock is generated
inside the expanded fluid that hits the interface at ¢ ~ 4 ns
after the incident shock disappears. This means that for = 4
a second shock is transmitted inside the lighter fluid. It is
clear that our theory is only valid before reshock occurs.
In Fig. 19, the low drive cases are plotted as a function of
time. Similar conclusions can be inferred as with the high
drive case. The cases with a higher value of ¥/A show
different initial slopes as compared to the experiments and
simulations due to nonlinearity. In Table I we show, for
each case, the ratio /A, the post-shock interface ripple
amplitude ;, the asymptotic ordinate v/, the asymptotic
normal velocity given in [12,13], the asymptotic velocity as
given by the simulations shown in [12,13], the exact theoretical
asymptotic velocity given by Eq. (158) [Eq. (160)], and
the last column is the inferred value from the correspond-
ing approximation (strong shock, weak shock, high density
jump).

Different initial conditions (some of them with large values
of the pre-shock ripple) are studied in Figs. 22 and 23. The dots
are taken from the experimental results, the orange curves are
different numerical simulation results and we have superposed

to them our time evolution curves (complete and asymptotic).
In Fig. 24, the dependence of the ripple normal velocity with
the ratio y¥o/A is shown. Dots are experimental results, the
continuous curves are taken from simulations and the dotted
lines are calculated with Eq. (160). In Fig. 25, the experi-
mental ripple time evolution is compared with our results for
experiments done with plastic targets and two shock strengths.
In Fig. 26, a similar analysis is done for the cases studied in
Ref. [13] only with simulations. In Fig. 27 we show several
plots showing the dependence of the ratio between the normal
velocity u; and the tangential velocity v;, as a function of the
four pre-shock parameters: M;, R,, y,, and y;, as discussed
in Fig. 11. We have used here the pre-shock conditions of
the experiments of Ref. [13]. The markers refer to the experi-
ments. We see that normal and tangential velocities are quite
different, as the markers stay well below the horizontal line
u;/vig = 1.

Itis interesting to compare the dependence of u;, v;,, and v;;,
as a function of the Mach number for the preshock parameters
corresponding to the foam and plastic targets. This is shown
in Fig. 28. The tangential velocity v;;, agrees exactly with u;,
as expected. The more interesting behavior is shown by v;,
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FIG. 27. Ratio of the normal velocity to the tangential velocity (in the lighter fluid) as a function of the four preshock parameters. In each
plot, the experiments previously discussed are marked.

where we see that v;, and v;;, start to deviate significantly at

M; Z

~

1.4, due to the vorticity in fluid a.

B. Experiments of Ref. [22]

The authors of [22] have conducted a series of experiments
in a shock tube at low Mach numbers in which the rarefaction

0.6, 0.10 (b)
_M,-=10M,-=5 (a) _anMi=5
uil et lui] a0
0.5 M; =20
vie 0.08 vi )
Va=1.45, yp = 1.8, Ry= 0.0706 M;=1.4 ,’1
0.4 wora S o " Vi
1= /1 0.06} y.=18, y»=18 Ro=0.647 !
74 //
0.3 v Vip Vi
0.04}
0.2
0.02
0.1
| Vim| | Viml|
0'8.0 0.1 0.2 0.3 0.4 0'%00 0.02 0.04 0.06 0.08

FIG. 28. Parametric curves showing the tangential and normal velocities in the HF (a) and LF (b) cases. The Mach number increases along

each curve.
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FIG. 29. Contact surface ripple amplitude as a function of time
for the experiment 121 of [22]. Triangles refer to the experimental
measurements. The continuous red curve is the result of Eq. (129)
where ul[ol, given by Eq. (160), has been used. The dashed line is the
asymptotic formula given by Eq. (133).

reflected configuration was studied. They have used a novel
technique to accurately characterize the initial conditions at
the shocked material surface. Perturbations are sinusoidal and
laser sheet diagnostics were used to measure the interface
displacement. Unfortunately, it is quite difficult to extract
useful information for comparison from their experimental
data. We have been able to compare with their results plotted in
Figs. 4 and 5, for the case they called Run 121, in which a shock
coming from air impinges a contact surface separating it from
helium. The Mach number used for this case is M; = 1.15. We
plot the contact surface ripple as a function of time v; () using
our Egs. (129) and (133) in Fig. 29. The blue markers represent
the measured temporal evolution of the fundamental mode (as
seen from their Fig. 4) and the green markers represent the
ripple amplitude as inferred from the positions of the bubble
and spike. Our theoretical prediction goes in the middle of the
experimental points. It is interesting to make a short analysis

PHYSICAL REVIEW E 96, 013102 (2017)

of the dynamics of the surface ripple, shock, and rarefaction
tail, and tangential velocities in the interval of time during
which linear theory is a reasonable assumption, in the same
way we did in Figs. 18 to 27 in the previous subsection. In
Fig. 30(a), we superpose the surface ripple complete and
asymptotic evolution [Egs. (129) and (133)] with the shock
pressure perturbations calculated with Eq. (36) at x, = x,;. We
see that the surface ripple enters its asymptotic stage when the
transmitted shock has almost passed its first peak, that is, at
the time the transmitted shock has almost generated the first
maximum of the vorticity distribution in the bulk. At that time,
the interface acceleration is oscillating near zero [Fig. 30(b)].
A similar trend was observed in the experiments of [12,13]
for a much stronger incident shock. In Fig. 31(a), we show
the transmitted shock ripple amplitude given by the solution
(40). We have superposed the approximate solution obtained
by simply retaining up to 5 and ws in the expression for p,. In
fact, for weak shocks, the coefficients 75, , ; and wy, , | become
negligible after n ~ 2. In Fig. 31(b), the rarefaction tail ripple
growth is compared to the interface ripple. Behavior is similar
as in the strong shock experiments.

In Fig. 31, we show the time evolution of the ripple at the
rarefaction trailing edge. We compare the exact and asymptotic
evolution. We see that during the interval of time in which
linear theory is an acceptable approximation, the surface ripple
enters its asymptotic stage much before than the rarefaction
tail ripple, as in the experiments at large Mach.

In Fig. 32, we show the temporal evolution of the tangential
velocity on fluid a at the contact surface v,(x = 0,) and
vp(x = 0,1) = u(x = 0.r). We see that both velocities start
from quite different values and tend to an almost common
asymptotic which is also very near the asymptotic value of
the normal velocity. There is a very small difference between
them due to the small amount of vorticity spread in the bulk
of fluid a. We can notice the difference of this weak incident
shock situation with Fig. 21 for the experiments of [12,13].

VI. SUMMARY

We have presented an analytical study of the Richtmyer-
Meshkov instability when a rarefaction is reflected. This work

. 5 Ly
2 ll": {mm) op; (Pa) dt‘z" (mm/ms)? 0.5
----------- 0.0
1 0
-0.5
Run 121 of Ref.[22]
0 -5 -1.0
-1.5
-1 -10 -1 =20
Run 121 of Ref.[22]
-25
-2/ (a) t(ms) \|_45 2| () t (ms)

0.00 0.05 0.10 0.15 020 025 0.30

-3.0
0.00 0.05 0.10 0.15 020 025 0.30

FIG. 30. (a) Contact surface ripple (exact and asymptotic) superposed to the transmitted shock pressure perturbations temporal evolution
for the experiment 121 of [22]. (b) Contact surface ripple (exact and asymptotic) superposed to the contact surface ripple acceleration.
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FIG. 31. (a) Transmitted shock ripple amplitude as a function of time. The continuous curve represents the exact solution of Eq. (40) and
the dots represent the asymptotic solution. (b) Rarefaction tail ripple as a function of time: continuous curve is the exact solution and the dashed

line is the asymptotic solution taken from [20].

is a natural continuation of previous works on the subject.
The background profiles of pressure, density, and velocity
have been obtained and the scaling laws in different regimes
have been studied (weak and strong rarefactions, refraction
near the boundary of total transmission). The equations of
motion have been linearized and their solution has been
briefly reviewed in order to be used later in the subsequent
sections. The asymptotic velocity profiles inside each fluid
have been solved taking into account the generation of vorticity
inside the compressed fluid. The exact rotational solution is
compared with the irrotational approximation and an important
difference is observed in the values of the tangential velocity
profiles. Besides, the rotational velocities change sign due
to the spatial variations of the vorticity generated by the
transmitted shock. The kinetic energy content of the perturbed
fluids is analyzed by integrating the analytical profiles and
we see that the asymptotic kinetic energy is concentrated in
a narrow layer near the contact surface, essentially inside the

40

6Vya(mm/ms)
30 —@ | 6vi| (mm/ms)
--- asymptotic values

Run 121 of Ref.[22]

0 t (ms)

04

0.0 0.1 02 0.3 0.5

FIG. 32. Comparison of the time evolution of the normal and
tangential velocity inside fluid a.

first peak of the vorticity distribution in the bulk. This effect is
stronger as the shock strength increases. A careful study of the
dependence of the kinetic energy on the preshock parameters
is obviously left for a future work. These scaling laws might
result important to understand how energy is distributed in the
bulk, becoming a useful tool in the design of theoretical models
that aim to describe, for example, reshock. Besides, future
nonlinear model may benefit from that knowledge. The exact
and asymptotic time evolution of the contact surface ripple has
been exhaustively studied with the help of the Bessel functions
series and the model presented here. We have found that in
order to describe the asymptotic behavior of v;(¢), we must
incorporate an asymptotic ordinate .. This behavior was
already observed by Meyer and Blewett in their simulations,
but they could not give any scaling law to describe it. The
goodness of an irrotational approximation to characterize the
behavior of the normal contact velocity has been studied in
different ranges of the preshock parameter space. The influence
of the incident shock strength as well as the values of Ry, v,
and y;, have been carefully analyzed. In general, an irrotational
approximation is justified for M; < 1.5. As with the behavior
with respect to Ry, there is no simple rule to be given. Even
for very weak shocks, there could be ranges of Ry in which
an irrotational approximation would be very bad because
we could be approaching a freeze-out situation. At higher
strengths, the comparison would be also strongly dependent
on the values of the isentropic exponents. We have found
that for strong shocks, the relative error might be well above
10%, except in exceptional cases in which F, = 0. As for the
relative error between the exact solution and the irrotational
approximation as a function of y, and y,, conclusions are
more or less similar. This complicated behavior is certainly
related to the complex mathematical structure of the solutions
of this apparently simple linear problem, which is manifest
because of the nonzero value of F, in most of the parameter
space. A good indicator of irrotationality would be the equality
between the normal and tangential velocities in the compressed
fluid. To this scope, the ratio between both quantities has also
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been studied as a function of the four preshock parameters
and conclusions are consistent with the behavior observed
before. As a good rule of thumb, in order to decide whether
an irrotational approximation could be a good choice or not,
is to roughly compare the bulk parameter F, # 0 with any of
the initial tangential velocities. If these quantities are similar,
this might indicate us that significant vorticity is generated
behind the transmitted shock. An approximate and quite
simple formula for the normal velocity has been proposed
that work very well in situations where F, is not negligible,
and irrotational estimations fail. Having at hand an exact
description of the velocity field, it is worth to present exact
Taylor expansions of the normal velocity as a function of some
small parameter in different physical limits. This has been
done expanding u; in the weak shock limit, strong shock limit,
near the total transmission boundary, near the critical preshock
density ratio where the rarefaction is steady in the laboratory
frame, near the limit of negligible ambient density for very
strong rarefactions. All these expansions suffer from the same
illness: they have limited convergence circles. The expansion
coefficients can be easily calculated with the files attached
inside the Supplemental Material [37]. The calculations shown
here have been contrasted with experiments and simulations
done in two different environments: a very strong incident
shock and a weak incident shock situation. The contact surface
ripple evolution followed with our model equations agree quite
well with experiments and numerical calculations within the
time interval in which a linear theory is acceptable. We have
found that, in both limits, the contact surface ripple enters its
asymptotic stage much earlier than does the transmitted shock
to enter its asymptotic regime. This fact had been also observed
by Meyer and Blewett in their 1974 work. We have also found
that the rarefaction tail ripple also enters its asymptotic stage
at a much later time than the interface. Besides, the contact
surface enters its linear asymptotic when the transmitted has
almost generated its first vorticity peak. We hope that the
results shown here might be useful in the design and analysis of
future more complex experiments and more elaborate models
of nonlinear evolution, and to help with the development of
reshock theoretical models.
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APPENDIX A: CALCULATION OF ¢,

The value of the origin ordinate ¥, depends on the
accuracy with which we evaluate the derivatives of the pressure
functions F,; 7 at g, = 0. In fact, we must calculate

D; / /
Voo = ¥ — ;[Fu,(O) = Fr(0)]yo. (A1)

We rewrite here Eq. (47) for convenience:
FaZ(qa) = Eal(qa) + GaZ(qa)Fal(Qa - ZXI)’ (A2)

PHYSICAL REVIEW E 96, 013102 (2017)

where
@) % (A3a)
€a1qa) = — ’ a
! sinh(qa — x )Nt (qa — X:)
N (qa — Xt)
€2(qa) = ————— ! - (A3b)
nt(qa — Xx1)

On the other hand, F,(q,) satisfies the functional equation
(79), which we also rewrite here for convenience:

Fa1(qa) = $a1(qa) + ba2(qa) Far(ga — 2x:).

We make an expansion of (g, — 2x;) near g, = 0 and retain
linear terms in ¢q,. After substituting in both Eqgs. (A2) and
(A4), we easily arrive to the desired result:

Fi(0) = Fp(0)
= ¢,1(0) — €, (0) + [¢,,(0) — €5 (0)] Far (=2 1)
+ G0 0V Fyy (=21). (A5)
We see, as happened in the shock reflected case [15], that
the accuracy with which we can calculate 1/, is governed by
the accuracy with which we obtain F,(—2x;) and F,(=2x;).
These last two quantities can be calculated with the desired

accuracy, by increasing the number of iteration steps inside
Eq. (83).

(A4)

APPENDIX B: DETAILED CALCULATIONS
FOR PARTICULAR CASE HF100/10 OF [12,13]

In this Appendix, we show, step by step, the algebraic
calculations to obtain the results presented in the main text
for the case HF100/10 of [12,13] where a shock comes
from beryllium and transmits inside a foam. The preshock
parameters for this particular case are [13]: incident shock
strength M; = 15.3, initial density ratio across the contact
surface Ry = 0.0706 which gives a preshock Atwood number
Ar = —0.8681. The shocked (foam) and rarefacted (beryl-
lium) fluids are correspondingly characterized by y, = 1.45
and y, = 1.8. The preshock ripple amplitude is ¥y = 10 um
and the corrugation wavelength is A = 100 um. As R} =
1.1432 > 0.0706, it is clear from Eq. (2) that we are in a
rarefaction reflected case.

1. Zero order quantities

From Eq. (1), the incident shock strength is z; = (p; —
Do)/ po = 300 and the downstream incident Mach number, is,
according to Eq. (7), B; = 0.474 14. The incident shock speed
is D; = —49.79 um/ns [13]. The initial sound speeds are
cq0 = 10.992 um/ns for foam, and cpy = 3.254 um/ns for
beryllium. Therefore, the ratio of preshock sound speeds is
No = ca0/cpo = 3.377 89. To calculate the transmitted shock
strength (z,) and the expansion strength M = cpr/cp1, as
proposed in [19], we need to solve the nonlinear equations
system (18). We obtain z, = (p2 — po)/po = 53.09409 and
M; = 0.68305. The upstream and downstream transmitted
Mach numbers are, respectively, according to Eqgs. (11) and
(12): M, =6.77166, and B, = 0.41327. We display below
the different ratios of post-shock quantities. We show at first
the ratios behind the incident front, according to Egs. (5)
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and (6):
U
Pn =3.46302, o =9.31816, 2t = 10.881 89.
Pbo Cho Ch0

(BI)

For this experiment, we thus have c¢,; = 30.324 um/ns and
Uy = 35.412 um/ns. The fluid particles with speed U; move
from right to left (see Fig. 1). The self-similar coordinates
of the rarefaction head and tail in the system fixed to the
contact surface are, respectively, according to Eq. (9): ¢, =
1.79238 and ¢, = M, = 0.683 05. The density and pressure
jumps across the rarefaction fan are given by Eq. (10). We
remind that A = M, at the rarefaction tail. Then,

P~ 038559, PPl ~0.17990. (B2)

Pb1 Pbo
The transmitted shock dimensionless coordinate is x, =
—arctan 8, = —0.413 27. We also calculate the ratios across
the transmitted shock, using the expressions inside Eqs. (13)
and (14):

a a U
Paf = 4.963 38, Cat =330131, — =5.40733.
La0 Ca0 Ca0
(B3)

The ratio of final densities and final sound velocities, at the
contact surface, are

R="Y~026042, N=5Y 175206, (B4

Pbf Cof
We have ¢,y =36.290 pum/ns, ¢,y =20.713 pum/ns. In
the laboratory frame, we have U = 59.440 um/ns, cpr =
20.713 um/ns, and D, = 74.437 pm/ns. Besides, R =
1.7552 > 0.0706, which means that the rarefaction tail moves
opposite to the contact surface in the laboratory frame.

2. First order quantities in the shocked fluid

The initial amplitude of the rippled transmitted front is, as
it was defined after Eq. (34), ¥,0 = —0.49503 1. Besides,
the initial tangential velocity behind the transmitted shock
is [Eq. (151)] (Svga = 0.59097 ko D; = 18.488 um/ ns. The
dimensionless slope of the Hugoniot curve at the final state
behind the transmitted front is [see Eq. (46)] 1/k; = 7.831 64.
In order to solve for the pressure field inside fluid a, we need
the parameters o,10, 0411, and g0 [Eq. (44)]:

g0 = 1.23625, 411 = 1.20987,  ag0 = 0.26820.
(BS)

3. Initial conditions at the corrugated rarefaction tail

The initial amplitudes of the corrugated rarefaction head
and tail are, respectively, according to Eq. (51): ¢, =
0.89780 ¥ and v, = 0.222 18 . The initial tangential
velocity profile inside the rarefaction fan is shown in Eq. (52),
and can be rewritten in the form

Svy(C,t =0
M:a_}_b;_}_cgz, (B6)
cprkio
where [see Eq. (153)]
a = —0.45064, = —0.13844, ¢=0.21751. (B7)
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It is clear that the initial tangential velocity at the rarefaction
head is zero. However, the initial tangential velocity at the
tail is given by Eq. (152), where we have substituted the self-
similar variable of the rarefaction trailing edge ¢ = ¢,,. We
get 8v8b = —0.27024 ko D; = —8.454 um/ns. The negative
sign indicates that (Sv‘y)b points along the negative direction of
the § axis.

4. Calculation of Fy(—N sinh2y,)

In this section we calculate the pressure amplitude Fjpi,
evaluated at the rarefaction tail, which is needed to later on cal-
culate the asymptotic velocities at the contact surface. At first,
we calculate the integral numerically using Egs. (53)—(60). At
t = 0+, the characteristic coordinates of the rarefaction tail are
&+ = 1.771421 and n = 0. On the other hand, Eq. (72) gives
us an exact finite analytical expression of Eq. (71). Below, we
show the values obtained, with the numerical integration or
the analytical expression. We use Mathematica software. The
quantity ¢, is used to indicate the calculation time used in each
evaluation:

Eq. (53) : Fp1lgp = arcsin(N sin —2 ;)]
= 0.048110033; 7. =0.30s,

Eq. (72) : Fp1lgp = arcsin(N sin —2x;)]
=0.048110033; . =0.03s. (B8)

We see that the calculation time for Fj; is one order of
magnitude lower with the analytical formula.

5. Calculation of the asymptotic velocities at the contact surface
We remind here the sonic parameter F, [Eq. (116)]:
M? 4D, —-U)
M?—1 U

—1
} [0, — 2Fai(=2x0)].
(B9)

n=liv

From which we see that the pressure amplitude F,; must be
evaluated at g, = —2x,. To get F,;, we need to solve the
functional equation (79) [11]. The starting function is Eq. (82).
The auxiliary quantities necessary to build the recurrence are
$a1(qa)s Pa2(qa), A(ga), and nF(q,) [Egs. (80) and (81)].
The function Fpi(gp) is inside the expression of ¢,1(g,). The
variable g, has to be put as a function of the variable g, through
the conversion relation at the interface c,s sing, = cpy singp.
We have

ba1(ga = —2x,) =0.0409,  Pu2(q. = —2x;) = —0.0789,

(B10)
and the functional equation becomes
Fl (g, = —2x,) = 0.0409 — 0.0789
x Fil g, = —2x,), n>0. (B11)

Therefore, the starting and the first five iterated values of
Fa1(=2x,) are

FO(=2x,) = 0.037929 826 kyyD; [Eq. (82)],
FI(=2x,) = 0.039750 764 kv D;,
F3(—2x,) = 0.039719406 kv D;,
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Fa[?](_zxt) =0.039719922 kwoDi’
Fiéltl(_zxt) =0.039719913 ko Dy,

FR(=2x) = 0.039719913 kv D;. (B12)

The sonic parameter F, is obtained from Eq. (B9), and we
substitute the different iterations of F,;, we have

F% = 0.253531913 kyoD; [Eq. (117)],
FI = 0.251739422 kyry D;,
FI21 = 0.251770290 kv D;,
FBI'=0.251769783 kv D;,
F* = 0.251769790 kyr D;,

F?1 = 0.251769 790 kv D;. (B13)

Finally, we go to Eq. (115) to calculate the asymptotic
velocities. If we substitute F% in the asymptotic normal
velocity formula, we will get the approximate formula without
iteration ul[o] [Eq. (160)]. If we put successive iterations we
obtain different accuracies, this process can be continued until
we get the desired number of exact decimal digits. Usually,
five iterations are enough to get six exact significant digits,
even in very compressible cases. So, the asymptotic velocities
are (remember that SU% = 6v°)

(3u2°)"* 2= —0.284208 640 ko D;
—8.891 um/ns [Eq. (160)],
= —0.284 581247 ks D;,

12

= =
S <
N
X

= —0.284 574 830 ko D;,
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(5v2°) 2 —0.284 574936 ko D;,
>~ _(.284 574934 kv D;,

—_~~ —_~
(e %) (e %)
S
2 T8
N— N—
I
R

= —0.284574934 kypoD; = —8.903 j4m/ns,
(B14)

) = 0.537740 554 kvro D; = 16.823 pum/ns,

5v2%)" = 0.536320669 ki D,

5v2°)! = 0.536 345 120 kv D;,

'~ 0.536344 718 ko D,

5v29)™ = 0.536344725 ko D,

Bl =~ 0.536 344 725 ko D; = 16.779 um/ns.
(B15)

Notice the great difference between the normal and tangential
velocities at the material surface. This difference is due to the
non-negligible vorticity field inside fluid a. The weak shock
approximation presented in Eq. (159) for the normal velocity,
where we neglected the bulk vorticity parameter F,, gives

(8v7°)" = —0.3369 ko D;
= —10.542 um/ns. (B16)

It is easy to realize from Eq. (115) that (§v7°)"" = (§v5p)"™" =
—(8v3)"". This weak shock approximation overestimates the
asymptotic normal velocity by 18% and underestimates the
asymptotic tangential velocity in fluid a by 37%. But, the more
important effect due to the difference between the tangential
and normal velocities is in the kinetic energy stored inside
fluid a, as will be calculated below.

(2n+1)

6. Calculation of the coefficients of the perturbed pressure solution x;, ;, and j,  ,, and the initial derivatives p,

In order to obtain the pressure field and the rest of the perturbed quantities, it is necessary to calculate the coefficients 5, |
and wj, ,, inside the perturbed pressure solution [Eq. (36)] in the form of a Bessel function series. The procedure to obtain them
is explained in Sec. II. The first step is to expand each side of the functional equation for F,; [Eq. (79)] in powers of 1/s, (where
s, = sinh ¢q,). We have

< fal 004359  0.00553 0.00298 0.00290 0.00293 1
n—0 Sa Sa Sa Sa Sa Sq Sa

The coefficients f,| and fa31 are explicitly written in Eqs. (86) and (87). We use the linearized boundary conditions at the shock
front to relate F,, and F,;, and we reach to Eq. (47). We are able to write F,; as a function of the previous coefficients fuzl”“.
The relation between F,; » with the Laplace transform of the pressure perturbation P, and its auxiliary function A, is detailed
in the main text, reaching to Eq. (38). If we particularize the relationships inside Eq. (38) at the contact surface (x, = 0), we
will arrive at Eq. (84). We have chosen this particular coordinate at the interface in order to get a single linear system for each
coefficient, instead a coupled system to calculate 7y, | and 5, ;. In Eq. (84), we see that there is a side which depends on Fy;
and another on a single pressure coefficient. Thus, we expand each side in powers of 1/s, and equalize terms with the same

power, we have a linear relation between a21”+1 and 75, -

p(sy) = —00773 +0.956] S, 00584 —0.5098 /), + 09924/  —0.0488 +0.3992 ), — 04986 £, +0.9987/,
at a - S2

4 6
a Sq S

a

0.0428 — 0.3415 £, + 0.3781f3 — 0.4992£5 + 0.9998 7, 1
+ S8 + 0 STO )
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nf  w{ =3 w5 +10n§ nwf—Tn¢ +21n{ — 357 N 0< 1 ) (B18b)

Pai a) = J—
(a) = 52 85 3258 12858

10
Sa

Equating equal powers of 1/s, between the last two equations, we have the first 75,4 coefficients. We repeat the procedure with
Hyi(sq):

00773+ 1.0437 /3y —0.0198 + 00317, +1.0076/5 , 0.0010 — 00247, +0.0023 /3, + 1.0013 £

H,i(sq) =
(%) Sa 3 3
—0.0063 + 0.0184 £ — 0.0048 £3 — 0.0001 £, + 1.0002 f’ 1
+ i o 7f“' T + = +0<—9), (B19a)
s(l Su
0! of—of 0! =30 +40f f—50¢+ 905 — Sf 1
ala) =t 75 3257 12857 5 (BI5b)
We have finally
78 = 00712, o = 0.2456,
78200321, of = 0.0537,
7800497, wf = 0.0498,
77 = —0.0737, of = —0.0726. (B20)

At this point, we are able to calculate the initial derivatives of the pressure at the transmitted shock. We use the equation system
that result to equalize Eqs. (96) and (98), and we obtain

PV = —0.004812947, p = 0.067499 167,
Py = —0.054579150, pl)) = 0.046 698 056. (B21)

7. Contact surface ripple growth as a function of time (Fig. 18)

In this section we show the time evolution of the ripple interface. Our linear theory provides us with Eq. (129) and asymptotic
formula (133). The post-shock ripple amplitude at ¢ = 04, according to Eq. (128), is ¥ = —0.193 815 267y, which indicates

that it is a direct phase inversion case. Using ul[o] as the value for the dimensionless asymptotic normal velocity, we get

Y () [um] = —1.938 + 13.720 180 1 {—0.284 208 640<‘L’a{‘ta.lo(‘ta) + nzr” [J1(t)Ho(t) — Jo(ta)H ((1,)] — Jl(ru)}
9] n ) [
— L+ Jo(ta) + D208, Y [1 - =) k- 1)12“(@)} } (B22)
n=0 =1 4 k=1

where for this particular case t, = 2.280 143 51 ns~!z. Equation (B22) is used to plot the exact linear time evolution curve (a) in
Fig. 18. In order to calculate the asymptotic linear regime, it is needed to obtain the asymptotic ordinate ¥, given by Eq. (134),
where we need to calculate the derivatives of F,; and F, at the origin g, = 0. Then, the asymptotic ordinate [Eq. (134)] is

(Yro)™ = —1.938 — 13.720 180 1[(F/1") (0) — (F14) (0)]. (B23)
To calculate (F ;’1”)/(0) —(F ;;')/(0) we follow the strategy developed in Eq. (A5). We show the first five iterations:

(Vo) = 0.370315 726 1,
(Vo) = 0.138 085 814 11y,
(Voo)?! = 0.184 543 403 v,
(Vo)1 = 0.182725015 o,
(Vo)™ = 0.182761 012 1,
(Vo) = 0.182760 406 o = 1.828 pm. (B24)

Finally, the ripple asymptotic time evolution for this particular case is written as
~ pm
ns
which is the formula used to plot curve (b) in Fig. 18.
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8. Velocity perturbations at the contact surface as a function of time (Fig. 21)

In this section we calculate the time evolution of the normal and tangential velocities at the interface. In this case, we use
Taylor series instead of Bessel functions series. Since both methods give similar results, Taylor series provide a little more
accurate description. If it is desired to calculate the time evolution through Bessel function series, we use Eq. (119) for normal
velocity and its equivalent to the tangential velocity at the a side:

[o¢] n
8041 (Ta) = 00, + (via — 00 )[1 = Jo(T)] =2 ey Y Joa(Ta).
n=0 k=1

(B26)

For the Taylor series coefficients, we need the auxiliary coefficients !

al
For fa22"+1, we get

that for this particular case were calculated in Eq. (B17).

0 2n+1

0.07919 0.01845 0.00889 0.00542 0.00373 1
— 2 —
Farlga) =) ST = s s (F) (B27)
n=0 °a a a a a a a
We get the series for H,;(s,), with the initial derivatives hg(z)"H):
) i AYHY 012278 007193 0.05932  0.05827 L 005993 (1 (B28)
ai\Sa) = = - - - |-
e T R b
We write next the series for £,;(s,) withe the initial derivatives pl%"H):
[ee) 2n+1)
N _ Pio ~0.03560  0.03071 0.02572  0.02144  0.01805 1
Pai(sa) = Z T $ 400 0 ) (B29)
nzo a a a a a a a

Combining the above results, we get the following Taylor series in time for the normal and tangential velocities:

Uqi(t,) = —0.122783 515 7, + 0.003 996 278 7, — 0.000 098 873 7. + 0.000 000 165 7, — 0.000000018 7, + O(z,"'),

(B30a)

vai(ta) = 0590970559 — 0.017 797 562 72 + 0.001 279777 T+ — 0.000035 717 £° 4 0.000 000 532

—0.000000005 7,° + O(<,?).

(B30b)

We note that all the series used to calculate the different quantities and to plot the figures shown in this work have been
done with at least 50 coefficients in the Bessel and Taylor series. Besides, to avoid the accumulation of round-off errors, the
calculations have been done with at least 200 digits behind the decimal comma. For obvious reason of space, we only show here
a more limited number of coefficients and the numerical results are displayed with less than 10 digits.

9. Pressure perturbation and ripple evolution at the transmitted
shock; rarefaction tail corrugation as a function of time
(Figs. 19 and 20)

To obtain the pressure perturbation time evolution at the
transmitted shock, we can use Eq. (97) in which we use
the Bessel function series solution or Eq. (95) if we want to
represent it with the Taylor series. The auxiliary parameters we
need for both methods have been already calculated in previous
subsections. It is useful to remember that r, = 7,/ cosh x, =
2.076321 ns~! ¢. To plot Figs. 19 and 20(a), we have used
the Taylor series solution. The ripple time evolution of the
rarefaction tail [Fig. 20(b)] is calculated by Eq. (102), and
its asymptotic regime by Eq. (105). For this particular case,
u®® = 0.231363 and Trgrer = 1.301406 ns~! 7.

10. Asymptotic velocity profiles and vorticity field (Fig. 3)
The general solution for the asymptotic velocity profiles
inside both fluids is written in Eq. (137):
ug(¥) = u; e’ + uap(i)’ x<0

up(F=u; e, x>=0. (B31)

(

We must obtain the particular solution of fluid a. It can be
written in the form of a Taylor series, and its coefficients are
calculated using Egs. (141) and (139). We get

o 2n+1
~2n+1

Ugp(X) = Z mx

n=0
=—0.25177 % +0.12136 &> — 0.022 16 &°

+0.00211 7 —0.00012 2° + 0(x'""). (B32)

In the previous formula, we have only shown the first five
coefficients, for lack of space. In Fig. 4, we have truncated
the series at a much higher power (up to x°?). Because of the
asymptotic incompressibility of the perturbation field, we can
easily calculate the tangential velocities as v = —du/dX. The
bulk vorticity field in fluid a is given by Eq. (109), which in
the form of a Taylor series is

[ele} 2 1 .
@2n+ )smhzn“ X

~\ ptO
ga<x>—szag Gt D

~2n+1

; (B33)
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where sinh x; = —0.453 836 and 2, = 4.690599 according

Eq. (110). The initial derivatives p'o*™" have been obtained
before.

11. Kinetic energy

We calculate now the kinetic energy perturbation stored
in a vorticity strip inside the fluid a. The formula is given
by Eq. (144), where we need to evaluate an integral which
is a function of the normal coordinate x. The exact value
[Eq. (145)] involves the normal and tangential velocity profiles
obtained in the previous subsection, which strongly depend on
the amount of vorticity stored inside the fluid. For the sake
of comparison, an irrotational estimate [Eq. (146)] could also
be done (valid, however, only for very weak shocks). Both
estimates (rotational and irrotational) are shown in Fig. 4. We
give below the values obtained with both estimates, inside
different strips of fluid:

A
aegm<—o.2,\,§) = 16.747 I/m,

A
aeﬁm<—1.4x,§) =20.301 J/m,

PHYSICAL REVIEW E 96, 013102 (2017)

(set. )" <_o.2)\,%> =~ 8.631 I/m,

irr A
(8efn) (—1.4)\,5> =9.391 J/m. (B34)
The irrotational calculation underestimates the real kinetic
energy by slightly more than 50%.
The ratio between the perturbed kinetic energy and the zero
order kinetic energy is given in Eq. (148). We get

Set.
Zhin (_0.22) = 1.59%,
kin

Set.
Zhin (_1.42) = 0.28%,
€kin

2

e ~
—= (=0.220) = 0.82%,
€kin

Sed irr
< 62k> (—1.4) = 0.12%. (B35)

kin

12. Physical limits approximate analytical formulas

To conclude this particular case, we calculate the asymptotic normal and tangential velocities at the interface using the
Mathematica files attached in the Supplemental Material [37]. In this particular case, the only reasonable physical limit we may
take is the strong shock limit. We use the corresponding file and obtain the expansions

1.264 283

Udms1 = —0.278923 —

0.950479  70.081 469

7.140 142 1

1

Fus1 = 0.250735 +

If we evaluate the above expressions at M; = 15.3, we get

(B36)

1
w404 )

5v°) >~ —(.284 193 ko D; = —8.891 um/ns,

Mi>1 =

8V5a) sy = Fadmist — 8ui°),, o = 0537710 ko D; = 16.8217 pm/ns.

(B37)

The strong shock approximation underestimates the normal velocity in 0.13% and overestimates the tangential velocity in 0.25%.
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